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Spindle Checkpoint Protein Dynamics
at Kinetochores in Living Cells

[1]. Key components of the spindle checkpoint include
Mad1, Mad2, Bub1, BubR1 (Mad3 in budding yeast),
Bub3, and Mps1, and all these proteins localize to unat-
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Department of Biology, CB#3280 tached kinetochores during early mitosis, become re-

duced upon microtubule attachment and tension [2, 3],607 Fordham Hall
University of North Carolina and are required for mitotic arrest in the presence of

spindle poisons in both yeast and vertebrates [4].Chapel Hill, North Carolina 27599
Early studies have shown kinetochores lacking a full

complement of kinetochore microtubules or tension are
checkpoint active, and a single unattached kinetochore
can prevent anaphase onset [5]. Checkpoint-active ki-Summary
netochores inhibit anaphase by blocking Cdc20 activa-
tion of the anaphase-promoting complex/cyclosomeBackground: To test current models for how unat-
(APC/C), a ubiquitin ligase that polyubinquinates pro-tached and untense kinetochores prevent Cdc20 activa-
teins and targets them for proteolysis by the 26S pro-tion of the anaphase-promoting complex/cyclosome
teosome. In checkpoint-active cytoplasm, Mad2 and(APC/C) throughout the spindle and the cytoplasm, we
BubR1 have key roles in preventing APC/CCdc20 activity.used GFP fusions and live-cell imaging to quantify the
Both Mad2 and BubR1 bind directly to Cdc20 in vitroabundance and dynamics of spindle checkpoint pro-
and either independently or cooperatively inhibit poly-teins Mad1, Mad2, Bub1, BubR1, Mps1, and Cdc20 at
ubiquination of APC/CCdc20 substrates [6–10]. In yeast,kinetochores during mitosis in living PtK2 cells.
Xenopus, and mammalian tissue cells, checkpoint acti-Results: Unattached kinetochores in prometaphase
vation induces various Cdc20-containing complexesbound on average only a small fraction (estimated at
including Cdc20-Mad2, Cdc20-BubR1-Bub3, and Cdc20-500–5000 molecules) of the total cellular pool of each
Mad2-BubR1-Bub3, also known as the mitotic check-spindle checkpoint protein. Measurements of fluores-
point complex (MCC) [11–13]. In mammalian tissue cells,cence recovery after photobleaching (FRAP) showed
more than half of the MCC or its subcomplexes appearthat GFP-Cdc20 and GFP-BubR1 exhibit biphasic expo-
bound to the APC/C [14, 15]. In anaphase cells or ex-nential kinetics at unattached kinetochores, with �50%
tracts, MCC or its subcomplexes disappear, and a com-displaying very fast kinetics (t1/2 of �1–3 s) and �50%
plex of Cdc20 and APC/C is predominant (reviewed bydisplaying slower kinetics similar to the single exponen-
[4, 16]).tial kinetics of GFP-Mad2 and GFP-Bub3 (t1/2 of 21–23 s).

Two current models exist for how unattached kineto-The slower phase of GFP-Cdc20 likely represents com-
chores produce a diffuse signal that prevents activationplex formation with Mad2 since it was tension insensitive
of APCCdc20 in the cytoplasm. The “catalytic model” pro-and, unlike the fast phase, it was absent at metaphase
poses that Cdc20 becomes inactivated in the cytoplasmkinetochores that lack Mad2 but retain Cdc20 and was
by transient association of Cdc20 or its inhibitors withabsent at unattached prometaphase kinetochores for
unattached kinetochores [14, 15, 17, 18]. In support ofthe Cdc20 derivative GFP-Cdc20�1–167, which lacks the
this model, we previously showed kinetochore boundmajor Mad2 binding domain but retains kinetochore lo-
Mad2 exchanges with cytoplasmic pools with a half-lifecalization. GFP-Mps1 exhibited single exponential ki-
of �24 s [18]. Kallio et al. also reported rapid exchangenetics at unattached kinetochores with a t1/2 of �10 s,
of Cdc20 at kinetochores with a half-life of �6s [15].whereas most GFP-Mad1 and GFP-Bub1 were much
It is not known, however, if other spindle checkpointmore stable components.
proteins (particularly the MCC components BubR1 andConclusions: Our data support catalytic models of
Bub3) also exchange rapidly at checkpoint-active kinet-checkpoint activation where Mad1 and Bub1 are mainly
ochores. If the MCC or its subcomplexes are generatedresident, Mad2 free of Mad1, BubR1 and Bub3 free of
or exchange at kinetochores, then the dynamics of theirBub1, Cdc20, and Mps1 dynamically exchange as part
individual components should share common kineticof the diffuse wait-anaphase signal; and Mad2 interacts
features. In contrast, neither Mad1, Bub1, nor Mps1 arewith Cdc20 at unattached kinetochores.
part of the MCC or its subcomplexes, and these proteins
may not exchange rapidly and may serve as resident

Introduction binding sites at kinetochores [3, 4].
A second model (the “APC/C sensitization model”)

The spindle checkpoint is an intracellular signaling path- proposes checkpoint-active kinetochores sensitize the
way that delays anaphase until all chromosomes be- APC/C to inhibition by cytoplasmic MCC, perhaps by
come aligned at the spindle equator in metaphase. In phosphorylation [11]. This could be achieved by APC/C
mammalian tissue cells, the checkpoint is essential for rapidly exchanging with kinetochores since there is
preventing chromosome missegregation and aneu- some, but conflicting, evidence for APC/C localization
ploidy, an outcome leading to cancer or birth defects to kinetochores [19–22]. Mps1 also binds the APC/C,

and thus it might be the diffusible signal from an unat-
tached kinetochore that sensitizes APC/C to inhibition*Correspondence: tsalmon@email.unc.edu
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Figure 1. Localization of GFP Fusions of
Spindle Checkpoint Components in Mitotic
PtK2 Cells

