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Figure S1.  The Bub3-BD of BubR1 is required for its localization on both the kinetochore and tether. Time-lapse images of neuroblasts expressing 
H2A.Z::RFP and the indicated GFP::BubR1 truncated construct after I-CreI expression. The kinetochore and tether localizations of the GFP::BuBR1 constructs 
are indicated with yellow arrows and cyan arrowheads, respectively. The white arrowheads point to the I-CreI–induced acentric chromatids. The cells are 
delineated with dotted lines. Bars, 10 µm.

http://www.jcb.org/cgi/content/full/jcb.201504059/DC1
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Figure S2.  The DNA damage checkpoint kinases Chk1 and ATM are not required for BubR1 recruitment to DNA breaks. Time-lapse images of atmtefu-3/
atmtefu-8 and chk1grp-1 mutant neuroblasts expressing I-CreI and labeled with H2A.Z::RFP and GFP::BubR1. The yellow arrows indicate the localization of 
GFP::BubR1 on the kinetochore during prometaphase. The cyan arrowheads point to the GFP::BubR1 signal on the tether. The white arrowheads designate 
the broken chromatids. The cells are delineated with dotted lines. Bars, 10 µm.

Figure S3.  The APC/C subunits Cdc16, Cdc27, and cofactor Fzr do not localize on DNA breaks. Time-lapse images of neuroblasts expressing H2A.Z::RFP 
and GFP::Cdc16, GFP::Cdc27, and GFP::Fzr (left, middle, and right) after I-CreI expression. The white arrowheads point to the broken chromatids. The 
yellow arrow indicates the localization of GFP::Fzr on the kinetochore during prometaphase. The cells are delineated with dotted lines. Bars, 10 µm.
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Figure S4.  The substitution of D210, Y211, and Y212 by alanine affects Fzy association with BubR1 N-terminal sequence. (A) Sequence alignment of 
human Cdc20 and fruit fly Fzy around the DYY residues, which have been identified in human Cdc20 as essential for Cdc20 interaction with the first KEN 
box of human BubR1. These residues correspond to D210, Y211, and Y212 in Drosophila Fzy. We mutated these three residues into alanine and called 
the resulted mutant Fzy-DYY*. (B) Western blot showing the in vitro pull-down of GFP, GFP::Fzy (Fzy), and GFP::Fzy-DYY* (Fzy-DYY*) with GST::BubR1 
[1–337]. The first three lanes show the level of GFP-labeled proteins extracted from embryos (Input). The last three lanes show the level of GFP-labeled 
proteins bound to the beads. The histogram corresponds to the binding efficiency of GFP and Fzy-DYY* to GST::BubR1 [1–337] relative to Fzy from three 
independent experiments.
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Figure S5.  The dynamics of GFP::Securin and GFP::Cyclin B during anaphase after I-CreI expression. (A and B) Securin and Cyclin B do not localize on 
the broken chromatids throughout mitosis. (A) Time-lapse images of neuroblasts expressing I-CreI and labeled with H2A.Z::RFP and GFP::Securin (top) or 
GFP::Cyclin B (bottom). The kinetochore localization of GFP::Cyclin B is indicated with a yellow arrow. The white arrowheads point to the I-CreI–induced 
acentric chromatids. The cells are delineated with white dotted lines. Time (given in minutes/seconds) 0:00 corresponds to anaphase onset. Bars, 10 µm. 
(B) Quantitative analysis of the disappearance of the GFP::Cyclin B signal in control cells and in cells expressing I-CreI. The graph shows the average fluo-
rescence intensities of GFP signals over time every 20 s. The fluorescence intensities were normalized with the fluorescence intensity measured at anaphase 
onset. (C and D) The APC/C synthetic substrate GFP::CycBNt::Bub3 is maintained on the tether during early anaphase in a BubR1 KEN box–dependent 
manner. (C) Time-lapse images of a WT cell expressing GFP::CycBNt::Bub3 without I-CreI induction (WT no HS). GFP::CycBNt::Bub3 localizes on the 
kinetochore during metaphase (yellow arrows). Upon anaphase onset, the GFP::CycBNt::Bub3 signal disappears from the kinetochore within 40 s. Time 
0:00 corresponds to anaphase onset. (D) Quantitative analysis of the disappearance of the GFP::CycBNt::Bub3 signal on the kinetochore and tether for 
WT without I-CreI induction (WT no HS), WT, and bubR1-KEN mutant cells after I-CreI induction. The graph shows the fluorescence intensities of GFP signals 
on kinetochores and tethers over time for each cell. The fluorescence intensities were normalized with the fluorescence intensity measured at the time point 
−1:00 min. The GFP signal was measured over time every 20 s. The time starts at anaphase onset. This figure shows the raw data of Fig. 6 C for WT and 
bubR1-KEN mutant after I-CreI induction. Error bars represent mean ± 95% confidence interval. A.U., arbitrary units.
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Table S1.  Genotypes of the larvae used for each figure

