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The relationships between the kinetochore and checkpoint control remain unresolved. Here, we report the
characterization of the in vivo behavior of Cdc20 and Mad2 and the relevant spindle assembly checkpoint (SAC) functions
in the neuroblasts of a Drosophila Mps1 weak allele (ald?*-?). ald®*- third instar larvae brain samples contain only around
16% endogenous Mps1 protein, and the SAC function is abolished. However, this does not lead to rapid anaphase
onset and mitotic exit, in contrast to the loss of Mad2 alone in a mad2f” mutant. The level of GFP-Cdc20 recruitment to
the kinetochore is unaffected in ald®-? neuroblasts, while the level of GFP-Mad?2 is reduced to just about 20%. Cdc20
and Mad2 display only monophasic exponential kinetics at the kinetochores. The ald®-? heterozygotes expressed
approximately 65% of normal Mps1 protein levels, and this is enough to restore the SAC function. The kinetochore
recruitment of GFP-Mad2 in response to SAC activation increases by around 80% in heterozygotes, compared with just
about 20% in ald®-? mutant. This suggests a correlation between Mps1 levels and Mad2 kinetochore localization and
perhaps the existence of a threshold level at which MpsT is fully functional. The failure to arrest the mitotic progression
in ald®*2 neuroblasts in response to colchicine treatment suggests that when Mps1 levels are low, approximately 20%
of normal GFP-Mad2, alongside normal levels of GFP-Cdc20 kinetochore recruitments, is insufficient for triggering SAC

signal propagation.

Introduction

The spindle assembly checkpoint (SAC) is a complex surveillance
mechanism that ensures faithful chromosome segregation dur-
ing mitosis by monitoring the attachment of chromosomes to the
spindle microtubules. The SAC negatively regulates the activa-
tion of the anaphase-promoting complex or cyclosome (APC/C)-
mediated proteolysis pathway to prevent the destruction of two
key substrates, cyclin B and securin. Many of the SAC compo-
nents, such as Madl, Mad2, Bubl, BubR1, Bub3, Mpsl, Zwl0
and Rod and Aurora B kinase, have been identified.! They are all
kinetochore dynamic proteins.? Although several accounts dis-
agree as to the requirement of the kinetochore in cascading the
SAC inhibitory signals, the integrity of the kinetochore is essen-
tial for SAC function,*® and an initial diffusible Mad2-Cdc20
inhibitory signal catalytically produced from unattached kineto-
chores has been observed in vitro.” The SAC function might be
collectively achieved or synergistically affected by the formation
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of a number of closely related inhibitory complexes, such as
the mitotic checkpoint complex (MCC), including the Mad2,
BubR1, Bub3 and Cdc20 proteins as well as other smaller com-
plexes, for example Mad2-Cdc20° and Cdc20-BubR1-Bub3,
in order to prevent Cdc20 from activating the APC/C. It has
been suggested that a single unattached kinetochore can produce
sufficient signal to arrest mitotic rat kangaroo kidney (PtK,)
cells at metaphase,'' and a self-propagation mechanism model
has been proposed to explain this phenomenon.'*"> However, in
living cells, the exact interaction of Cdc20 and Mad2 in terms
of the relationship between the kinetochores and mitotic check-
point control remains poorly understood.

Mpsl (Monopolar spindle 1) protein kinase has been impli-
cated in various mitotic processes,’"'® and its role in the SAC
involves recruitment of the key SAC proteins, such as BubR1,
Madl and Mad2 as well as Bubl, as shown in human and

Xenopus,"?!

and its activity is required for mitotic checkpoint
complex formation.??* It has also been shown to be required for

Cdc20 kinetochore localization in Xenopus egg extracts.”
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Figure 1. Western blot results showing that the Mps1 weak allele ald®*
retains approximately 16.4% of the endogenous Mps1 protein. (A) West-
ern blot results showing samples prepared from the third instar larvae
brains for w¥, ald®*2, gfp-cdc20; ald®*-> and gfp-mad2; ald®*-? lines. A
small amount of the Mps1 endogenous protein in samples from ald®*2,
gfp-cdc20; ald®*- and gfp-mad2; ald®*2 lines can be still detected. Ex-
pression of GFP-Cdc20 (panel 2) and GFP-Mad2 (panel 3) fusion proteins
has been confirmed in the relevant ald®*? genetic background as indi-
cated. The actin bands are used as a loading control. All the antibodies
were used in 1:500 dilutions. The western blot bands were imaged us-
ing an Odyssey machine. (B) Quantification results showing the western
blot band intensities for Mps1 in relation to the above samples after
normalization with the intensity of the relevant actin band. The data are
presented as a percentage of the Mps1 in the wild-type (w*) sample.
The intensity for each sample was quantified from three independent
western blots using TINA software.

Here we report the characterization of Cdc20 and Mad2 in
vivo behavior in living neuroblasts from the whole-mount third
instar larvae brains of a Drosophila Mps1 weak allele (a/d*-2)"
and the related SAC functions. Unlike observations in Xenopus
egg extracts, the GFP-Cdc20 kinetochore localization is not
affected in the #/4"*~ neuroblast, while the Mad2 kinetochore sig-
nal has been significantly reduced. There is a correlation between
the Mpsl levels and the levels of the Mad2 protein recruited to
the kinetochores. In contrast to the biphasic exponential kinetics
observed in the PtK, cell, Cdc20 only displays monophasic expo-
nential kinetics in Drosophila neuroblasts. Attempted SAC acti-
vation by colchicine treatment of the 2/d**? neuroblasts causes
the kinetochore recruitment of the normal levels of Cdc20 and
approximately 20% of the normal levels of Mad2, but the cells
fail to arrest. This suggests that the kinetochore localization of
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Cdc20 and Mad2 in Drosophila melanogaster neuroblasts is itself
insufficient for triggering and promoting the SAC signal propa-
gation when the Mpsl level is also low.

