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The dynamic cellular reorganization needed for successful mitosis
requires regulatory cues that vary across microns. The chromo-
somal passenger complex (CPC) is a conserved regulator involved
in key mitotic events such as chromosome-microtubule attachment
and spindle midzone formation. Recently, spatial phosphoryla-
tion gradients have been reported for CPC substrates, raising
the possibility that CPC-dependent signaling establishes order on
the micron-length scale in dividing cells. However, this hypothesis
has not been tested, largely because of incomplete characteriza-
tion of the CPC-dependent phosphorylation dynamics. Without
these data it is difficult to evaluate perturbations of CPC signaling
and select one that alters the spatial organization of substrate
phosphorylation at a particular stage of mitosis, without changing
overall phosphorylation levels. Here we examine the spatiotem-
poral dynamics of CPC-dependent phosphorylation along microtu-
bules throughout mitosis using a Forster resonance energy
transfer-based sensor. We find that a CPC substrate phosphoryla-
tion gradient, with highest phosphorylation levels between the
two spindle poles, emerges when a cell enters mitosis. Interest-
ingly, this gradient becomes undetectable at metaphase, but can
be revealed by partially suppressing CPC activity, suggesting that
high substrate phosphorylation levels can mask persistent CPC-de-
pendent spatial patterning. After anaphase onset, the gradient
emerges and persists until cell cleavage. Selective mislocalization
of the CPC during anaphase suppresses gradient formation, but
overall substrate phosphorylation levels remain unchanged. Under
these conditions, the spindle midzone fails to organize and func-
tion properly. Our findings suggest a model in which the CPC
establishes phosphorylation gradients to coordinate the spatio-
temporal dynamics needed for error-free cell division.
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Dynamic microtubule-based structures are required for the
stable propagation of genomes through cell division (1). It
generally is agreed that these structures self-organize, a process
by which complex architectures arise from the multiplicity of
interactions involving key proteins that follow simple rules and
respond to positional cues (2). These cues, which must vary on the
relevant length-scale, can be mechanical (e.g., forces that unbind
a protein from a microtubule or stall a motor protein) or chemical
(e.g., a posttranslational modification that can activate an en-
zyme). At least two different chemical cues that form spatial
gradients within single dividing cells have been described. First,
a gradient of GTP-bound Ran can be observed before anaphase
and contributes to metaphase spindle assembly (3, 4). Second, a
gradient of phosphorylated substrates of the chromosomal pas-
senger complex (CPC, comprised of Aurora B kinase, INCENP,
Survivin, and Borealin) can be observed between segregating
chromosomes during anaphase (5, 6). In contrast to the Ran
gradient, the CPC substrate phosphorylation gradient remains
poorly characterized, and its contributions to cell division
remain untested.

The CPC is a widely conserved regulator of several processes
required for mitosis, including bipolar spindle assembly, chro-
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mosome-microtubule attachment, and spindle midzone forma-
tion (5). To carry out these different functions, CPC localization
changes through mitosis, with the protein complex binding along
chromosomes when cells enter mitosis, concentrating at the
inner centromeres before anaphase, and relocating to the spindle
midzone upon anaphase onset (7). A spatial gradient of CPC
substrate phosphorylation at anaphase was observed using For-
ster resonance energy transfer (FRET)-based sensors and anti-
body-based analyses (6). Because the peak of the substrate
phosphorylation gradient coincides with CPC localization during
anaphase, it is tempting to speculate that kinase localization
determines the shape of the gradient. Consistent with this hy-
pothesis, disruption of the spindle midzone using microtubule
poisons or knockdown of mitotic kinesin-like protein 2 (MKLP2),
a kinesin required for proper CPC localization, prevents the
proper establishment of the spatial phosphorylation gradient (6).
However, because these perturbations can interfere with other
signaling pathways, such as Polo-like kinase (PIk) signaling (8), a
proper test of the role of CPC localization in determining the
shape of this spatial phosphorylation gradient is lacking.

