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aphids when they are mixed within a population;
under laboratory conditions, they show no such
selectivity (16).

Our results highlight three lessons about the
consequences of ecological and evolutionary com-
plexities for how environmental change affects
species abundances. First, changes in population
abundances depend not only on the interactions
with other species in a food web, but also on the
strengths of these interactions and how the
strengths change during environmental distur-
bances. C. septempunctata and H. axyridis had
different effects on pea aphid abundances be-
cause their attack rates showed different relations
to aphid abundance. This complexity is a chal-
lenge for studies on the effects of environmental
change, because the role of species interactions
might depend on the species-specific ecologies
that affect these interactions (26). Whereas studies
have considered direct effects of climate change
on species interactions—for example, by increas-
ing transmission or attack rates from pathogens
and predators (27, 28) or by causing phenolog-
ical mismatches between plants and pollinators
(5, 29)—in our study, the interaction strengths
are affected indirectly through changes in species
densities.

Second, ecological and evolutionary pro-
cesses operate on the same time scales. Our field
experiments on ecological species interactions and
evolution of heat-shock tolerance were conducted
at the same time scales (2 to 3 aphid generations),
and they showed strong ecological or evolutionary
effects. Our experiments add to the growing num-
ber of studies documenting rapid evolution and the
artificial distinction between ecological and evo-
lutionary time scales (30).

Third, ecological and evolutionary processes
that modify how species abundances respond to
environmental change may not interact (Fig. 3).
For pea aphids, the identity of the predator spe-
cies affects the absolute aphid population growth
rate in response to increasing frequency of heat
shocks, but it is unlikely to affect the relative
growth rate of sensitive and tolerant aphid strains.
Thus, even though species interactions them-
selves may have evolutionary consequences for
traits that affect the interactions (37), they may
have few consequences for traits that affect
species tolerances to a different selective pres-
sure. This separation of ecological and evolution-
ary complexities may simplify predictions of the
impacts of environmental changes.

Our study illustrates the ecological and evo-
lutionary complexities of predicting the responses
of species to environmental changes. Changes
in species’ abundances may depend on the spe-
cific characteristics of the species with which
they interact, and evolution can occur so rapidly
that it cannot be ignored, even in the short term.
Nonetheless, it is possible to address both eco-
logical and evolutionary complexities simulta-
neously, and it is necessary to understand both to
predict how environmental changes will affect
species.
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Sensing Chromosome Bi-Orientation
by Spatial Separation of Aurora B
Kinase from Kinetochore Substrates

Dan Liu,* Gerben Vader,?* Martijn J. M. Vromans,? Michael A. Lampson,’t} Susanne M. A. Lens®t

Successful cell division requires that chromosomes attach to opposite poles of the mitotic spindle
(bi-orientation). Aurora B kinase regulates chromosome-spindle attachments by phosphorylating
kinetochore substrates that bind microtubules. Centromere tension stabilizes bi-oriented
attachments, but how physical forces are translated into signaling at individual centromeres is
unknown. Using fluorescence resonance energy transfer—based biosensors to measure localized
phosphorylation dynamics in living cells, we found that phosphorylation of an Aurora B substrate
at the kinetochore depended on its distance from the kinase at the inner centromere. Furthermore,
repositioning Aurora B closer to the kinetochore prevented stabilization of bi-oriented attachments
and activated the spindle checkpoint. Thus, centromere tension can be sensed by increased spatial
separation of Aurora B from kinetochore substrates, which reduces phosphorylation and stabilizes

kinetochore microtubules.

ccurate chromosome segregation dur-
ing cell division is essential to maintain
genome integrity. Before segregation,
kinetochores of sister chromatids attach to
microtubules from opposite spindle poles (bi-
orientation). This configuration is achieved
through a trial-and-error process in which correct
attachments exert tension across the centromere,
which stabilizes kinetochore-microtubule inter-

actions. Incorrect attachments, for example, if
both sister chromatids attach to a single spindle
pole, exert less tension and are destabilized, pro-
viding a new opportunity to bi-orient (1, 2). How
tension is coupled to kinetochore-microtubule
stability is not known.