Results

Third instar larvae brain samples from an ald**? fly line
expresses a significantly reduced level of endogenous Mpsl. We
have previously shown that Mad2 is not required for kinetochore
recruitment of Cdc20 both in syncytial embryos and neuro-
blasts.” To further characterize Cdc20 behavior in SAC-deficient
cells, and to understand the relationship between the kinetochore
and checkpoint control, a Drosophila mpsI homolog mutant
allele (a/d®-?) was used. The a/d®*? line was originally antici-
pated to be a null for Mpsl,” but the endogenous Mpsl levels
within this fly line had never before been confirmed by western
blot. We have introduced a copy of the GFP-Cdc20 transgenic
construct inserted on the second chromosome or a copy of the
GFP-Mad2 construct inserted on the X chromosome into this
ald®? mutant background. Brain samples prepared from a/d®*,
&fp-cdc20; ald®*= or gfp-mad2; ald®*= third instar larvae were
examined by western blotting.

The western blot results confirmed that the newly established
recombinant lines of gfp-cdc20; ald*— and gfp-mad2; ald®>
carry the GFP-Cdc20 and GFP-Mad2 fusion proteins, respec-
tively (Fig. 1). However, they reveal that there is approximately
16.4% of detectable endogenous Mpsl protein still present in the
homozygous mutant (2/d**-?) third instar brain sample as well as
in the newly established recombinants (Fig. 1).

The SAC in ald?#? neuroblasts is defective and mitosis dis-
plays increased lengths of transition in different stages. With
colchicine treatment of the third instar brains, the neuroblasts
from gfp-cdc20; ald* arrest at metaphase and show an accumula-
tion of kinetochore fusion protein (Fig. 2, top panel); in contrast,
&fp-cdc20; ald®? cells failed to arrest at metaphase, and progress
through mitosis. This is revealed by the continuous cycling of
the GFP-Cdc20 fusion proteins on and off the kinetochores and
the reappearance of the dark daughter nucleus as the fusion pro-
tein relocated to the cytoplasm (Fig. 2, middle panel arrowhead
labeled image at 35:00 time point). This defective SAC function
can be rescued by introducing a copy of the gfp-mpsI transgene
into the #/d"*~? mutant background (Fig. 2, bottom panel though
the GFP-Mpsl fluorescent signals are weaker). Thus, the SAC-
defective phenotype of gfp-cdc20; ald®-? results from the reduc-
tion of Mpsl protein activity.

We then compared the mitotic progression in neuroblasts
using GFP-Cdc20 as a mitotic progression marker” (Fig. 3) using
lines of gfp-cdc20; ald®*— and gfp-cdc20; mad2"" as well as the
gfp-cdc20; ald* (in a wild-type background). GFP-Cdc20 enters
the nucleus after nuclear envelope breakdown (NEB), and its
entry was clearly visible in all of our experiments in neuroblasts;
the nuclear entry occurs just as chromatin assumes a prophase
configuration, as illustrated using co-expressed his2BmRFP as a
chromatin marker (Fig. 3A, 01, 11 and 21). Metaphase is marked
by the stage when the GFP-Cdc20 kinetochore signals begin
to decline (Fig. 3A, 04, 14 and 24) a stage that is immediately
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Figure 2. SAC in ald®*? neuroblasts is defective, and this can be rescued by introducing an ectopically expressed GFP-Mps1 fusion protein. Third instar
larvae prepared from wild-type (gfp-cdc20; ald*, top panel), an Mps1 mutant (gfp-cdc20; ald®*2, middle panel) and a rescued Mps1 mutant line (gfp-
mpsT; ald®?, bottom panel) were treated with 5 WM colchicine. GFP-Cdc20 behavior was then examined in the neuroblasts. The GFP-Cdc20 fluorescent
signal accumulates predominantly in the neuroblast cytoplasm in interphase (arrowheads in all panels at 00:00 time point). It is strong and persistently
associated with arrested kinetochores after colchicine treatment (top panel, arrows) in wild-type neuroblasts. In contrast, the GFP-Cdc20 signal contin-
ues to oscillate on and off the kinetochores (middle panel, arrows), and the protein was transported to the cytoplasm, when the cell enters interphase
so that the daughter nucleus reappears as a dark shape (arrowheads in the middle panel at 00:00 and 35:00 min time points). This suggests that the
ald®*? neuroblast mitosis has bypassed the SAC arrest. This defective SAC can be restored by introducing a copy of the gfp-mps1 fusion transgene. The
kinetochores with strong and persistent GFP-Mps1 fluorescent signals reappear (bottom panel, arrows), suggesting the cell cycle is arrested (bottom
panel). The images were scanned using a spinning disk confocal at 22°C with 488 nm laser excitation. Time, minutes, seconds. Bar =2 pm.

before condensed chromosome segregation (Fig. 3A, 05, 15
and 25). Telophase is marked by the stage when the mother cell
starts to change its shape to form the bud of the daughter cell
(Fig. 3A, 07, 17 and 27) where the two separated chromosome
masses are farthest apart within the mother cell (Fig. 3A, 08, 18
and 28). Interphase is marked by the time when nuclear GFP-
Cdc20 starts to be transported to the cytoplasm and where a dark
nucleus could just be visualized, a stage beginning with decon-
densing of the chromosome (Fig. 3A, 10, 20 and 30).