Mps1, Bub1, Bub3, Mad1, Mad2, and Cdc20
localize to unattached kinetochores in pro-
phase, whereas BubR1 localizes to kineto-
chores after nuclear envelope breakdown.
Bub1, Bub3, Cdc20, and to a lesser extent,
Mps1, remain detectable at kinetochores
throughout anaphase whereas Mad1, Mad2,
and BubR1 deplete during metaphase. Bub3,
Mad1, Mad2, and Cdc20 show prominent
spindle pole localization (arrows) during pro-
metaphase, but not in metaphase. Scale bar,
10 �m.

by MCC [23]. If so, then Mps1 should exchange rapidly Results
between kinetochores and the cytoplasm. Mps1 is also

Live-Cell Analysis of Spindle Checkpoint Proteinsknown to be required for Mad1/Mad2 localization to
kinetochores [23, 24]. Thus, if Mps1 provides the sole and Cdc20 in PtK2 Cells

We created GFP fusions, transiently transfected thembinding site for Mad1 at kinetochores, it should be equal
or more stable than Mad1. into PtK2 cells, and performed assays 2–3 days after

transfection. Figure 1 and Movies 1–5 are representativeTo test between the above possibilities and to provide
better mechanistic understanding of the spindle check- images. Only cells expressing GFP chimeras barely de-

tectable by the dark-adapted eye in the microscopepoint, we used GFP chimeras, live-cell imaging, and
FRAP [18, 25] to follow the dynamics of spindle check- were recorded in the assays used in this paper. Although

not studied in detail (with few exceptions), cells express-point proteins and Cdc20 at kinetochores in living PtK2

cells. ing GFP-fusion proteins at the barely detectable level



MeSH: FRAP Analysis of Spindle Checkpoint Proteins
955

Figure 2. FRAP Analysis of GFP-Mad2 and GFP-Cdc20 at Unattached Kinetochores in PtK2 Cells

Representative phase and fluorescent images from GFP-Mad2 (A) and GFP-Cdc20 (B) prometaphase PtK2 cells showing the targeted kineto-
chore. Montaged images of kinetochore fluorescence before and after photobleaching are shown. (A� and B�) Plots of integrated kinetochore
fluorescence intensity and the natural log plot against time are shown. Mad2 (A�) fit a single exponential (pink line) whereas Cdc20 (B�)
displayed biphasic kinetics and best fit the sum of two exponentials (blue line). See Experimental Procedures for FRAP analysis.

exhibited no obvious abnormalities in chromosome chores. Mps1 showed weak pole localization consistent
with other studies [23, 28, 31]. Our limits of detectionmovements and mitotic progression (see Experimental

Procedures and Movies). Based on measurements for and dynamic range for fluorescence quantification was
about 1/20 the intensity of unattached prometaphaseGFP-Mad2 and GFP-Mad1, cells with barely detectable

fluorescence had GFP-Mad2 at about 1.5 times the en- kinetochores above background cytoplasmic fluores-
cence (Figure S3).dogenous level while GFP-Mad1 was about 4-fold the

endogenous level. The difference likely is related to the
3-fold higher endogenous concentration of Mad2 com- Mad2, BubR1, Bub3, Mps1, and Cdc20 Rapidly

Cycle through Unattached Kinetochorespared to Mad1 and likely represents the range of overex-
pression of GFP-fusion proteins in the cells chosen for To identify which spindle checkpoint components are

dynamically exchanging at checkpoint-active kineto-analysis in our experiments (Figures S1 and S2 and Sup-
plemental Discussion). Consistent with previous immu- chores, we performed FRAP analysis of kinetochore pro-

tein dynamics by using a brief 25 ms laser pulse tonofluorescence studies in mammalian tissue culture
cells [2, 14, 23, 24, 26–29], these low-level GFP fusions photobleach the GFP molecules of proteins bound to

unattached kinetochores. In our previous Mad2 studies,to Bub1, Bub3, Mad1, Mad2, Mps1, and Cdc20 concen-
trated at unattached kinetochores during late prophase, we showed that photobleaching bound fluorophore did

not disrupt normal binding to the kinetochore and thatwhereas BubR1 appeared at kinetochores around the
time of nuclear envelope breakdown (Figure 1). All were cells progressed normally through mitosis [18]. A sample

photobleaching experiment can be seen in Figure 2A.reduced by 4-fold or more at kinetochores by late meta-
phase except for Cdc20, which diminished 1.7-fold by Fluorescence recovered as subunits with bleached GFP

dissociated and subunits with unbleached GFP from theearly metaphase and persisted at this level into ana-
phase (see below). We found Mad1 and Bub3 concen- cytoplasmic pool associated at the same steady-state

rate (see [25] for theory). Our CCD camera was able totrated at spindle poles in prometaphase cells, like noted
previously for Mad2 [17, 18, 31] and Cdc20 [15], but record images during and following photobleaching at