Two different observations have raised the possibility that
CPC-dependent spatial gradients are present before anaphase.
First, phosphorylation levels of CPC substrates at centromeres/
kinetochores depend on their distance from the inner centro-
mere, where the CPC is concentrated (9). Second, chromosomes
can enrich and activate the CPC (10), and therefore the proba-
bility of substrate phosphorylation is higher near chromosomes
than at cell edges that can be several microns away. However, a
spatial CPC substrate phosphorylation gradient has not been
observed before anaphase.

Because CPC localization is dynamic, and there is extensive
cellular reorganization during cell division, observing these gra-
dients is likely to require live reporters of phosphorylation dy-
namics. The FRET-based sensors previously used to analyze the
gradient in live cells did not reveal spatial phosphorylation gra-
dients at earlier stages of cell division (6), perhaps largely be-
cause these sensors were targeted to chromosomes, and therefore
phosphorylation dynamics could be analyzed only at cellular sites
where chromosomes were present (Fig. S1) (6). Moreover, FRET
sensors freely diffusing in the cytoplasm did not reveal spatial
patterns of substrate phosphorylation, most likely because of
the degradation of the gradient by diffusion of the sensors (6).
Therefore, without a proper understanding of how and when the
spatial phosphorylation gradient is established, it is difficult to
alter its shape and examine its function.

Here, we used a microtubule-targeted FRET sensor to analyze
the temporal and spatial dynamics of CPC substrate phosphor-
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ylation in dividing human cells. We found that a spatial gradient
of CPC substrate phosphorylation appears when cells enter mi-
tosis, is not detectable by the sensor at metaphase, reappears
during anaphase, and persists until cells cleave. Further, we show
that the shape of the phosphorylation gradient is coupled to CPC
localization but does not depend on Plk activity or furrow in-
gression. By selectively mislocalizing the CPC during anaphase,
we were able to alter the shape of the substrate phosphorylation
gradient while retaining overall levels of phosphorylation. Under
these conditions, the spindle midzone fails to assemble and
function properly.

Results

We characterized the temporal dynamics of CPC substrate phos-
phorylation during cell division using our recently reported mi-
crotubule-targeted FRET sensor (11), the phosphorylation of
which results in a conformational change that reduces energy
transfer from CFP to YFP (Fig.1A4). Time-lapse imaging of the
sensor revealed that before nuclear envelope breakdown (NEB)
the average CFP:YFP ratio was low (0.62 + 0.04; n > 10 cells)
(Fig. 1B), similar to that during interphase, when the CPC is

down-regulated (12), and to that observed for the phosphoryla-
tion site mutated sensor (Thr to Ala) (shown in Fig. S2M). To-
gether, these data suggest that this ratio likely corresponds to an
unphosphorylated state of the sensor. As mitosis progressed, the
average CFP:YFP ratio increased and then remained largely
constant (CFP:YFP ratio 0.96 + 0.06; n > 10 cells) (Fig. 1B) until
anaphase onset (Fig. 1C). At anaphase, the average CFP:YFP
ratios indicated that the sensor dephosphorylated slowly, with
levels reducing ~20% toward the end of cleavage-furrow in-
gression (Fig. 1 C and I).

The microtubule-targeted FRET sensor allowed an analysis of
changes in the gradient’s shape over time in a single dividing cell.
Interestingly, the microtubule-targeted FRET sensor revealed
a spatial gradient at the very early stages of mitosis. Just after
NEB, CFP:YFP emission ratios were highest at the center of the
emerging bipolar spindle and were reduced toward astral mi-
crotubules that extended from spindle poles to the cell cortex
(slope 0.02 + 0.01 um™'; n = 4 cells) (Fig. 1 D-F and Fig. S3 A
D). By ~9 min the spatial gradient could not be detected (Fig. 1
D Lower and F Lower). Because we had not seen this transient
gradient emerge using chromosome-targeted sensors, we exam-
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Fig. 1.