Table 1 shows the changes to the timings for the various tran-
sitions between the stages of the cell cycle. The time to com-
plete prophase to metaphase is significantly shortened in Mad2
mutant neuroblasts but prolonged in Mpsl mutant neuroblasts.
The time for progressing through telophase to early interphase is
unchanged in Mpsl mutant neuroblasts but shortened in Mad2
mutants compared with wild-type (Table 1).

The level of kinetochore recruitment of Cdc20 in neuro-
blasts is not affected in the 2/4?*2 mutant. It has been shown
that Mpsl acts upstream of Mad1 in the SAC cascade for kineto-
chore localization of Mad2 both in Xenopus egg extracts and
human HeLa cells.””?%?** The depletion of the Mpsl in Xenopus
egg extracts also induces a loss of the kinetochore localization of
the Cdc20.” Mpsl might also indirectly affect the BubR1 kineto-
chore localization in both Xenopus egg extracts and HeLa cells as
it is required for ECENPE kinetochore localization and the latter
is required for kinetochore recruitment of BubR1.”% We have
previously shown that Mad2 is not required for Cdc20 kineto-
chore recruitment but that BubR1 plays a critical role in this pro-
cess in Drosophila.? Therefore, we examined how Cdc20 behaves
in the Drosophila Mpsl mutant (#/4%"-?) neuroblast in order to
understand how the SAC cascade on the kinetochore affects the
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behavior of Cdc20. In the wild-type background, GFP-Cdc20
localizes to the kinetochore during metaphase (Fig. 4A, arrows,
top panel). A similar localization pattern can also be observed
when GFP-Cdc20 is expressed in the #/4”*? mutant background
(Fig. 4A, arrows, bottom panel). The highest average fluorescent
intensities of the GFP-Cdc20 signals at the kinetochores during
mitosis from both lines were quantified (Fig. 4B, a and ¢) and
compared with the cytoplasmic level (Fig. 4B, b and d). These
results show no significant difference in the overall levels of the
localized kinetochore GFP-Cdc20 fluorescent intensities in wild-
type and 4/d®*~? mutant neuroblasts (Fig. 4C).

The absence of Mad2 only causes slower Cdc20 dynamic at
kinetochores. In living mitotic rat kangaroo kidney (PtK,) cells,
quantitative results of the fluorescence recovery after photobleach-
ing (FRAP) showed that GFP-Cdc20 possesses biphasic expo-
nential kinetics at unattached kinetochores (fast kinetics t, ,~1-3
s and slow kinetics t,,~21-23 s), while GFP-Mad2 only displays
a slow monophasic recovery (t,,~19 s).> The slower phase of
GFP-Cdc20 on the kinetochore has been suggested to reflect the
complex formation with Mad2, since it was tension-insensitive
and disappeared in cells that lacked Mad2 or where Cdc20 car-
ries no major Mad2-binding domain on the kinetochores.? If this
is also the case in Drosophila, we would then expect to see bipha-
sic exponential kinetics for GFP-Cdc20 FRAP and slower phase
kinetics that would disappear when GFP-Cdc20 FRAP was mea-
sured in a Mad2-null mutant. In fact, the results measured from
neuroblasts (Fig. 5A) unequivocally showed monophasic kinetics
from the unattached prophase kinetochores (half-life recovery t, ,
= 0.75  0.15 s) (Table 2 and Fig. 5B) and metaphase kineto-
chores (colchicine arrested kinetochores, half-life recovery t,, =

0.64 £ 0.12 s) (Table 2 and Fig. 5C). These rather fast half-life
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Figure 3. Comparison of the mitotic progression in neuroblasts using GFP-Cdc20 as marker. GFP-Cdc20 was excluded from the interphase (Int.) nucle-
us (images 1 and 11, arrowheads), entering the nucleus by early prophase (Pro.) (Images 2 and 12, arrowhead). GFP-Cdc20 could be readily observed
on prophase and prometaphase kinetochores (Images 3, 4, 13 and 14, arrowheads) and persisted on metaphase (Met.) (Images 5 and 15, arrowheads)
and greatly declined from anaphase kinetochores (Images 6 and 16, arrowheads). The beginning of cytokinesis immediately after telophase (Telo.) is
marked by the arrowhead at image 18, when the cell begins to elongate and bud. Interphase in the daughter cell is marked by the beginning of the
reappearance of the dark nucleus as the GFP-Cdc20 relocated to the cytoplasm (Image 20, arrowhead) the chromatin morphologies showing relevant
cell cycle stages were determined using coexpressed His2B-mRFP as a marker (Images 21-30, arrows). The entire neuroblast was encompassed in the
dashed-line circled region. Time-lapse images were recorded using a spinning disk confocal system at 22°C. Bar = 2 wm. Please refer to Table 1 for the

actual timing of mitotic progression.