100–200 ms intervals so we could record rapid rates ofBub1 and BubR1 showed little, if any, pole localization
(Figure 1). Interestingly, Bub3 and Cdc20 spindle pole fluorescence recovery. Because the size of the focused

beam was small (0.8 �m diameter Gaussian beam profilelocalization diminished during metaphase despite per-
sistence of these components on metaphase kineto- at half-maximal intensity), bleached cytoplasmic GFP
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Table 1. FRAP Analysis of Checkpoint Components at Unattached and Attached Kinetochores in Living PtK2 Cells

Early Prometaphase
(Unattached, Unaligned KTs) Metaphase (Attached, Aligned KTs)

t1/2
a (s) Percentage Ra n t1/2

a (s) Percentage Ra n

GFPMps1 13 � 3 92 � 14 11 5 � 2 98 � 13 10
GFPBub1 57 � 24 65 � 18 9 25 � 16 56 � 20 13
GFPBub3 21 � 4 95 � 13 10 7 � 3 85 � 14 9
GFPBubR1 Fast phase 3 � 3 46 � 10 8 1 � 1 65 � 38 6

Slow phase 21 � 9 54 � 10 8 10 � 3 42 � 38 4
GFPMad1 16 � 7 29 � 15 7 NA NA NA
GFPMad2 19 � 7 91 � 17 13 NA NA NA
GFPCdc20 Fast phase 1 � 1 53 � 17 10 2 � 2 95 � 12 8

Slow phase 23 � 10 47 � 17 10
GFPCdc20�1–167 2 � 1 93 � 11 12 2 � 1 91 � 10 12
GFPCdc20 (10�M taxol) ND ND 2 � 1 88 � 12 8

a The exponetial kinetics of FRAP were analyzed by calculating the normalized unrecovered fluorescence at each time point, (Finf � F(t))/(Finf �

F0), where Finf is the average maximal fluorescence recovery, and F0 is the fluorescence immediately after photobleaching.
The normalized data was fit to either exp(�kt) from the slope of the ln plot of the normalized data Microsoft Excel or fit to a double exponential
Rfexp(�kft) � Rsexp(�kst) by using the Regression Wizard function in SigmaPlot, where f and s are the fast and slow components. Abbreviations:
n, number of cells; NA, not applicable; and ND, not determined.

subunits within the targeted region are completely re- ure S5). The slow component of BubR1 (t1/2 of �21 s
and 54% recovery) exchanged at a rate similar to Mad2,placed by unbleached GFP subunits by diffusional

movement within a 200 ms recording interval ([18]; Fig- Bub3, and to the slow component of Cdc20 (p � 0.01;
Figure 3; Table 1; Figure S5). The fast component forure S4). For Mad2, fluorescence recovery at the bleached

kinetochore was fit by single exponential kinetics (one BubR1 displayed a half-life of �3s with 46% recovery.
Similar biphasic rates were seen for BubR1 in prophaseamplitude constant and one rate constant, Figure 2A�).

The steady-state dissociation constant, kd, was deter- and nocodazole-treated cells (data not shown).
To test if Mps1 might contribute to a diffusible signalmined from the slope of the natural log plot in Figure

2A�. The half-life of fluorescence recovery equals ln(2)/ between the kinetochore and APC/C in the cytoplasm
as proposed by Liu et al. [23], we examined the dynamicskd and the average value for Mad2 at unattached kineto-

chores was t1/2 �19s (Table 1). Average fluorescence of GFP-Mps1 at kinetochores. GFP-Mps1 displayed mo-
nophasic recovery with a t1/2 of �13 s and �92% recov-recovery occurred for �91% of bleached GFP-Mad2

fluorescence (the exponential amplitude constant), simi- ery (Figure 3; Table 1; Figure S5). The 13 s half-life was
statistically different (p � 0.01) than the longer half-liveslar to that measured previously for PtK1 cells [18].

GFP-Cdc20 dynamics at unattached kinetochores in of the slow phases of Cdc20 and BubR1 and to those
of Mad2 and Bub3.PtK2 cells were rapid (Figure 2B) as predicted from the

recent Kallio et al. [15] study in LLCPK cells. However,
our higher temporal and spatial resolution revealed that Mad1 and Bub1 Exhibit Stability

at Unattached KinetochoresGFP-Cdc20 fluorescence recovery exhibited biphasic
kinetics that were poorly fit by a single exponential and In contrast to the other spindle-checkpoint components,

we found GFP-Mad1 and GFP-Bub1 were much morefit much better using the sum of two exponentials (each
with different amplitude and rate constants (Figure 2B�). stable at unattached prometaphase kinetochores either

because of slower turnover rates and/or decreased fluo-On average, 53% of fluorescence recovery occurred
with a t1/2 of �1 s, while 47% occurred with a t1/2 of rescence recovery percentages. For example, about

70% of the GFP-Mad1 population did not exchange with�23 s, a half-life similar to the turnover of Mad2 (p �
0.01; Table 1). Similar biphasic kinetics and average the cytoplasmic pool over a 10–15 min period (Figure

3; Table 1; Figure S5). The other 30% had a half-lifekinetic parameters were found for unattached kineto-
chores in prophase and nocodazole-treated cells (data similar to Mad2 at unattached kinetochores (t1/2 of �16 s,

p � 0.01; Table 1). GFP-Bub1 also displayed relativelynot shown).
Next, we compared the turnover rates of two other slow dynamics at unattached kinetochores (t1/2 of �57 s

and 65% fluorescence recovery; Figure 3; Table 1; Fig-MCC components, Bub3 and BubR1, to the exchange
rates of Mad2 and Cdc20 at unattached kinetochores ure S5). Thus, Mad1 and Bub1 are much more stable

components of unattached kinetochores compared to(Figure 3, Table 1; Figure S5). We were interested in
testing whether these components also dynamically cy- the MCC components Mad2, Bub3, BubR1, and Cdc20.
cle through kinetochores, like Mad2 and Cdc20, and
if so, whether they displayed monophasic or biphasic Protein Dynamics Increase for Proteins that