A microtubule-targeted FRET sensor reveals a phosphorylation gradient for CPC substrates at different stages of cell division. (A) A schematic of the

microtubule-targeted FRET sensor. Phosphorylation of the sensor leads to a conformational change that alters the CFP:YFP emission ratios. The microtubule-
associated protein 4 microtubule-binding domain (MTBD) was used to target the sensor to microtubules. (B) The CFP:YFP emission ratio averaged for hTERT-
RPE1 (human telomerase reverse transcriptase-immortalized retinal pigment epithelial cell line) cells expressing the microtubule-targeted sensor (n > 10) as
they entered mitosis. Time O represents NEB. Error bars indicate SEM. (C) The same analysis was carried out for cells undergoing anaphase (n > 10). Time
0 represents anaphase onset. Error bars indicate SEM. (D) A cell expressing the microtubule-targeted FRET sensor was imaged through prophase-prom-
etaphase. DIC, YFP (at two different contrast settings to reveal spindle as well as astral microtubules), and color-coded CFP:YFP emission ratio images are
shown. Time 0 represents NEB. (E) Color-coded image of the CFP:YFP emission ratio from the 4-min time point in D, adjusted for a smaller range of emission
ratios. (F) Averaged linescan projections along the spindle axis for the corresponding color-coded emission ratio images in D. Error bars indicate SD. (G-N) DIC,
YFP, and color-coded emission ratio images, along with corresponding averaged linescan projections along the spindle axis, are shown for cells expressing the
microtubule-targeted FRET sensor. A metaphase cell treated with 0.3 pM ZM447439 (G and H), a cell at anaphase (/ and J), and cells at anaphase treated with
2 pM latrunculin B (K and L) or 250 nM BI2536 (M and N) are shown. Time 0 represents anaphase onset. Error bars indicate SD. (Scale bars, 5 um.)
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ined the response of the sensor after Aurora B RNAi knockdown
or chemical inhibitor treatment. We found that, similar to the
chromosome-targeted sensor, the majority of the microtubule-
targeted sensor’s response depended on the CPC at prom-
etaphase, as it did at metaphase and anaphase (Fig. S2) (11).
Although it is unlikely that the sensor can discriminate between
closely related kinases (e.g., Aurora A and Aurora B), this re-
sponse likely reflects functional differences between these kina-
ses. Additional studies using antibodies to native phosphorylated
substrates will be needed to analyze this Aurora B-dependent
response further.

To examine whether the increasing levels of substrate phos-
phorylation (so that the “valleys” on either side of the peak are
“filled”) prevented detection of the CPC substrate phosphoryla-
tion gradient at metaphase, we used the Aurora kinase inhibitor
ZM447439 to suppress overall phosphorylation partially. Be-
cause essentially complete inhibition of substrate phosphoryla-
tion is achieved at ~2 pM ZM447439 (13), we used 0.3 pM
inhibitor for partial inhibition. Under these conditions, the
average CFP:YFP ratio is 0.83 + 0.04 (n = 47 cells), indicating
that the substrate phosphorylation is suppressed partially and is
comparable to that in anaphase cells (Fig. 1C). A spatial pattern
similar to that observed at prometaphase, with CFP:YFP emis-
sion ratios peaking between the two spindle poles (the slope was
comparable to that in prometaphase cells), was detected in a
subset of cells (10/47) at metaphase (Fig. 1 G and H). In several
other cells (11/47), an asymmetric pattern with maximal phos-
phorylation positioned away from the center of the spindle could
be detected (Fig. S3 E-H). The reason for this asymmetry might
be the presence of a single or a few chromosome(s) at one spindle
pole, where the source of the gradient is positioned. These
chromosomes are likely to be common when the CPC is inhibited
(5) and are difficult to detect by differential interference contrast
(DIC) imaging in rounded-up metaphase cells. We believe that
the existence of misaligned chromosomes is likely to be the reason
we cannot detect a robust gradient in approximately half of the
metaphase cells imaged with low doses of the inhibitor. Together,
these data are consistent with the hypothesis that increased levels
of substrate phosphorylation at metaphase can mask CPC-de-
pendent spatial patterning of phosphorylation. At this stage, we
cannot exclude the possibility that these observations reflect limi-
tations of our sensor-based analysis. Because we lack phospho-
specific antibodies against endogenous CPC substrates that dis-
tribute uniformly across the spindle, additional tests remain difficult.