The mitotic kinase Aurora B (Ipll in bud-
ding yeast) localizes to the inner centromere,
between sister kinetochores, and destabilizes
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microtubule attachments by phosphorylating
kinetochore substrates, including Dam1 and the
Ndc80 complex (3—70). An appealing model is
that Aurora B substrates are selectively phos-
phorylated at incorrect attachments. To test
this model, we first examined phosphorylation
of centromere protein A (CENP-A) Ser-7, a
known kinetochore substrate (/7). We used an
assay in which Aurora B inhibition leads to a
high frequency of syntelic attachment errors,
with sister chromatids connected to a single
spindle pole (6, 12) (fig. S1A). We compared
phospho-CENP-A staining at correct and in-
correct attachments 10 min after removing the
reversible Aurora B kinase inhibitor ZM447439
(13), which reactivates Aurora B. Phospho-
CENP-A staining was strongest at incorrect
attachments, identified as unaligned kineto-
chores (Fig. 1, A and B), which indicates that
phosphorylation of an Aurora B substrate at
the kinetochore depends on the microtubule
attachment state.

We considered two models to explain how
selective phosphorylation at incorrect attach-
ments might be achieved. First, tension could
directly regulate kinase activity by inducing a
conformational change either in the kinase
itself or in its associated regulatory proteins
(14). Second, kinase activity could be constant,
but tension pulls kinetochores away from
Aurora B at the inner centromere (4, 15). This
spatial separation might lead to decreased
phosphorylation of Aurora B substrates at the
kinetochore. To distinguish between these mod-
els, we measured phosphorylation of an Aurora
B substrate localized to either the centromere
or the kinetochore, using biosensors that report
quantitative changes in phosphorylation by
Aurora B in living cells through changes in
fluorescence resonance energy transfer (FRET)
(16). Sensors were targeted either to the cen-
tromere using the centromere-targeting domain
of CENP-B (/7) or to the kinetochore using
Misl12 (18) (fig. S1A), and their localization
was verified (Fig. 1, C to F). Both sensors re-
spond to Aurora B inhibition, consistent with
previous findings (/6) (fig. S1, B and C).

We first examined steady-state phospho-
rylation levels in cells treated with either
nocodazole to depolymerize microtubules, the
kinesin-5 inhibitor monastrol to create mono-
polar spindles and syntelic attachments (79),
or the proteasome inhibitor MG132 to arrest
cells at metaphase with bi-oriented attach-
ments. Measurements of interkinetochore dis-
tances (20) confirmed that tension was low in
cells treated with nocodazole (0.6 + 0.1 pm,
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Fig. 1. Phosphorylation of a kinetochore Aurora B substrate depends on the microtubule attachment state.
(A and B) Hela cells with both incorrect [(A), green boxes] and bi-oriented [(A), red boxes] attachments were
fixed and stained for kinetochores (CREST) and phospho-CENP-A. Insets show stronger phospho-CENP-A
staining on unaligned (1) versus aligned (2) kinetochores. The phospho-CENP-A/CREST ratio was calculated
at individual aligned (W = 146) and unaligned (V = 89) kinetochores from multiple cells (B). (C to F) Hela
cells expressing either the CENP-B—targeted [(C) and (E)] or Mis12-targeted [(D) and (F)] sensor were fixed
and stained for either Aurora B [(C) and (D)] or Hec1 [(E) and (F)] as markers for the inner centromere and
outer kinetochore, respectively. YFP emission (green) shows sensor localization relative to Aurora B or Hecl
(red). Insets show individual centromere pairs used for line scans. Scale bars, 5 um. Error bars, mean = SEM.
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Fig. 2. Phosphorylation of Aurora B substrates depends on spatial separation of kinase from substrate.
Hela cells expressing either the kinetochore (KT)—targeted or centromere (Cen)—targeted sensors were
treated as indicated and imaged live. (A) Cells were treated with nocodazole, monastrol, or MG132, and
the YFP/TFP emission ratio was calculated. An increase in emission ratio indicates dephosphorylation.
Each bar represents an average over multiple cells, >30 kinetochores analyzed per cell. The y axis is scaled
to include the range of the data. Schematic shows sensor localization relative to Aurora B, as in fig. S1A.
(B and C) Cells were treated as in Fig. 1A, then imaged live before and after ZWM447439 washout. The
emission ratio was calculated at aligned and unaligned centromeres/kinetochores at the indicated time
points (B). Each point represents >14 kinetochores/centromeres analyzed over multiple cells. Images (C)
show sensor localization (YFP) and a color-coded representation of the emission ratio 10 min after
ZMA447439 washout. Boxes indicate aligned (red) and unaligned (green) centromeres/kinetochores. Scale
bar, 5 um. Error bars, mean + SEM.
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mean + SD) or monastrol (0.7 £ 0.1 um) and
high in cells treated with MG132 (1.4 + 0.3 um)
(fig. S1, D and E). The centromere-targeted
sensor was phosphorylated under all con-
ditions examined, independent of tension,
whereas the kinetochore-targeted sensor was