Persist at Metaphase Kinetochoresrecoveries. We found Bub3 displayed monophasic re-
covery with a turnover similar to Mad2 at unattached Some checkpoint components (e.g., Bub3, Bub1, and

Mps1) and Cdc20 persisted at sufficient levels at meta-kinetochores (t1/2 of �21 s with �95% recovery, p �
0.01; Figure 3; Table 1; Figure S5). BubR1, like Cdc20, phase kinetochores for FRAP analysis (Figure 1; Table

2). We found all proteins tested exhibited increased turn-also displayed biphasic recovery (Figure 3; Table 1; Fig-
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Figure 3. FRAP Analysis of GFP Fusions to Mps1, Bub3, BubR1, Cdc20, Mad1, and Bub1 at Unattached Kinetochores in Mitotic PtK2 Cells

Prometaphase cells were fluorescently imaged for various checkpoint components before and after photobleaching of a single kinetochore.
Representative FRAP graphs are shown. Mps1, Bub3, Mad1, and Bub1 displayed monophasic recoveries, whereas BubR1 and Cdc20 displayed
biphasic recoveries at early prometaphase kinetochores. Mad1 and Bub1, however, were more stable components of unattached kinetochores
relative to the other spindle checkpoint proteins. Half-lives and percent recoveries were determined by using Excel and SigmaPlot.

over rates compared to unattached kinetochores (Table tion activity that occurs at kinetochores as they come
under tension [32–35] or from the loss of protein-protein1). For example, Bub3 half-life decreased �3-fold, Mps1

decreased �2.6-fold, and Bub1 decreased �2.3-fold. interactions, e.g., loss of Mad1 and Mad2 at metaphase
kinetochores. To test the possibility that increased dy-Although the dynamic fraction of Bub1 turned over faster

at metaphase, the large, stable fraction remained the namic exchange is due to loss of tension, we repeated
our FRAP analysis of Cdc20 in metaphase cells treatedsame as for unattached kinetochores, indicating that

this fraction of Bub1 remains a stable component of the with 10 �M taxol for 45–60 min. Waters et al. [30] and
kinetochore scaffold. Most significantly, the slow kinetic McEwen et al. [36] have shown that near-normal micro-
components of Cdc20 disappeared (see below; Table 1). tubule occupancy is maintained while kinetochore ten-

sion is lost in PtK1 cells after a 45 min incubation in 10
�M taxol. We found Cdc20 displayed a similar turnoverThe Loss of the Slow Component of Cdc20
at metaphase kinetochores in taxol-treated cells (t1/2 ofDynamics at Metaphase Kinetochores
�2s and �88% recovery; Figure 4B; Table 1) comparedIs Not Tension Dependent
to untreated cells (t1/2 of �2s and �95% recovery; p �We reasoned that the increased dynamics at metaphase

kinetochores might result from the loss of phosphoryla- 0.01; Figure 4B; Table 1). This result indicates that the



Current Biology
958

Table 2. Quantitative Measurements of the Percentage of Total Cell Fluorescence at a Single Kinetochore for Various GFP Proteins

Unattached Attached
Late Prophase Prometaphase Prometaphase Late Metaphase
(Pro) (UA Prom) (A Prom) (lMeta) Anaphase (Ana) Telophase (Telo)

Mps1 0.02 � 0.005 0.05 � 0.009 0.02 � 0.005 0.009 � 0.003 0.005 � 0.003 NA
n 6 6 9 8 4
Bub1 0.05 � 0.01 0.4 � 0.18 0.2 � 0.06 0.04 � 0.01 0.03 � 0.01 ND
n 7 5 4 4 4
Bub3 0.07 � 0.03 0.15 � 0.04 0.13 � 0.05 0.05 � 0.02 0.03 � 0.01 0.009 � 0.002
n 7 7 6 8 5 3
BubR1 NA 0.1 � 0.05 0.02 � 0.01 0.004 � 0.002 NA NA
n 9 7 4
Mad1 0.05 � 0.03 0.03 � 0.009 0.009 � 0.002 0.003 � 0.0009 NA NA
n 4 9 13 4
Mad2 0.06 � 0.01 0.02 � 0.009 0.001 � 0.001 NA NA NA
n 7 4 15
Cdc20 0.04 � 0.01 0.05 � 0.02 0.04 � 0.005 0.03 � 0.005 0.03 � 0.009 0.01 � 0.005
n 8 8 11 5 10 5

Integrated fluorescence intensity of individual kinetochores was quantitatively determined on cells expressing low levels of various GFP
proteins. For each individual cell, the average kinetochore fluorescence was determined, then divided by the total cell fluorescence after
background subtraction, and finally multiplied by 100%. Final percentage values represent the overall mean from all cells measured per
experimental condition. Standard deviations are provided. n � number of cells; NA � not applicable; ND � not determined.

absence of the slow kinetic component of Cdc20 turn- the slow component of Cdc20 kinetics at unattached
kinetochores likely represents a subpopulation of Cdc20over at metaphase kinetochores depends on microtu-

bule attachment and not tension. that is interacting with Mad2.