We next examined the spatial organization of CPC substrate
phosphorylation during anaphase. Similar to results using chro-
matin-targeted sensors, the highest levels of phosphorylation co-
incided with the spindle midzone, and phosphorylation reduced
toward each spindle pole (Fig. 1 I and J). In addition, the mi-
crotubule-targeted sensor revealed that the gradient emerged
when chromosome segregation began. The slope of the gradient,
as measured from its peak at the center of the spindle midzone
toward a spindle pole, increased over time (from 0.02 + 0.01 um™"
before the appearance of the cleavage furrow to 0.04 + 0.02 pm™
after cleavage-furrow ingression starts; n = 16 cells) (Fig. 1J).
Importantly, the site of maximum phosphorylation remained un-
changed throughout anaphase (Fig. 1 I and J). Interestingly, the
appearance of the anaphase gradient also coincided with decreasing
phosphorylation after anaphase onset, consistent with our obser-
vation that decreased substrate phosphorylation at metaphase
reveals CPC-dependent spatial patterning.

To analyze factors that contribute to the shape of the CPC
substrate phosphorylation gradient, we focused on the analysis of
cells undergoing anaphase. We first examined whether the CPC
substrate phosphorylation gradient depended on successful cyto-
kinesis. We blocked cleavage-furrow ingression by disrupting actin
filament formation [using 2 pM latrunculin B (14)] or inhibit-
ing PIk1 activity with a chemical inhibitor [BI2536 at 250 nM
(15)]. Under either condition, the microtubule-targeted FRET
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sensor revealed that the shape of the CPC substrate phosphory-
lation gradient emerged and persisted for >20 min (Fig. 1 K-N),
which was sufficient time for chromosome decondensation and
cleavage-furrow ingression in unperturbed cells (Fig. 1/). These
data show that the formation of the CPC substrate phosphoryla-
tion gradient at anaphase does not depend on cortical contraction
or PIk1 signaling.

In principle, the gradient’s shape is controlled by the intracel-
lular localization of the kinase or the phosphatase, which serve as
the phosphorylation “source” and “sink,” respectively. The phos-
phatase(s) contributing to this phosphorylation gradient are not
known. Therefore, we focused on altering the spatial distribution of
CPC activity without inhibiting the kinase directly. The relocation
of the CPC from centromeres to the spindle midzone depends
on the dephosphorylation of INCENP at Thr-59 (16). Mutation of
Thr-59 to glutamic acid affects CPC localization only after ana-
phase onset, without disrupting its metaphase functions (16).
Therefore, we knocked down endogenous INCENP using RNAi
and added back an mCherry-INCENP T59E mutant (hereafter
referred to as “T59E-addback cells”) or an mCherry-INCENP WT
construct (hereafter referred to as “WT-addback cells”) as a con-
trol (Fig. 24 and Fig. S44). As anticipated, in TS9E-addback cells,
the CPC concentrated properly at centromeres before anaphase
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Fig. 2. The microtubule-targeted FRET sensor reveals that, although im-
proper CPC localization disrupts the formation of the spatial phosphoryla-
tion gradient, average substrate phosphorylation remains unchanged. (A)
A schematic of CPC (orange dot) mislocalization on chromosomes (blue)
during anaphase. (B) WT-addback and T59E-addback cells were fixed and
stained to label chromosomes (DAPI), tubulin, Aurora B, and mCherry-
INCENP. (C and D) A WT-addback cell (C) or a T59E-addback cell (D)
expressing the microtubule-targeted FRET sensor was imaged through
anaphase. DIC, YFP, and color-coded emission ratio images are shown;
timestamps are relative to anaphase onset. (E) Overlaid averaged linescan
projections along the spindle axis for WT-addback and T59E-addback cells in
C and D. Error bars indicate SD. (F) Cells expressing a microtubule-targeted
sensor that are WT-addback cells (n > 10), T59E-addback cells (n > 20), or
cells treated with Aurora kinase inhibitor ZM447439 (10 uM added at ana-
phase onset; n = 3) were imaged live through anaphase. The CFP:YFP
emission ratio at each time point was averaged and normalized (setting the
interphase ratio to 0 and the metaphase ratio to 100). Note that decreased
emission ratio indicates dephosphorylation. Error bars indicate SEM. (Scale
bars, 5 pm.)
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(Fig. S4B) but remained enriched at chromosomal sites during
anaphase and could not be detected at the spindle midzone
(Fig. 2B).