Fig. 3. Positioning Aurora B closer to the
kinetochore leads to increased phosphorylation of
kinetochore substrates. (A) U20S cells expressing
the indicated vesicular stomatitis virus epitope
(VSV)—tagged INCENP fusion proteins were fixed
and stained for Aurora B (green) and Hecl (red).
Scale bars, 5 um. (B) Hela cells were transfected
with a phosphorylation sensor together with
mCherry-tagged wt-INCENP or CB-INCENP as
indicated, imaged live, and the YFP/TFP emission
ratio was calculated. Cells were grouped based on
levels of the INCENP fusion proteins at centro-
meres, calculated based on mCherry fluorescence
intensity (wt-INCENP was not present at as high
levels as CB-INCENP). Each bar represents an
average over multiple cells, >30 kinetochores
analyzed per cell. Error bars, mean + SEM.

Fig. 4. Positioning Aurora B closer to the kineto-
chore activates the spindle checkpoint and desta-
bilizes kinetochore-microtubule attachments. (A)
U20S cells expressing the indicated proteins were
released from a G1/S block with or without
ZM447439 for 14 hours. The mitotic index was
determined by propidium iodide/MPM2 monoclonal
antibody labeling and fluorescence-activated cell
sorting analysis. One representative experiment out
of three is shown. (B) Box-and-whisker plots (me-
dian, interquartile range, full range) showing time
from nuclear envelope breakdown to metaphase
(NEB-M) and from metaphase to anaphase (M-A) of
U20S cells expressing the indicated INCENP (INC)
fusion proteins. (C and D) Hela cells expressing VSV-
tagged CB-INCENP or Mis12-INCENP were treated
with or without ZM447439, then analyzed for cold-
stable microtubules (green) and VSV immuno-
fluorescence (red). Brightness of VSV-Mis12-INCENP
staining is enhanced relative to VSV-CB-INCENP so
that it is visible. The percent of kinetochores with
cold-stable microtubules was determined and plotted
versus expression level of the INCENP fusion proteins
(D). Each data point represents >80 kinetochores
from one cell.

phosphorylated when tension was low and de-
phosphorylated when tension was high (Fig.
2A). Thus, phosphorylation depends on spatial
separation of Aurora B from its substrate,
rather than on direct regulation of Aurora B

kinase activity.
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reactivation, and we measured phosphorylation
dynamics at aligned and unaligned kineto-
chores and centromeres. The centromere-
targeted sensor was rapidly phosphorylated at
both aligned and unaligned centromeres within
10 min of removing the Aurora B inhibitor
(Fig. 2B). The kinetochore-targeted sensor was
also rapidly phosphorylated at unaligned ki-
netochores, but it remained dephosphorylated
at aligned kinetochores (Fig. 2B). Color-coded
images of the yellow fluorescent protein/teal
fluorescent protein (YFP/TFP) emission ratio
showed that the kinetochore-targeted sensor
was selectively phosphorylated at unaligned
kinetochores 10 min after inhibitor washout,
whereas the centromere-targeted sensor was
phosphorylated at all centromeres (Fig. 2C
and fig. S1F). Thus, Aurora B is active at both
correct and incorrect attachments, and dif-
ferential phosphorylation of kinetochore sub-
strates may depend on distance from the
kinase.

The spatial separation model predicts that
positioning Aurora B closer to the kinetochore
should lead to increased phosphorylation of ki-
netochore substrates in metaphase. Aurora B
localizes to the inner centromere through in-
teractions with the inner centromere protein
(INCENP) (21). We manipulated the position
of Aurora B by creating INCENP fusion pro-
teins in which the inner centromere-targeting
domain of INCENP is replaced either with the
centromere-targeting domain of CENP-B
(CB-INCENP) (17, 22) or with full-length
Mis12 (Mis12-INCENP) (fig. S2A). Endoge-
nous Aurora B localized closer to or at the
kinetochore in cells expressing CB-INCENP or
Mis12-INCENP, respectively (Fig. 3A). The
extent of Aurora B redistribution increased
with the expression level of CB-INCENP (fig.
S2C), which suggests that CB-INCENP com-
petes with endogenous INCENP for Aurora B
binding. To determine the relationship between
kinase position and phosphorylation in cells
expressing CB-INCENP, we measured phos-
phorylation of the kinetochore-targeted sensor
at chromosomes aligned on the metaphase
plate. Phosphorylation increased as the expres-
sion level of CB-INCENP increased (Fig. 3B),
whereas the average interkinetochore distances
(1.4 £ 0.3 um, mean = SD) remained constant
(fig. S2, D and E), which indicates that the
increased phosphorylation was not due to re-
duced tension. Thus, phosphorylation of a ki-
netochore substrate depends on the relative
position of the kinase.