The Dependence of the Slow Kinetic Fraction
of Cdc20 at Unattached Kinetochores Changes in the Levels of Spindle Checkpoint

Proteins and Cdc20 at Kinetochoreson Mad2-Cdc20 Interaction
We were intrigued to find that the slow kinetic compo- during Mitosis

We quantified the changes in protein levels of the GFPnent of Cdc20 disappeared at metaphase kinetochores
and that only the fast component remained (t1/2 of �2s fusion proteins at kinetochores as chromosomes gained

microtubule attachments and alignment at the meta-and �95% recovery; Table 1). Cdc20 has been shown
to bind BubR1 and Mad2 in vitro [8–10]. Since some phase plate. The GFP fusion with the highest percentage

of total cellular fluorescence at kinetochores was GFP-BubR1 is present on metaphase kinetochores until late
metaphase and Mad2 is not, we reasoned the slow com- Bub1, which exhibited nearly 0.4% of the total GFP-

Bub1 at an unattached prometaphase kinetochore orponent of Cdc20 turnover might be due to interactions
with Mad2. To explore this possibility, we examined about 10% at all 26 kinetochores shortly after nuclear

envelope breakdown (Table 2). For the other checkpointthe turnover rate of a GFP-Cdc20 construct, GFP-
Cdc20�1–167, at kinetochores. When examined in cells, proteins and GFP-Cdc20, the maximum percentage of

the total GFP-protein pool at an unattached kinetochoreKallio and coworkers showed that GFP-CDC20 coimmu-
noprecitates with Mad2, while the GFP-Cdc20�1–167 does was around 0.05%–0.1% (Table 2). The percentages

given in the Table 2 likely underestimate the endogenousnot [15]. We verified in HeLa cells that GFP-Cdc20�1–167

does not coimmunoprecipitate with Mad2 in vivo (data protein ratios by about a factor of 1.5–5 (see Supplemen-
tal Discussion). Nevertheless, the maximum values ofnot shown). When GFP-Cdc20�1–167 and Mad2 were

coexpressed in reticulolysates, we found a weak binding the percentages are small and indicate that the vast
majority of the checkpoint proteins and Cdc20 are inby coimmunoprecipitation that was not seen in vivo (Fig-

ure 4A). This residual binding in vitro may indicate an- the cytoplasmic pool and not localized to kinetochores
at one point in time. We estimate the number of mole-other Cdc20 binding domain for Mad2, but it could also

be the result of misfolding in the in vitro expression cules at unattached kinetochores is on the order of 500–
5000 (see Supplemental Discussion).system or simply background binding. When expressed

in PtK1 cells, we found the slow kinetic component typi- Unlike our live-cell measurements, previous immuno-
fluorescence assays have been unable to resolve earlycal of full-length GFP-Cdc20 was not evident when we

analyzed the turnover rate of GFP-Cdc20�1–167 at both and late metaphase stages from fixed time-point assays
of unsynchronized mitotic populations, e.g., [2]. Weunattached and attached kinetochores (Figure 4B) in

PtK2 cells. For example, GFP-Cdc20�1–167 displayed a t1/2 found interesting differences that are most easily seen
by comparing levels of fluorescence intensities at kinet-of 1.5 s with �94% recovery at prophase kinetochores

(data not shown), t1/2 of 2.4s with �93% recovery at ochores relative to maximum values in early mitosis (Fig-
ure 5; Table 2). Mad2 decreased much more quicklyprometaphase kinetochores (Table 1), t1/2 of 1.7 s with

�91% recovery at metaphase kinetochores (Table 1), from kinetochores compared to Mad1, being 	20-fold
depleted by early metaphase compared to a 6-foldand a t1/2 of 1.3 s with �85% recovery at anaphase

kinetochores (data not shown). These data suggest that depletion for Mad1 (Figure 5A�; Table 2). By mid to late



MeSH: FRAP Analysis of Spindle Checkpoint Proteins
959

Figure 4. Analysis of GFP-Cdc20 Wild-Type and GFP-Cdc20�1–167 Mutant at Unattached and Attached Kinetochores in Mitotic PtK2 Cells

(A) In vitro binding of GFP-Cdc20 and GFP-Cdc20�N to recombinant Mad2. GFP-Cdc20 (lane 1) and GFP-Cdc20�N (lane 2) were synthesized
in reticulocyte lysates in the presence of [35S]-Met in vitro. Labeled proteins were incubated with recombinant Mad2 (lanes 3, 4, 6, and 7) or
with a buffer (lanes 5 and 8). The Mad2 complexes were then immunoprecipitated by an affinity-purified anti-Mad2 antibody (M, lanes 3, 5,
6, and 8) or with a control IgG (C, lanes 4 and 7), and associated GFP-Cdc20 and GFP-Cdc20�N were analyzed by SDS-PAGE. GFP-Cdc20
has a much higher affinity to Mad2 than GFP-Cdc20�N.
(B) Wild-type GFP-Cdc20 displayed a similar turnover rate at metaphase kinetochores in untreated cells compared to metaphase kinetochores
in taxol-treated cells (t1/2 � �1s). GFP-Cdc20�N displayed a single, fast recovery at both unattached prometaphase and attached metaphase
kinetochores.

metaphase, Mad1 became greater than 20-fold depleted 5A�; Table 2), similar to the recent findings by Kallio et
al. [15] for LLPCK cells. Also, the fraction of Cdc20 thatlike Mad2 (Table 2). BubR1 was reduced only 4.2-fold

in early metaphase and then became reduced by 	20- disappears from kinetochores between prometaphase
and late metaphase (fluorescence prometaphase minusfold in late metaphase (Figure 5A; Table 2). The normal-

ized reduction of Bub3 by anaphase was much less than fluorescence late metaphase) has a similar time-course
to that exhibited by the loss of MCC components Mad2,seen for either BubR1 or Bub1 (Figure 5A; Table 2). Also,

Mps1 decreased by about 5-fold by late metaphase and BubR1, and Bub3 (Figure 5B). These comparisons and
the biphasic character of Cdc20 FRAP suggest that atpersisted at this level into anaphase (Figure 5A�; Table 2).