Genotype Short name Figure

y1w1,118; bubR11/bubR11; p[w+, ubi>EGFP::BubR1 truncated]/ p[w+, H2A.Z-mRFP], p[v+, 
hsp70>I-CreI]

BubR1 1 and S1

y1w1,118; +; p[w+, ubi>EGFP::BubR1 330-762[E481K]]/ p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI] 330–762 [E481K] 1
y1w1,118;+; p[w+, H2A.Z::EGFP], p[v+, hsp70>I-CreI]/p[w+, bub3>mRFP::Bub3] RFP::Bub3 H2A.Z::GFP 2 A
y1w1,118; bubR11/bubR11; p[w+, bub3>mRFP::Bub3]/ p[w+, H2A.Z::EGFP], p[v+, hsp70>I-CreI] bubR11 2 B
y1w1,118, p[w+, bubR1>EGFP::BubR1], p[v+, hsp70>I-CreI]/+; p[w+, H2A.Z::mRFP]/+ ; bub31/ bub31 bub31 2 C
y1w1,118; p[w+, bub3>EGFP::Bub3]/+; p[w+, H2A.Z::mRFP]/+ GFP::Bub3 H2A.Z::RFP 2 D
y1w1,118, p[w+, bubR1>EGFP::BubR1]/ y1w1,118;+; p[w+, H2A.Z::mRFP]/+ GFP::BubR1 H2A.Z::RFP 2 E
y1w1,118;+; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/p[w+, spc105> Spc105::EGFP] Spc105::GFP H2A.Z::RFP 3 A
y1w1,118;+; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/p[w+, cenpC>CenpC::EGFP] CenpC::GFP H2A.Z::RFP 3 B
y1w1,118;+; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/p[w+, g>EGFP::Nuf2] GFP::Nuf2 H2A.Z::RFP 3 C
y1w1,118; p[w+, mad1> Mad1::EGFP]/+; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/+ Mad1::GFP H2A.Z::RFP 3 D
y1w1,118, p[w+, bubR1>GFP::BubR1], p[v+, hsp70>I-CreI]/ y1w1,118;+;p[w+, H2A.Z::mRFP], mad1/

mad1
mad1 3 E

y1w1,118; p[w+, mps1>EGFP::Mps1]/+; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/+ GFP::Mps1 H2A.Z::RFP 3 F
y1w1,118; p[w+, ubi>RFP::BubR1]; mps11 mps11 3 G
y1w1,118; p[w+, ubi>GFP::BubR1-KARD-D]/+; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/+ BubR1-KARD-D 3 H
y1w1,118; p[w+, ubi>GFP::BubR1-KARD-A]/+; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/+ BubR1-KARD-A 3 I
y1w1,118; p[w+, ubi>EGFP::Fzy]/+ ; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/+ WT 4, A–D
y1w1,118, p[w+, bubR1>mRFP::BubR1-KEN]; bubR11, p[w+, ubi>EGFP::Fzy]/bubR11; p[w+, 