Table 1. Comparison of the mitotic progressions in Drosophila wild-type, Mad2 and Mps1 mutant neuroblasts

Time to complete P*—>M* (min)

Time to complete M*—~>T* (min)

Time to complete T—EI* (min)

Sample Genotype
Mean + SD p value n Mean + SD p value n Mean + SD p value n
1 gfp-cdc20;ald* 10.92 + 4.67 48 3.6+ 146 58 11.2+2.16 50
2 gfp-cdc20;mad2t” 771 £2.15 0.0031 (1:2)* 33 2.2+0.65 0.0001 (1:2)* 48 9.6 + 1.98 0.0006 (1:2)* 4
3 gfp-cdc20;ald® 13.76 £4.62  0.0004 (1:3)* 50 5.0 +£2.82 0.0016 (1:3)* 69 11.6 £3.13 0.4446 (1:3)* 60

*. P, prophase; M, metaphase; T, Telophase; El, early interphase, #: p value compared between samples in the brackets.

recoveries are similar to the first phase observed for GFP-Cdc20
from PtK, cells mentioned above. As with the observations in
PtK, cells, there is approximately 50% fluorescent intensity
recovery in neuroblasts (Table 2). The value of the half-life recov-
ery was slowed slightly, but it was statistically significant, when it
was measured in the neuroblasts prepared from the mad2-null
mutant (t,, = 1.33 + 0.39 s) or from the ald*~ (¢, = 1.10 +
0.07 s) (Table 2 and Fig. 5D). As was observed in PtK, cells, the
GFP-Mad2 kinetics also displayed monophasic kinetics, but they
appear to be much faster both at unattached kinetochores (pro-
phase, t,, = 0.56 + 0.08 s) or metaphase kinetochores after col-
chicine treatment (t,,, = 0.36 + 0.06 s) than was observed in PtK,
cells (19 + 7 s) (Table 2 and Fig. 5D). Approximately 35% of
GFP-Mad2 fluorescent intensity recovery occurred (Table 2) in
contrast to about 91% recovery in PtK, cells. Thus, Drosophila
Mad2 only affects Cdc20 dynamics at kinetochores, and the
Cdc20 and Mad2 dynamic recruitment kinetics at kinetochores
are different than those described in PtK, cells.?

Kinetochore recruitment of Mad2 is insufficient for SAC
signal propagation in Mpsl mutant neuroblasts. Mad2 is pre-
dominantly a nuclear protein (Fig. 6A, 01, 09, 17 and 25) and
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associates with unattached prophase kinetochores during mitosis
in wild-type Drosophila neuroblasts.?® When the third instar lar-
vae brains from the gfp-mad2; ald* wild-type line were treated
with 5 WM colchicine, all the neuroblasts in the brains arrested
at metaphase, displaying strong and persistent GFP-Mad2 fluo-
rescent signals at kinetochores over a 30 min observation time
(Fig. 6A, bottom panel 19-24). In contrast, with 2/4"*~ mutant
neuroblasts from the gfp-mad2; ald**- line, GFP-Mad2 can-
not be detected on the kinetochore in normal mitotic progres-
sion (Fig. 6A, top panel 03-06), and the mitotic progression
has bypassed the SAC arrest (Fig. 6A, middle panel 15 and 16).
However, approximately 20% of the GFP-Mad2 can be recruited
to the kinetochore in response to colchicine treatment in these
mutant neuroblasts (Fig. 6A, middle panel 11-14, and Fig. 6B
and C). This impaired SAC phenomenon is rather surprising
and intriguing, as apparently the kinetochore recruitment of
Mad?2 in the 2/d®~? mutant is still actempted in response to SAC
activation, though the level of Mad2 recruitment is significantly
reduced in Mps] mutant neuroblasts, where only around 16% of
the normal level of Mpsl is present. Thus, in the presence of this
low level of Mpsl kinase activity, kinetochore recruitment of the
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recruited on to these arrested kineto-
chores (Fig. 6C). Therefore, there is a

dose-dependent  correlation  between

Figure 4. The level of kinetochore recruitment of Cdc20 is not affected by reduction of the Mps1
in ald®*? mutant. (A) Spinning disk confocal time-lapse images show GFP-Cdc20 localization pat-
terns in third instar larvae neuroblasts from wild-type (gfp-cdc20; ald*, top panel) or Mps1 mutant
(gfp-cdc20; ald®*=?, bottom panel). Arrows indicate kinetochore-associated GFP-Cdc20 signals.

Mpsl and Mad2 for kinetochore local-
ization. The fact that 65% of the normal

Arrowheads indicate the prophase nucleus just before NEB (nuclear envelope breakdown, Image at
00:00 time point) or the early interphase nucleus (Image at 26:00 time point) where GFP-Cdc20 was
excluded from the nucleus. Bar = 2pm. (B) GFP-Cdc20 fluorescent intensities at prometaphase kinet-

level of Mpsl is sufficient to support cell
cycle progression and overall embryonic
development suggests the existence of a
threshold level of Mpsl that is required
to maintain its SAC functions.

Discussion

ochores (selected regions a and c) were quantified and compared after subtraction of the relevant
cytoplasmic backgrounds (selected regions b and d). Spinning disk confocal images displaying the
peak levels of the GFP-Cdc20 at the prometaphase kinetochores were taken from either the wild-
type (gfp-cdc20; ald*, left) or the Mps1 mutant (gfp-cdc20; ald®*=, right). Bar = 3 um. (C) The graph
shows the quantification results. There is no significant different between the highest intensities of
the GFP-Cdc20 recruited at prometaphase kinetochores in Mps1 mutant (gfp-cdc20; ald®*) and in
the wild-type (gfp-cdc20; ald*) neuroblasts. Twenty individual neuroblast images from each fly line
were used for this quantification. Time, minutes, seconds.