We next examined CPC substrate phosphorylation in cells
where the CPC was mislocalized. Although the microtubule-
targeted sensor revealed a persistent gradient in WT-addback
cells (Fig. 2 C and E), no robust spatial pattern of CPC substrate
phosphorylation was apparent in TS9E-addback cells throughout
anaphase (Fig. 2 D and E). Importantly, the averaged CFP:YFP
ratio was similar across microtubules in T59E- and WT-addback
cells (Fig. 2 E and F). In contrast, when an Aurora kinase in-
hibitor was added to cells entering anaphase, the sensor revealed
~sevenfold lower average phosphorylation during cleavage-fur-
row ingression (t = 6 min onward) (Fig. 2F). Together, these
data indicate that in T59E-addback cells the shape of the CPC
substrate phosphorylation gradient was altered without signifi-
cant changes in overall phosphorylation levels. Therefore, our
data suggest that the shape of the substrate phosphorylation
gradient is coupled to kinase localization.

We next asked whether kinase localization at the spindle
midzone is sufficient for establishing a substrate phosphorylation
gradient. Like the CPC, PIk1 localizes to the spindle midzone at
anaphase (Fig. S54) (8). We generated microtubule-targeted Plk
sensors based on previously reported sensor of Plk activity (6,
17). The microtubule-targeted Plk sensor did not reveal spatial
phosphorylation patterns, but Plk-dependent phosphorylation
could be observed (Fig. S5 B-H). These data suggest that kinase
localization alone is not likely to be sufficient to generate mi-
crometer-scale gradients of substrate phosphorylation. At this
stage, it is difficult to rule out the possibility that the lack of Plk-
dependent spatial gradient is a limitation of the sensors we have
used, and further experiments using phospho-specific antibodies
against endogenous microtubule-bound Plk1 substrates are needed.

We next examined consequences of perturbing spatially or-
ganized CPC signaling. Because the CPC has numerous roles
during anaphase, it is possible that the CPC localization at the
midzone and the CPC substrate phosphorylation gradient may
contribute to multiple processes such as spindle midzone for-
mation (18, 19), compaction of anaphase chromosomes (20, 21),
or the NoCut pathway (22, 23). We focused on spindle midzone
formation and compared spindle midzone organization in TS9E-
vs. WT-addback cells using three different readouts. First, we
examined the overall density and morphology of the midzone
microtubules (Fig. 3 4 and C). In contrast to cells in which the
CPC was depleted or inhibited, which had dramatically altered
anaphase spindle morphologies (18, 19) (Fig. S6), TS9E-addback
cells had spindle midzone microtubules that appeared similar to
those of WT-addback cells. Second, we analyzed the localization
of the CPC substrate mitotic kinesin-like protein 1 (MKLP1),
a motor protein that binds the RhoA GTPase-activating protein,
cytokinesis defect family member 4 (CYK-4) to form the cen-
tralspindlin complex (24). As expected, we found that MKLP1
was highly concentrated at the spindle midzone during anaphase
in WT-addback cells (Fig. 34). In contrast, in TS9E-addback
cells the level of MKLP1 at the spindle midzone was reduced
significantly (threefold reduction indicated by linescans in Fig. 3
A and B). Third, we examined the extent of antiparallel micro-
tubule overlap using protein regulator of cytokinesis 1 (PRC1),
a nonmotor microtubule-associated protein that marks this cy-
toskeletal feature (25). In WT-addback cells, PRCI localized to
the spindle midzone (WT-addback cells in Fig. 3C). In contrast,
in T59E-addback cells, PRC1 still associated with microtubules,
but its localization extended over a wider region (twofold greater
as indicated by linescans in Fig. 3 C-E). Together, these data
show that the proper CPC localization and the spatial organi-
zation of its substrate phosphorylation are needed for spindle
midzone assembly.