H2A.Z::mRFP], p[v+, hsp70>I-CreI]/+
bubR1-KEN 4, A–D

y1w1,118; p[w+, ubi>EGFP::Fzy-DYY*], fzy3/+ ; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/+ fzy-DYY* 4, A–D
y1w1,118;+; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/+ WT 5
y1w1,118, p[v+, hsp70>I-CreI]/ y1w1,118; p[w+, H2A.Z::mRFP]/+ ; bub31/ bub31 bub31 5
y1w1,118, p[w+, bubR1>mRFP::BubR1-KEN]/ y1w1,118, p[w+, bubR1>mRFP::BubR1-KEN]; bubR11/

bubR11; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/+
bubR1-KEN(2X) 5

y1w1,118; fzy3/+ ; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/+ fzy3/+ 5
y1w1,118; p[w+, ubi>EGFP::Fzy-DYY*], fzy3/+ ; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/+ fzy3/+ Fzy-DYY* 5
y1w1,118; p[w+, ubi>EGFP::Fzy-DYY*], fzy3/ p[w+, ubi>EGFP::Fzy-DYY*] ; p[w+, H2A.Z::mRFP], p[v+, 

hsp70>I-CreI]/+
fzy3/+ Fzy-DYY* (2X) 5

y1w1,118; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/ p[w+, ubi>EGFP::CycBNt::Bub3] WT 6
y1w1,118, p[w+, bubR1>mRFP::BubR1::KEN]; bubR11/bubR11; p[w+, H2A.Z::mRFP], p[v+, 

hsp70>I-CreI]/ p[w+, ubi>EGFP::CycBNt::Bub3]
bubR1-KEN 6

y1w1,118, p[w+, bubR1>GFP::BubR1], p[v+, hsp70>I-CreI]/+; p[w+, H2A.Z::mRFP]/+; tefuamt-3/tefuatm-8 atmtefu-3/atmtefu-8 S2
y1w1,118, p[w+, bubR1>GFP::BubR1]/+; chk1grp-1; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/+ chk1grp-1 S2
y1w1,118; p[w+, ubi>GFP::Cdc16]/p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI] GFP::Cdc16 H2A.Z::RFP S3
y1w1,118; +; p[w+, ubi>GFP::Cdc27]/p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI] GFP::Cdc27 H2A.Z::RFP S3
y1w1,118; +; p[w+, ubi >GFP::Fzr]/p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI] GFP::Fzr H2A.Z::RFP S3
y1w1,118; p[w+, ubi >EGFP]/CyOy+ GFP S4
y1w1,118; p[w+, ubi>EGFP::Fzy], fzy3/CyOy+ Fzy S4
y1w1,118; p[w+, ubi >EGFP::Fzy-DYY*], fzy3/ CyOy+ fzy-DYY* S4
y1w1,118; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/ p[w+, Ub>EGFP::Securin] GFP::Securin H2A.Z::RFP S5 A
yw; p[w+, Ub>EGFP::Cyclin B]/+; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/ + GFP::CyclinB H2A.Z::RFP S5, A and B
yw; p[w+, Ub>EGFP::Cyclin B]/+; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/ + no heat shocked 

and yw; p[w+, Ub>EGFP::Cyclin B]/+; p[w+, H2A.Z::mRFP] heat shocked
Control S5 B

yw; p[w+, Ub>EGFP::Cyclin B]/+; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/ + I-CreI S5 B
yw; p[w+, H2A.Z::mRFP], p[v+, hsp70>I-CreI]/ p[w+, Ub>EGFP::CycBNt::Bub3] WT No HS S5, C and D
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Table S2.  Oligonucleotide sequences used in this study

Oligonucleotide Sequence (5′ to 3′) Construct

F1 GGG​GACAA​GTTTG​TACAA​AAAAG​CAGGC​TTCGA​CTTTG​ACAAT​GCGAA​AGAG BubR1 FL [1–1,063] 
[1–337] [Δ763–1,055] 
BubR1-KARD-D 
BubR1-KARD-A

F2 GGG​GACAA​GTTTG​TACAA​AAAAG​CAGGC​TTCGA​CGAAC​AAGCA​ATGCC​ACCTA​TT [330–1,063] [330–762]
F3 GGG​GACAA​GTTTG​TACAA​AAAAG​CAGGC​TTCCC​GGGTG​GTGAC​AACTT​TTTGC​GC [755–1,461] [755–1,063]
F4 GGG​GACAA​GTTTG​TACAA​AAAAG​CAGGC​TTCAT​AAAAA​ATTCC​ACACT​GCTGA​TC [1,055–1,461]
R1 GGG​GACCA​CTTTG​TACAA​GAAAG​CTGGG​TCCTA​TTTCT​GCAAT​ATCGT​GTTAA​ACTT BubR1 FL [755–1,461] 