It is interesting to find that approxi-

mately 16% of endogenous Mpsl protein still remains in the
ald®2 third instar larvae brain samples. This protein is most
likely to be left over from maternal inheritance, as the mutant
was previously anticipated to be null, since a T to C nonsense
mutation has created a stop codon “TAA” at position 48 of the
protein N terminus.” Although we cannot completely rule out
the possibility that the low level of detected protein is caused by
stop codon read-through, which is often used by viral genomes
and has been observed more recently in Drosophila and other
metazoa.” However, analysis of the stop codon context (stop
codon and subsequent base) suggests that the high frequency of
translational leakage, which is associated with the inefficient stop
codon context “TGA-C,” rarely happens with the more effec-
tive termination codons of TAA-A or TAA-G.? Thus, it is less
likely that the detected low level of the Mpsl proteins resulted
from translational leakage as the stop codon context created by
the point mutation in the 2/ is “TAA-G.” Thus, the ald®>
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mutant has provided a unique opportunity to study the SAC
mechanism, in that the SAC still atctempts to recruit Mad?2 to the
kinetochore in its cascading pathway but fails to arrest the cells
at metaphase.

In eukaryotes, the SAC is conserved throughout, but at a
molecular level its components and how they assemble to form
the signal cascade pathways are very divergent. For instance,
unlike BubR1 in higher eukaryotes, the yeast BubR1 homolog
Mad3 lacks a kinase domain."*® The depletion of Mpsl in human
culeure cells results in the selective loss of Mad2 from the kineto-

chore.?"2¢

3132 In contrast, genetic analyses in yeast and immu-
nodepletion experiments in Xenopus egg extracts show Mpsl
affecting not only Mad2, but also Bubl, BubR1/Mad3 and Mad1
kinetochore localization."”2%%333 The sustained kinetochore local-
ization of Cdc20 in vivo in ald®*?
study, either in normal mitotic progression or when the cells

respond to the attempted SAC activation, is different from the

neuroblasts observed in this
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Figure 5. The absence of Mad2 causes slower Cdc20 dynamics at kinetochores. (A) An example of the FRAP experiments performed on the GFP-Cdc20
signals from a group of prometaphase kinetochores (arrows) in neuroblasts from the gfp-cdc20; ald* wild-type line. Image A1 displays the GFP-

Cdc20 fluorescent intensity on the prometaphase kinetochores before photobleaching. Image A2 shows that the GFP-Cdc20 fluorescent intensity at
kinetochores in the region of interest “a” was reduced to levels equivalent to that of “b” in cytoplasm after photobleaching. Images A3-7 are selected
images from the time-lapse movies showing the GFP-Cdc20 fluorescent intensity recoveries on kinetochores monitored over 2 min post-bleach. The
cytoplasmic area of the neuroblast is encompassed within the dashed circle in each picture. (B) An example of the normalized GFP-Cdc20 fluorescence
intensity recovery time-lapse curve (blue dots) in neuroblasts from the wild-type background (gfp-cdc20; ald* genotype). The red line represents the
best-fitted single exponential curve for the GFP-Cdc20 analyzed by fitting nonlinear regression curves using GraphPad Prism. The original fluorescent
intensity level before bleaching has been indicated by an arrow. The value representing the half-life recovery (t, ,) has been indicated by the double
arrowheads. (C) An example of the normalized GFP-Cdc20 fluorescent intensity recovery time-lapse curve (green dots) in neuroblasts from Mps1
(ald®*-2) mutant background (gfp-cdc20; ald®*?). The red line shows the best-fitted single exponential curve. (D) FRAP analysis results representing the
half-life fluorescent intensity recoveries at prometaphase or colchicine arrested metaphase kinetochores post-photo bleach. The asterisks indicate the
p values showing significant differences between the compared pairs. The numbers of the experiments used in these assays were indicated in Table 2.
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Table 2. Comparison the dynamic kinetics of the SAC components at kinetochores in living PtK, cells and Drosophila neuroblasts

- Colchicine, prometaphase

Colchicine’ or taxol' arrested

Proteins Cells Phase unattached KTs® metaphase KTs Reference
t,, (s) Recovery (%) n t,, (s) Recovery (%) n
Howell et al.,
Pth 197 91+17 13 2004
GFP-Mad2
0.36 £ 0.06% (b) .
1 -2 #
Dm nb'(wt?) 0.56 + 0.08 (a) 32.8+5.29 17 (b to a: P=0.007)* 34.6+£4.73 15 This study
. . Howell et al.,
Fast 11 53+17 10 2+1 88 £ 12 2004
PtK, cells
Howell et al.,
Slow 23 +10 47 £17 10 2004
GFP-Cdc20 Dm nb (wt) 0.75 +0.14 (¢ 51.2+£3.85 20 0.64 = 0.12* 52.7 £ 6.39* 17 This study
1.33+0.34 (d) .
-
Dm nb (mad2”) (d to ¢: p =0.004)* 51.1+7.94 15 This study
1.12 £ 0.06 (e) .
B4-2
Dm nb (ald®+?) (e to ¢: P=0.00003)" 39.0 +5.69 20 This study
GFP- Howell et al.,
+ +
CdCZOALm7 Pth 2+1 93+ 1 12 2004

1, Dm nb, Drosophila neuroblast; 2, wt, wild-type; 3, KTs, kinetochores; 4, p values compared between the pairs indicated by the letters in the brackets.
a, b, ¢, d and e, the letters represent the values in the cells used for p value comparison; #, data collected from colchicine treatment; «, data collected

from taxol treatment.

observation made in Xenopus egg extracts, where the depletion
of the Mpsl is connected with the loss of kinetochore localized
Cdc20 in vitro.” This is yet another example in which the subtle
mitotic regulation in Drosophila is different to that found in the
vertebrate. The observation of the loss of Mpsl being coinciden-
tally related to the loss of kinetochore Mad2 is, however, consis-
tent with the observations made in yeast, HeLa cells and Xenopus
as mentioned as above.