We next examined whether there are functional consequences
of the spindle midzone disruption that we observed in cells
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lacking spatially organized CPC signaling. Consistent with re-
dundant signals from the spindle midzone and astral microtubules
regulating cleavage-furrow formation (26), live-cell imaging of the
T59E-addback cells revealed no overt defects in either position-
ing or ingression of the cleavage furrow (Fig. S7). Therefore, we
needed to separate spindle midzone and astral microtubule sig-
naling. To this end, we used a drug-synchronized monopolar cy-
tokinesis assay (27). In this assay, astral microtubule distribution
is symmetric initially, followed by the formation of a monopolar
midzone at one end of the cell where a cleavage furrow ingresses
(Fig. 4A4). In T59E-addback cells, the CPC remained at chro-
mosomal sites during anaphase (Fig. S84), and a CPC substrate
phosphorylation gradient could not be detected (Fig. 4 B and C),
although overall substrate phosphorylation levels were main-
tained (Fig. 4C). Furthermore, consistent with the experiments
analyzing bipolar cytokinesis, a properly organized midzone was
not observed, and MKLP1 failed to localize to the microtubules
(Fig. S8B). Moreover, the GTPase RhoA [a key regulator of
contractile activity needed for cleavage-furrow ingression (26)],
which localized at the site of cleavage in WT-addback cells un-
dergoing monopolar cytokinesis (Fig. 4D Upper) (27), remained
symmetrically distributed at the cell cortex in >90% of the TS9E-
addback cells (n > 50 cells) (Fig. 4 D and E and Fig. S8C). Im-
portantly, cleavage-furrow ingression also was inhibited in these
cells (Fig. S8 C and D). These data suggest that an organized
spindle midzone is needed for proper RhoA localization and
cleavage-furrow formation in monopolar cytokinesis.

We next analyzed if the cortical recruitment of RhoA also
depends on a properly organized spindle midzone during bipolar
cytokinesis. Because cleavage-furrow ingression was not blocked
in TS9E-addback cells, it was unlikely that RhoA failed to target.
However, it was possible that the dynamics of RhoA recruitment
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Fig. 4. Spatially organized CPC activity is needed for spindle midzone for-
mation, RhoA clustering, cleavage during monopolar cytokinesis, and effi-
cient anillin recruitment to the equatorial cortex during bipolar cytokinesis.
(A) A schematic showing bipolar and monopolar cells undergoing mitotic
exit. Chromosomes are shown in blue; microtubules in green; RhoA in red;
and CPC as orange dots. (B—E) WT-addback and T59E-addback cells
expressing the microtubule-targeted sensor were induced to undergo
monopolar cytokinesis and analyzed as indicated. (B and C) DIC, mCherry-
INCENP, YFP, and emission ratio images are shown in B. Overlaid linescan
projections along the monopolar cell’s long axis are shown in C. Error bars
indicate SD. (D and E) Chromosomes (DAPI, blue), tubulin (green), and RhoA
(red), and merged images are shown in D. Percentage of cells (n > 600) with
polarized RhoA localization versus time after mitotic exit is triggered is
shown in E. Error bars indicate SEM. (F and G) GFP-anillin and mCherry-
INCENP images at anaphase onset (0 s) and 350 s after anaphase onset are
shown in F. Relative enrichment of GFP-anillin at the equatorial cortex versus
time for WT-addback cells (n = 15) and T59E-addback cells (n = 12) is shown
in G. Error bars indicate SEM. (H) A schematic showing how the CPC may
coordinate spindle midzone organization. Gray shading represents phos-
phorylation. (Scale bars, 5 pm.)