Finally, Cdc20 decreased by 1.5-fold in early metaphase, unattached kinetochores there are two fractions of
Cdc20: a slow fraction that depletes with checkpoint1.7-fold in late metaphase, and remained constant be-

tween late metaphase and most of anaphase (Figure inactivation and a fast fraction that does not.
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Figure 5. Quantification of Kinetochore Fluorescence for GFP Fusions to the Spindle Checkpoint Proteins and Cdc20

(A and A�) Kinetochore fluorescent intensity measurements for each of the spindle checkpoint proteins and Cdc20 in Table 2 were normalized
to their respective fluorescent intensities at unattached, early prometaphase kinetochores, and plotted.
(B) Comparison of changes in kinetochore fluorescence intensity for Cdc20 (red) relative to the steady value of Cdc20 at late metaphase
through anaphase against changes in fluorescence intensities observed for the MCC components Mad2 (yellow), BubR1 (pink), and Bub3
(blue) from prometaphase to late metaphase taken from Figures 2B and 2B�. Actual values are reported in Table 2.

Discussion as in prometaphase, Mad1 localizes strongly to the prox-
imal spindle fibers and spindle poles (Figure 1) most
likely because of the dynein/dynactin-dependent trans-Mad1 and Bub1 Are Relatively Stable Components

of the Kinetochore While Most Mad2, BubR1, port from kinetochore to poles as identified previously
for Mad2 and its binding site [18, 39]. This transportBub3, and Mps1 Cycle Much More Rapidly

through the Kinetochore may also drive the small fraction of Mad1 turnover we
observed at unattached kinetochores (Figures 3 and S5).In this study, we use FRAP techniques to show that

Mad2, BubR1, Bub3, Cdc20, and Mps1 cycle rapidly It has previously been documented that Mps1 is
needed for Mad1/Mad2 binding to kinetochores [23, 24].through unattached kinetochores, whereas most Bub1

and Mad1 are much more stable. Mad1 is known to Interestingly, our results indicate Mad1 is much more
stable at kinetochores than Mps1, suggesting Mps1 canrecruit Mad2, and although a large fraction of Mad1 is

bound tightly to Mad2 in the cytoplasm [37, 38], our leave kinetochores without Mad1. Therefore, other pro-
teins must be present at kinetochores (other than Mps1)FRAP measurements indicate that 70% of Mad1 is sta-

ble at unattached kinetochores while about 90% of and provide a binding site(s) for Mad1. Mps1 has been
shown to phosphorylate Mad1; therefore, phosphoryla-Mad2 is cycling through with a half-life of about 20 s

(Table 1). In addition, during chromosome alignment, tion of Mad1 may stabilize Mad1 binding to another
site on the kinetochore. Bub1, like Mad1, is not likely aMad2 decreases more rapidly at kinetochores than

Mad1 (Figure 5A�; Table 2). These results demonstrate component of the diffusible wait-anaphase signal be-
cause a large fraction is stable at unattached kineto-that the Mad1 needed to target Mad2 to kinetochores

is mainly resident at the kinetochore, while the cyto- chores and the dynamic fractions have a long average
half-life, 57 s. A major role for Bub1, like Mad1, may beplasmic Mad2 that exchanges rapidly at kinetochores

is mainly free of Mad1. This result is supported by stud- to provide a protein scaffold at kinetochores to support
the binding [26, 37, 40, 41] and cycling of Bub1 freeies in Xenopus egg extracts that show Mad1-free Mad2

is essential for kinetochore-dependent spindle check- Bub3 and BubR1.
Although BubR1-Bub1 and Bub3-Bub1 are constitu-point activity [38]. When Mad1 is bound to kinetochores,
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tive complexes in the cytoplasm [4], our results indicate because it does not reappear when metaphase spindles
are treated with taxol to produce loss of tension withoutthat these complexes are not dynamically exchanging

at kinetochores. This is because 100% of BubR1 and loss of kinetochore microtubules or reappearance of
kinetochore Mad2 (Figure 5A�;Table 2) [30, 36]. The slow95% of Bub3 cycle through unattached kinetochores

much faster than even the dynamic fraction of Bub1. phase in Cdc20 kinetics was also absent for GFP-
Cdc20�1–167 bound to unattached kinetochores in pro-BubR1 is a major candidate molecule for the diffusible

wait-anaphase signal since it is a direct inhibitor of APC/ phase, prometaphase, and nocodazole-treated cells, a
mutant with diminished Mad2 interactions. These kinet-CCdc20 in in vitro assays [9, 10]. We find that BubR1 exhib-

its two dynamic populations at unattached kineto- ochores have high concentrations of Mad2 and kinetics
similar to the slow phase of full-length Cdc20. Lastly,chores: about 54% cycles through unattached kineto-