It has been previously reported that there are dosage effects
on metaphase arrest in Mpsl mutants.>* It would be of interest
to identify if there is a connection between the arrest and how
the kinetochore localization of Mad2 responds to different levels
of Mpsl. Here we show an inability of in vivo a/d** neuroblasts
to retain a functional spindle assembly checkpoint when around
20% of Mad2 and normal levels of Cdc20 can still be recruited
to the kinetochore in response to attempted SAC activation. It
suggests that these conditions are insufficient to trigger the self-
propagation of the SAC signal and so are unable to retain a fully
functional SAC in #/d**~? mutant neuroblasts, even with 20%
normal levels of Mad2 present at the kinetochores. Our observa-
tions may provide a new angle on reviewing the potential SAC
self-propagation mechanism vs. an overall threshold SAC signal
requirement for metaphase/anaphase transition. As the results
suggest, one possibility is that the decreased Mad2 kinetochore
localization observed in the #/4”* line in response to the SAC
activation is not enough to allow sufficient MCC formation.
Otherwise a delayed arrest should occur, if the signal self-propa-
gation mechanism existed.

When the endogenous Mpsl level increased to about 65% of
the normal level in the 2/d%/~? heterozygous neuroblasts, around
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80% of the normal levels of Mad2 protein were recruited onto
the kinetochores in contrast to approximately 20% of the normal
levels of Mad2 observed in the #/4*2 mutant. The SAC func-
tion in this heterozygous neuroblast has been restored, as mitotic
progression is shown to arrest in response to SAC activation with
5 wM colchicine treatment (Fig. 6). This suggests that although
there is a correlation between the Mpsl levels and the kineto-
chore recruitment of Mad2 under the provoked SAC condition,
it is not a clear linear correspondence. It appears that this hetero-
zygous level of approximately 65% endogenous Mpsl protein is
sufficient to support cell cycle progression as well as embryonic
development, as all of the embryos successfully developed to fer-
tile adulthoods. Therefore, there likely exists a threshold level of
Mpsl that is needed to maintain its functional activities.

It is surprising to find significant variation in mitotic timing
between different fly cell types. It takes, on average, 34 min for
cultured wild-type S2 cells to complete mitotic progression from
prophase to anaphase onset, and this reduced significantly to
about 11 min in the absence of Mad2.% For the in vivo neuro-
blasts in third instar larvae brains, there is only a 2 min differ-
ence on average between wild-type lines and lines where Mad2 is
absent.* It is even less, only 1 min, in early embryos."* Comparing
the anaphase onsets in Mad2 and Mpsl mutants, our results are
consistent with previous reports, in that with the loss of Mad2
alone, mitotic progression from prophase to anaphase onset is
shortened by approximately 2 min. However, the overall timing
of the progression from metaphase/anaphase onset to eatly inter-
phase is also reduced by around 3 min (Table 1). This suggests
that Mad2 plays a role not only in the timing of mitotic matura-
tion, but also in that of mitotic exit. Surprisingly, the reduction
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Figure 6. Kinetochore recruitment of Mad2 is insufficient for SAC signal propagation in Mps1 mutant neuroblasts. (A) Top panel: Images showing the
GFP-Mad2 fluorescent signals in Mps1 (ald®-?) mutant neuroblasts under normal mitotic progression. The arrowhead in image 1 indicates nuclear
localized GFP-Mad2 at prophase. The arrows in the dashed-line circled regions in images 7 and 8 show the beginning of daughter cell formation. No
kinetochore GFP-Mad2 fluorescent signals could be detected throughout the cycle. Middle panel: Images showing the GFP-Mad2 fluorescent signals
in Mps1 (ald®-?) mutant neuroblasts treated with 5 wM colchicine. The arrowhead in image 9 shows the nuclear localized GFP-Mad2 at prophase. The
arrows in images 11-14 show that a certain amount of the GFP-Mad2 protein can still be recruited to the kinetochores during the time course. The
arrowhead in image 16 shows that the GFP-Mad2 fluorescent signal reappears in the newly formed nucleus to indicate the mitotic progression has
bypassed the SAC arrest. Bottom panel: Images showing the GFP-Mad2 fluorescent signals in wild-type neuroblasts treated with 5 wM colchicine.
Cells are arrested with strong and persistent kinetochore accumulated GFP-Mad2 fluorescent signals (arrows) during the time course. The arrowhead
in image 17 indicates the nuclear localized GFP-Mad2 in prophase. Bar = 2 um. Time, minutes, seconds. (B) Spinning disk confocal images displaying
the region of interests for the peak levels of the GFP-Cdc20 on the kinetochores in neuroblasts after treatment with 5 wM colchicine (region a, d and
e) and the relevant cytoplasmic regions (b, c and f) used as the background subtraction. The images were taken from either the wild-type (gfp-mad2;
ald", left); the ald®*? heterozygotes (gfp-mad2; +/ald®*-2, middle) or the Mps1 mutant (gfp-mad2; ald®*-2, right). Bar = 3 um. (C) The graph shows the
quantified results measured from “b.” Approximately 20.2 + 7.4% and 79.8 + 2.42% of the wild-type levels of GFP-Mad2 can still be recruited to the ki-
netochores in the neuroblasts of the Mps1 mutant (ald®*-?) and heterozygous background. Twenty individual images from each cell line were used for
this quantification. (D) Western blot results showing relevant Mps1 protein expression levels in wild-type, heterozygous and homozygous of the ald®*2
third instar larvae brain samples. Actin bands act as the loading control.