could be sensitive to the loss of the CPC substrate phosphoryla-
tion gradient. Quantitative analysis of the cortical signals for
fluorophore-tagged human RhoA in live cells is limited by high
cytosolic background (28). Therefore, we used GFP-tagged anil-
lin, which is a scaffold protein linking RhoA to actomyosin at the
cortex (29), as an alternative reporter for cleavage-furrow as-
sembly. As expected, GFP-anillin distributed symmetrically in
metaphase cells and concentrated to the site of cell cleavage
within a few minutes after anaphase (Fig. 4F Upper). In contrast,
GFP-anillin accumulated at the cortex in TS9E-addback cells, but
its levels were reduced (Fig. 4F Lower), and the recruitment ki-
netics were slower (~1.7 fold; n > 10 cells) (Fig. 4G). These data
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suggest that proper midzone organization is needed for the effi-
cient assembly of the cleavage furrow in bipolar cytokinesis.

Discussion

Our findings show that the CPC establishes a substrate phos-
phorylation gradient early in mitosis with maximal phosphory-
lation centered between the two spindle poles. This gradient
cannot be detected using FRET-based sensors during metaphase
but appears again upon anaphase onset and persists through
cell cleavage. These data suggest that the gradient is detected
at stages of cell division when the overall CPC substrate phos-
phorylation is lower than that at metaphase, when substrate
phosphorylation levels are highest, most likely because of the
suppression of overall phosphatase activity (30) and robust CPC
activation by chromosomes (10). Because partial suppression of
substrate phosphorylation at metaphase can reveal a spatial gra-
dient, we propose that increased levels of substrate phosphory-
lation can mask spatial gradients, although the CPC retains its
capacity to generate such gradients.

It has been suggested that formation of intracellular signaling
gradients involves the following three components. The first
component is an effector molecule that exists in two states, S and
S* (e.g., a motor protein in nonphosphorylated and phosphory-
lated forms). The second component is an enzyme (a source; e.g.,
a kinase) that converts S to S* and binds to a cellular structure
(e.g., the spindle midzone). The third component is another en-
zyme (a sink; e.g., a phosphatase) that converts S* back to S and is
localized in the cytoplasm or is bound to another cellular struc-
ture. S is converted to S* proximal to the location of the source.
Diffusion moves S* away, allowing it to interact with the sink,
which in turn regenerates S. The shape of the S* concentration
gradient depends on the kinetics of interconversion between S
and S* and on the diffusion coefficient of S*. This framework
has been used to explain the Ran gradient (3) and can be used to
describe our observations relating to the CPC substrate phos-
phorylation gradient. We find that the proper localization of CPC,
which is the source, is important for establishing the spatial gra-
dient at anaphase. At the spindle midzone, the CPC phosphor-
ylates substrates, generating S*. These substrates diffuse away and
then are acted on by phosphatases. Protein phosphatase 1-y,
a phosphatase that localizes to chromosomes during anaphase,
and opposes CPC activity during metaphase (31), could be the
relevant sink for phosphorylated CPC substrates at anaphase.
When the CPC is mislocalized to chromosomes during anaphase,
it could be insufficiently separated from the phosphatase, and
thus no spatial gradient is observed. Further, consistent with the
model, which indicates that rates of interconversion between S
and S* are important for establishing a gradient, our findings
suggest that the mechanisms of kinase activation and recruitment
to substrates are critical. Plk localization is similar to that of the
CPC at anaphase, but no spatial phosphorylation pattern is re-
vealed using FRET sensors. An explanation for these differences
could be that nonlinear increases in substrate phosphorylation at
sites proximal to the kinase can be established by the CPC, whose
activation depends on clustering and autophosphorylation (10),
but not by Plk, which is targeted to its substrates via recognition
of phospho-peptide docking sites (8). Finally, the diffusion of S*,
a key parameter for establishing a gradient, needs to be limited
through anchoring substrates to intracellular sites, because the
gradient is not observed when FRET sensors diffuse freely in the
cytoplasm. Proper tests of the contributions of these different
factors likely will require in vitro reconstitution of the phos-
phorylation gradient with purified components.