chores with a half-life of 21 s, which is similar to Bub3, we found Cdc20 localizes strongly to spindle poles in
PtK2 cells when Mad1/Mad2 is concentrated at proximala known binding partner. About 46% have a much faster

half-life, 3 s, and must be cycling through the kineto- kinetochores, and Cdc20 displays little to no pole local-
ization during metaphase despite elevated levels ofchore independent of Bub3. Either the faster or slower

kinetic component of BubR1 could be part of the diffus- Cdc20 on metaphase kinetochores. This suggests that
the Cdc20 that is transported poleward is associatedible wait-anaphase signal. Our live-cell analysis shows

that BubR1 is reduced at kinetochores as they become with Mad1/Mad2. Taken together, these results strongly
suggest Cdc20 interacts with Mad2 at the kinetochore.aligned in two stages. The initial 4-fold loss of BubR1

at early metaphase kinetochores (Figure 5A; Table 2) is
most likely produced by kinetochore microtubule forma-

Models for Generation of the Diffusibletion, since treating metaphase cells with taxol to pro-
Wait-Anaphase Signalduce loss of tension without detachment, produces a
The Catalytic Model for Formation of MCCslight, although significant, elevation of kinetochore
or Its SubcomplexesBubR1 levels [2, 35]. The further 5-fold loss of kineto-
One interpretation of our data is that the kinetochorechore BubR1 by anaphase (Figure 5A; Table 2) may be
catalyzes the formation of the Mad2-Cdc20 complexcaused by a slow kinetochore response to persistent
from Cdc20 and Mad2 [15] with the following featureskinetochore tension [35, 42]. It should be noted that
(Figure 6, model 1). The correspondence of the slowBubR1 behavior at kinetochores differs from Mad2 in
phase kinetics of Cdc20 with the single phase of Mad2that by overexpressing GFP-BubR1, we were able to
and the effects of the nonbinding Cdc20 mutant sug-see cells enter anaphase with greatly reduced but de-
gests, although does not prove, that half of the Cdc20tectable levels of BubR1 at kinetochores (Figure S6).
at the kinetochore is bound to Mad2. The other 50% ofIn contrast, cells overexpressing Mad2 did not enter
Cdc20 that binds to the kinetochore does not bind Mad2anaphase with detectable Mad2 at metaphase kineto-
and rapidly dissociates with a half-life of 1–2 s. Cdc20-chores (data not shown) [18]. Therefore, BubR1 is not
BubR1-Bub3 or the entire MCC complex could be form-as substantially depleted from kinetochores as Mad2
ing at kinetochores (Figure 6, model 1) since about 50%for spindle checkpoint inactivation at anaphase onset.
of BubR1 and the great majority of Bub3 exhibit kineto-Bub3 persists at much higher concentrations at meta-
chore half-lives of about 19–23 s, similar to that of Mad2phase and anaphase kinetochores than either Bub1 or
and the slow component of Cdc20. However, our dataBubR1 (Figure 5A; Table 2). This indicates that both
indicate that the kinetics of Cdc20 does not depend onBub1 and BubR1 can leave kinetochores without a cor-
either BubR1 or Bub3 as it does for Mad2.responding loss in kinetochore Bub3 and that a binding
Positive-Feedback Models of Kinetochore-site exists for Bub3 at kinetochores that does not require
Modified Cdc20, BubR1, or Mps1 as DiffusibleBub3 to be bound to either BubR1 or Bub1. This other
Inhibitors of APC/C Activation in the Cytoplasmbinding site may be associated somehow with Mad1/
Kinetochore modification of Cdc20, BubR1, or Mps1 isMad2 since Bub3, but not Bub1 or BubR1, is seen at
attractive to consider for the diffusible wait-anaphasespindle poles when Mad1/Mad2 is present on kineto-
signal because they all have components that exhibitchores (Figure 1).
rapid cycling through the kinetochore: half-lives of 1–3 s
for Cdc20 and BubR1 and 13 s for Mps1. Kinetochore
modified Cdc20*, BubR1*, or Mps1* could diffuse intoThe Kinetics of about Half of Cdc20 at Unattached

Kinetochores Appear to Depend the cytoplasm and promote formation of Cdc20-Mad2,
Cdc20-BubR1-Bub3, or the entire MCC from pools ofon Mad2 Interactions

About 50% of Cdc20 at unattached prometaphase kinet- Mad1-Mad2, BubR1-Bub1, or Bub3-Bub1 (Figure 6,
model 2). Mps1* may also inhibit APC/C perhaps throughochores exhibit a half-life of 23 s (nearly identical to the

19 s half-life of Mad2) and 50% exhibit a half-life of 1–2 s phosphorylation as proposed by Liu et al. [23]. MCC or
its subcomplexes could then provide a positive feed-(Table 1). The slow phase of Cdc20 kinetics is likely

not due to interactions with BubR1, because prophase back mechanism by binding kinetochores that lack mi-
crotubules [30, 35, 43] and stimulating further produc-kinetochores exhibit almost identical Cdc20 kinetics yet

have no measurable BubR1 (Figures 1 and 5; Table 2). tion of Cdc20*, BubR1*, or Mps1*. This feedback
mechanism would account for a Mad2-dependent slowThe slow phase appears to depend on interactions with

kinetochore bound Mad2 for several reasons. The slow phase in Cdc20 kinetics at checkpoint active kineto-
chores that is lost with kinetochore alignment. Anotherphase disappears by metaphase when kinetochores are

depleted of Mad2. Its disappearance does not depend attractive feature of this model for our data is that it
accounts for why kinetochores with high checkpointon the tension generated at metaphase kinetochores,
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Figure 6. Possible Models Predicted by Our
FRAP Data and Kinetochore Fluorescence
Quantification