of Mad2 caused by the loss of Mpsl in /4**? mutant is enough
to remove the spindle checkpoint in response to colchicine, but it
does not lead to rapid anaphase onset and mitotic exit, in contrast
to the loss of Mad2 alone in the mad2"¥ mutant, instead it shows

significantly delayed progression between prophase to metaphase
and metaphase to telophase by about 3 and 1.5 min, respectively
(Table 1). This is unlike the situation in human cells, in which
the loss of Mpsl causes a sharp early anaphase similar to the loss
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of Mad2 and other checkpoint proteins,? and, as yet, we do not
fully understand the exact reasons causing these differences. The
use in this study of whole-mount brain samples derived from
ald®? mutant third instar larvae, where the cells continue to
develop for many generations under low levels of Mpsl activity,
may be different to the system in human culture cells, where the
phenotypes were examined when the Mpsl is instantly knocked
down.” The low level of Mpsl in the neuroblasts can apparently
support the survival of the cell and cell cycle progression, but with
overall slower pace. This suggests that Drosophila Mpsl kinase
activity may also be required for controlling mitotic entrance as
well as the spindle assembly checkpoint, perhaps by regulating
the Cdkl kinase activity in early mitosis either directly or indi-
rectly. This remains to be tested.

In PtK, cells, Cdc20 exhibits biphasic exponential kinetics,
while Mad2 only displays monophasic kinetics. The slower phase
of the Cdc20 kinetics is similar to that of the Mad2 kinetics
and disappears when Mad2 is absent or a Cdc20 mutant, which
lacks the major Mad2 binding domain is used.? We have shown
by FRAP analysis using rapid post-bleach data acquisition, that
Cdc20 and Mad2 display only monophasic exponential kinet-
ics at the kinetochores in Drosophila neuroblasts (Table 2 and
Fig. 5D). The FRAP kinetics half-life (-0.8 s) and the overall
rate of recovery of Cdc20 (-51%) are similar to the first phase

kinetics and recovery that was observed in PtK, cells (¢, , = -1 s

and 50% total recovery).? However, we have not detected1 /; slower
phase, as described in cultured PtK, cells.” Meanwhile, Mad2 in
Drosophila neuroblast cells in vivo shows faster dynamic kinetics
(t,,, = 0.56 s for prometaphase and 0.36 s for colchicine arrested
metaphase, respectively) and a lower level of recovery (~35%)
when compared with that observed in PtK, cells (t,, = ~19 s for
prometaphase) and 91% overall recovery.? These results suggest
that more than 60% of Drosophila Mad2 is stable on unattached
kinetochores in contrast to the 91% that is cycling on and off the
PtK, kinetochores. We have shown previously that it is BubR1
and not Mad2 that is required for the kinetochore localization
of Cdc20, and speculate that Mad2 may act to retain Cdc20
localization on kinetochores for dynamic turnover rather than
be required for its initial physical localization.” We show here
that in the absence of Mad2, Cdc20 kinetics at kinetochores
in mad2"" or ald**~ neuroblasts is significantly slowed (t,, =
approximately 1.3 and 1.1 s, respectively) (Table 2 and Fig. 5D).
The slowed kinetics in #/4”* neuroblasts is likely to result from
the significantly reduced kinetochore Mad2 rather than deple-
tion of Mpsl, as the overall level of the kinetochore localized
Cdc20 has not been perturbed in these cells. This was also noted
in PtK, cells, when GFP-Cdc20,, - fusion protein, which lacks
the major Mad2 binding domain but retains kinetochore local-
ization capability, was FRAP analyzed, showing slowed kinetics
from 1-2 s, at prometaphase.? Our observations clearly indicate
that kinetochore-bound Mad2 influences the Cdc20 kinetochore
kinetics, but there is a lack of strong evidence to suggest physi-
cal interaction in terms of the Cdc20-Mad2 complex formation.
We do not, however, understand the significance of this slowed
Cdc20 kinetochore kinetics. Our observations may provide a
new insight into the debate as to whether Mad?2 is actually part
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of the MCC complex” and whether the MCC can form in the
absence of direct kinetochore interaction of all components.” Our
observations also suggest that the Drosophila SAC may undergo
slightly different pathways at the distal end of the cascade when
compared with that observed in Xenopus egg extracts.” It would
be interesting and important to compare and understand the dif-
ferences between the SAC mechanisms from different species to
provide an insight into the complexity of the SAC mechanism in
human cells.