Although CPC activity is needed for formation of the spindle
midzone, our results show that defects in spindle midzone and
cleavage-furrow assembly can be observed when total CPC
substrate phosphorylation levels are unchanged but the spatial
distribution of these posttranslational modifications is altered.
Although different models can account for this observation, we
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favor the model in which the proper localization of CPC at the
spindle midzone sets up a gradient that allows threshold levels of
phosphorylation to be achieved at specific intracellular sites. At
anaphase onset, an initial shallow gradient becomes apparent,
which may lead to highest levels of phosphorylated CPC sub-
strates, such as MKLP1, at the center of the cell. It has been
proposed that CPC phosphorylation relieves 14-3-3-mediated
inhibition of MKLP1 and allows the motor to cluster into mul-
tiprotein assemblies that can make sufficiently long-lived asso-
ciations with microtubules (32, 33). Therefore, local MKLP1
phosphorylation and clustering-dependent persistent filament
binding and motility could lead to a rapid nonlinear increase in
the levels of active MKLP1 at the center of a dividing cell (Fig.
4H Right). In contrast, uniform phosphorylation across the
spindle microtubules could result in a distribution of phosphor-
ylated MKLP1 so that the probability of interaction with another
phosphorylated MKLP1 would be too low for clustering. As a
result, MKLP1 would fail to slide microtubules to organize the
spindle midzone properly (Fig. 4H Left). In normal cells, as the
spindle midzone becomes more focused, possibly by MKLP1-
dependent reductions in antiparallel filament overlap (34), the
CPC becomes more concentrated in a narrower region, further
sharpening the phosphorylation gradient, as we have observed.
It is likely that the contribution of the spatially organized CPC-
dependent signaling to the regulation of different cell-division
processes, such as chromosome condensation, spindle assembly,
or the NoCut pathway, could vary and depend on the substrates’
distinct phosphorylation kinetics, localization, and diffusion. For
example, Oncoprotein 18 (Opl8), a cytosolic substrate for CPC
(10) and a microtubule destabilizer, is likely to function properly
during anaphase without a CPC-dependent phosphorylation gra-
dient (i.e., phosphorylation alone may be sufficient for its proper
function, and spatially organized posttranslational modifications
may not be needed). This hypothesis might explain our observa-
tion that the microtubule density in the anaphase spindle is
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not altered dramatically upon CPC mislocalization, whereas the
midzone microtubule organization is affected. Interestingly, pre-
vious studies have suggested that a gradient of inactivated Op18
around mitotic chromosomes contributes to metaphase spindle
assembly (35). It will be important to examine whether Opl8
phosphorylation, which modulates Op18 binding to tubulin, also is
organized spatially during anaphase and whether this organization
is sensitive to CPC localization.

Our study suggests how a kinase may establish an intracellular
spatial gradient of posttranslational marks to control cytoskeleton
self-organization during the final stages of cell division. The ro-
bustness and precision with which this spatially organized CPC
signaling determines the size and shape of the spindle midzone are
not known. Further experimental studies analyzing chemical re-
action rates, substrate diffusion, and timescales of protein activity,
together with mathematical modeling, will be needed to determine
whether the CPC-dependent phosphorylation gradient—like mor-
phogen gradients critical for embryonic development—encodes
positional information at limits set by basic physical principles (36).

Materials and Methods

Constructs used for FRET sensors were described previously (6, 11). mCherry-
INCENP WT was constructed by cloning a human INCENP construct that is
resistant to RNAi (a gift from S.M.A. Lens, Universitair Medisch Centrum
Utrecht, The Netherlands) into the pMSCV N-terminal mCherry destination
vector according to the Invitrogen gateway cloning manual. The mCherry-
INCENP T59E mutant was generated by the quick-change method. GFP-
anillin was constructed by cloning anillin ¢cDNA (a gift from M. Glotzer,
University of Chicago, Chicago, IL) into the pMSCV N-terminal GFP destina-
tion vector.

Other materials and methods are described in S/ Materials and Methods.
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