Model one shows the kinetochore catalytic
model. Mad2, BubR1, and Bub3 are com-
bined at the kinetochore with Cdc20 and re-
leased into the cytoplasm as MCC or its sub-
complexes, Mad2-Cdc20, BubR1-Bub3-Cdc20,
or Mad2-Cdc20-Bub3-BubR1, where they in-
hibit APC/C activation.
Model two shows Kinetochore activation of
Cdc20, BubR1, or Mps1 for the diffusible
wait-anaphase signal. In this positive-feed-
back model, kinetochore binding of Mad2 or
BubR1 complexes activates kinetochore for-
mation of Cdc20*, BubR1*, or Mps1*, which
diffuse into the cytoplasm and induce the for-
mation of MCC or the Mad2-Cdc20 and the
BubR1-Bub3-Cdc20 subcomplexes (red box)
from cytoplasmic pools of Mad1-Mad2,
Bub1-BubR1, and Bub1-Bub3. Unattached
kinetochores may also activate and promote
the ability of Mps1* to phosphorylate APC/C
in the cytoplasm and sensitize the APC/C to
inhibition by MCC components.

activity in nocodazole all have high concentrations of chores are bound to Mad2, and that this fraction dissoci-
ates from the kinetochores with the kinetics exhibitedCdc20, BubR1, and Mad2 in a cytoplasm where MCC

and its subcomplexes are in their highest concentration. by other components of the MCC, BubR1, and Bub3.
This data supports a catalytic model where the kineto-It also provides an explanation for how a single unat-

tached kinetochore could maintain high checkpoint ac- chore promotes the production of Cdc20-Mad2 or
Cdc20-MCC components at the kinetochore. The fasttivity without the products of checkpoint activation,

MCC, and its subcomplexes, inhibiting product pro- kinetics of Cdc20, BubR1, and Mps1 also support a
model in which kinetochores modify these componentsduction.
to promote the formation of Cdc20 inhibitory complexes
in the cytoplasm.Conclusions

Most Mad1 and Bub1 are relatively stable components
of the kinetochore and are not likely part of the diffusible Experimental Procedures

wait-anaphase signal. Both inhibitors of Cdc20, BubR1,
GFP Constructs and Expressionand Mad2, cycle rapidly through unattached kineto-
The full-length coding sequence for human proteins of Mps1, Bub1,chores and are substantially depleted on kinetochores
Bub3, BubR1, Mad2, Cdc20, APC10, and APC11 were blunt ended

of properly aligned chromosomes. Cdc20 also cycles and subcloned into the pCS2-GFP mammalian expression vector
rapidly through kinetochores, and we provide evidence (a gift from Dr. Robert Davis at Harvard Medical School) so that the

GFP fusion gene was at the amino terminal end of the proteins.that 50% of the Cdc20 bound to unattached kineto-
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The C terminus of Mad1 was fused to the GFP in pCS2, since the throughout the cell boundary in the same plane kinetochores were
analyzed, followed by background subtraction by using integratedN-terminal fusion interferes the folding of the Mad1. PtK2 cells

(ATCC) were cultured and transfected by using FuGENE6 (Roche) fluorescence intensity measurements from a 25 
 25 pixel circle
outside the cell that was then used to calculate the ratio betweenfollowing manufacturers instructions and imaged 48–72 hr post-

transfection [18]. HeLa cells were cultured and transfected as de- the two areas. For each cell, the average kinetochore fluorescence
intensity was measured, multiplied by 22 (number of kinetochoresscribed in Fang et al. [44]. For microinjection studies, polyclonal GFP

antibodies (Molecular Probes) were dialyzed into injection buffer (20 in a PtK2 cell), divided by the overall cell fluorescence, and multiplied
by 100%. These average values were then used to calculate anmM HEPES, 100 mM KCl, 0.5 mM MgCl2 [pH 7.5–7.7]) and injected

into cells at 0.5 mg/ml (needle concentration). overall mean value for percent of total kinetochore fluorescence
versus cell fluorescence (with 3–15 cells measured per mitotic stage
and 3–22 kinetochores measured per cell; Table 2). Therefore, theWestern Blots and Immunoprecipitation Assays
actual percentage of fluorescence signal contributed from a singleHeLa cells were transfected via Effectene (Qiagen) with plasmids
kinetochore can be derived by dividing this percentage value by 22.expressing either GFP, GFP-APC/C10, or GFP-APC/C11 (GFP-
Since PtK2 cells remain relatively flat on poly-L-lysine coverslipspCS2, GFP-APC/C10-pCS2, or GFP-APC/C11-pCS2, respectively).
throughout mitosis, we believe our estimates are fair comparisons60 hr posttransfection cells were harvested and extracts were pre-
between the various mitotic stages.pared and immunoprecipitated with affinity-purified poly-clonal

Cdc27 antibodies or nonimmune IgG covalently coupled to AffiPrep-
Protein A beads (BioRad) essentially as described in [44]. Immune- Supplemental Data
complexes and whole-cell extracts were separated by SDS-PAGE, Supplemental Data including a Supplemental Discussion section,
transferred to nitrocellulose, and probed with GFP and Cdc27 anti- six figures, and five movies are available at http://www.current-
bodies. biology.com/cgi/content/full/14/11/953/DC1/.
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