Materials and Methods

Mutant fly stocks. A mad2*¥-null mutant (EY21687, CG17498,
stock #22495) stock was previously purchased from the BDGP/
Baylor Gene Disruption Project and characterized.” a/d®* is a
Drosophila mpsI homolog mutant semi-lethal allele and is a kind
gift from Dr. Gilliland at the College of Science and Health,
DePaul University. It was discovered by a germline clone screen
for meiotic mutants in Drosophila. Sequencing analysis revealed
that 2/d*~? contains an early T to C nonsense mutation, which
changes glutamine at position 48 to a stop codon (TAA). This
mutant failed to complement the meiotic phenotype of the a/d"
allele and could be rescued by introducing a wild-type copy of
mpsl (ald"). Therefore, the a/d®*~ line was originally regarded as
null for Mps1.

Transgenic flies. The transgenic Drosophila fly lines that
express GFP-Cdc20 fusion protein in a w® genetic background
used in this study have been described previously.”3* The
His2BmREFDP transgenic fly line driven by an ubiquitin promoter
is a kind gift from Dr. Yohanns Bellaiche at UMR 144 CNRS/
Institut Curie. A GFP-Mad2 transgene under 7442 native pro-
moter control inserted on the X chromosome was generated from
an original homozygous lethal line with the transgene insertion
on the third chromosome obtained from Dr. Karess (CNRS, Gif-
sur-Yvette)?® using a (A2-3)96B (an immobilisable transposase C
transgene construct) based genetic hopping technique. A GFP-
Mpsl transgenic line was a gift from Prof. Lehner (Institute of
Molecular Life Sciences, UZH). The lines used in this study:
&fp-cdc20; mad2, gfp-cdc20; ald®=> and gfp-mad2; ald®* as
well as the gfp-mpsl; ald®*— were created by genetic recombina-
tion crosses.

Dissecting and mounting the third instar larvae brains on
coverslips for imaging. Homozygous gfp-cdc20; mad2=", Cdc20;
ald®=2 or gfp-mad2™; ald”* or ald®* third instar larvae (non-
tubby phenotype) were isolated from the population mixed with
the heterozygous (tubby phenotype). The tubby phenotype
results from the heterozygotes carrying a 7M6 Tub balancer
chromosome. The larvae were washed, and the whole brains were
dissected in Drosophila Ringer’s solution. They were then trans-
ferred into an appropriate amount of fresh Ringer’s solution with
or without colchicine (see below) on a coverslip. The samples
were then covered with a square piece of YSI standard mem-
brane (YSI Inc., LN#:09K 100561), approximately 1.5 cm? large.
A thin strip of grease (Prod. 33135 3N from BDH VWR) was
applied to the edge of the membrane to seal it to the coverslip.
This prevents the evaporation of the liquid and allows oxygen to
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penetrate through the membrane to avoid the brains becoming
hypoxic during the experiment.

Antibodies. The affinity purified Cdc20,*® Mad2 and BubR1
rabbit polyclonal antibodies used are described in previous
reports.”>? An anti-Mpsl antibody was raised in rabbit against a
region of the Drosophila Mpsl. The Mpsl sequence of interest was
generated by PCR using the JY412 5' end forward primer: GAA
TTC GAT AGC ATA AGC TTC TCC with EcoR1 onto the
745 bp position of the Mpsl cDNA, and the JY413 3' end reverse
primer: GTC GAC AGG AAG GTT GGT GGT GTA with Sall
onto the 1,302 bp of the Mpsl ¢cDNA. The PCR product was
subcloned into pMal-c2x expression vector at EcoR1 and Sall
restriction sites and verified by sequencing. The plasmid DNA
construct was then expressed in BL21 cells. The MBP-fusion pro-
tein was induced by IPTG and purified using an MBP affinity
column as described previously.”® The immunization was per-
formed under contract with Cambridge Bioscience, and the anti-
serum was affinity purified. The resulting antibody was tested for
band specificity on western blot using Drosophila S2 culture cell
samples and detected as a specific band at 71 KD that relates to
the endogenous Mpsl (Fig. 1). Unfortunately, it is not suitable for
immunofluorescence staining with fixed samples. Mouse mono-
clonal (AC-15) to 8 actin (Abcam) was used as a loading control.

SDS-PAGE and western blot were performed as described
previously.?

Colchicine treatment. Isolated third instar larvae brains were
incubated with 5 wM colchicine in Drosophila Ringer’s solution
for imaging. This is to depolymerise the microtubules causing
the activation of the SAC to arrest cells at metaphase.

Confocal microscopy and time-lapse imaging. A spinning
disk confocal system using a VisiTech QLC100 spinning disk
head mounted on a Nikon DIAPHOT 300 inverted microscope
provided with solid laser sources (488, 561 and 642 nm), was
used for all the time-lapse movie collections. A 40x oil or 60x
water immersion objective lens was used where appropriate. The
images were captured using a photometrics CoolSNAP HQ cam-
era. The laser power input and the exposure time settings were set
to the lowest possible levels to reduce photo damage to the cell.
The conditions were first set up using third instar larvae brains
prepared from the gfp-cdc20; ald®*= line for live imaging of the
cell cycle progression in neuroblasts and then applied to other
samples to keep the conditions consistent. The specifications are
19% of 27.0 mW original input of the 488 nm laser power for the
excitation of the GFP fusion protein and 15% of 18 mW original
input of the 561 nm laser power for the excitation of the RFP
fusion protein. An exposure time of 200 ms was used throughout
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