Because phosphorylation of endogenous
Aurora B substrates at the kinetochore reduces
microtubule binding (7—70), the spatial separa-
tion model predicts that repositioning the
kinase closer to the kinetochore should impair
the stabilization of bi-oriented attachments and
activate the spindle checkpoint (2). Indeed,
expression of either CB-INCENP or Mis12-
INCENP induced a dramatic mitotic arrest,

with a mitotic index >25% versus ~5% in con-
trol cells (Fig. 4A and fig. S3, A and B). The
mitotic arrest was dependent on Aurora B
kinase activity (Fig. 4A and fig. S3A) and on
the spindle checkpoint (fig. S3B). Live imag-
ing revealed that the timing of chromosome
alignment increased from 20 min (median) in
cells expressing wild-type INCENP (wt-
INCENP) to 45 or 35 min for CB-INCENP
or Mis12-INCENP, respectively. Moreover, the
median time spent in metaphase increased sub-
stantially from 10 min for wt-INCENP to 87.5
min or 100 min for CB-INCENP or Misl2-
INCENTP, respectively (Fig. 4B; fig. S3, C and D;
and movies S1 to S3). Paired sister chromatids
frequently exited and reentered the metaphase
plate during the metaphase arrest (fig. S3E and
movie S4), followed by aberrant anaphases with
lagging chromosomes (fig. S3, D and E, and
movies S1 to S4). In addition, most metaphase
cells contained at least one kinetochore positive
for Madl (fig. S4). Thus, microtubules can suf-
ficiently attach to allow congression, but sta-
bilization of bi-oriented attachments is impaired
when Aurora B is positioned close to the
kinetochore.

To determine directly whether repositioning
Aurora B prevents the stabilization of kineto-
chore microtubules, we examined cold-stable
microtubules. Kinetochore fibers remain intact
at 4°C, while most other microtubules in the
cell depolymerize (23). The number of kine-
tochores with cold-stable attachments decreased
as CB-INCENP expression increased, and at
high CB-INCENP levels, where the kinetochore-
targeted sensor was highly phosphorylated
(Fig. 3B), very few kinetochores had cold-
stable microtubule fibers (Fig. 4, C and D). Ki-
netochores also lacked cold-stable microtubule
fibers in cells expressing detectable Misl2-
INCENP (Fig. 4, C and D), whereas fibers
were stable in cells expressing wt-INCENP
(fig. S3F). Aurora B inhibition stabilized kine-
tochore microtubules in cells expressing either
CB-INCENP or Misl12-INCENP (Fig. 4, C
and D), which indicates that the destabili-
zation depends on increased kinase activity at
the kinetochore. Thus, repositioning Aurora B
closer to the kinetochore leads to both increased
phosphorylation of kinetochore substrates (Fig.
3B) and destabilization of kinetochore micro-
tubules (Fig. 4).

How bi-oriented attachments are selectively
stabilized by tension across the centromere is a
long-standing question. Our findings support a
mechanism linking tension to phosphorylation
of Aurora B substrates at the kinetochore and
regulation of kinetochore-microtubule stability.
In the absence of tension, kinetochore sub-
strates are phosphorylated because they are in
close proximity to Aurora B at the inner cen-
tromere. Phosphorylation reduces the affinity
of these substrates for microtubules (7—10), so
attachments are destabilized. Tension is exerted
when spindle microtubules pull bi-oriented

REPORTS

sister kinetochores in opposite directions, away
from the inner centromere, so that kinetochore
substrates are dephosphorylated, which in-
creases affinity for microtubules and stabilizes
attachments. Many biological systems that re-
spond to mechanical forces do so through
protein conformational changes, such as those
induced in mechanosensitive ion channels (24).
We present another strategy by which physical
forces can be converted into biochemical
changes in the cell through modulation of the
spatial separation of a kinase from its substrate.
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