[1,055–1,461] 
[Δ763–1,055] 
BubR1-KARD-D 
BubR1-KARD-A

R2 GGG​GACCA​CTTTG​TACAA​GAAAG​CTGGG​TCGAT​CAGCA​GTGTG​GAATT​TTTTAT [1–1,063] [330–1,063] 
[755–1,063]

R3 GGG​GACCA​CTTTG​TACAA​GAAAG​CTGGG​TCCTA​AATAG​GTGGC​ATTGC​TTGTT​CGTC [1–337]
R4 GGG​GACCA​CTTTG​TACAA​GAAAG​CTGGG​TCGCG​CAAAA​AGTTG​TCACC​ACCCGG [330–762]
Δ3NtR AGG​GATCA​GCAGT​GTGGA​ATTTT​TTATG​CGCAA​AAAGT​TGTCA​CCACC​CGG [Δ763–1,055]
Δ3CTF GAA​AAACC​GGGTG​GTGAC​AACTT​TTTGC​GCATA​AAAAA​TTCCA​CACTG​CTGATC [Δ763–1,055]
CycBNt-Gat-F GGG​GACAA​GTTTG​TACAA​AAAAG​CAGGC​TTCGA​CGAAC​AAGCA​ATGCC​ACCTA​TTGGC​GCCGG​AGCTG​GCGCC​

GGAGC​GATGG​CCGCC​CTTGA​AAAGA​AC
Ub>EGFP-CycBNt-Bub3

Bub3-Lnk-CycBNt-R TGG​GGGAC​GCGCT​CCGGC​GCCAG​CTCCG​GCGCC​GCCCA​GTGGC​TGTTT​CTTCCA Ub>EGFP-CycBNt-Bub3
Lnk-Bub3-F GGC​GCCGG​AGCTG​GCGCC​GGAGC​GCGTC​CCCCA​GAGTT​CAAGC​TTA Ub>EGFP-CycBNt-Bub3
Bub3-R GGG​GACCA​CTTTG​TACAA​GAAAG​CTGGG​TCCTA​TTATT​TCTGT​TTAGT​TTCCT​GGTC Ub>EGFP-CycBNt-Bub3
Bub3prom-F ACT​GGGTA​CCGAT​CTTCT​TGACG​GTGCT​CACCT​GGAG g>mRFP-Bub3
Bub3prom-R ACT​GCTCG​AGTTT​GTCAA​GTTTT​CTGCT​AGCAA​CTTG g>mRFP-Bub3
Bub3gen-F AGC​TCCCG​GGATG​CGTCC​CCCAG​AGTTC​AAGCT​TAAC g>mRFP-Bub3
Bub3gen-R CTA​TTCTA​GAAAA​AGCCC​AGGTT​TATTA​TGGCC​AACG g>mRFP-Bub3
mRFP-F ACT​GCTCG​AGATG​GCCTC​CTCCG​AGGAC​GTC g>mRFP-Bub3
mRFP-R ACT​GCCCG​GGCGC​TCCGG​CGCCA​GCTCC​GGCGC​CCCTA​GGGGC​GCCGG​TGGAG​TGGCG​GCCCT​CG g>mRFP-Bub3
KARD-R(D) GGT​ACCGC​TCGTC​GCCAA​GCTTT​GATCG​CCGTG​CTCAT​CGGTT​TCCAA​TATGG​TATCT​AGTTG​CTTTC​GCAAA​

GTTGG​AGA
BubR1-KARD-D

KARD-R(A) GGT​ACCGC​TCGTC​GCCAA​GCTTT​GTGCG​CCGTG​CTCAG​CGGTT​TCCAA​TATGG​TAGCT​AGTTG​CTTTC​GCAAA​
GTTGG​AGA

BubR1-KARD-A

KARD-F(D) TCT​CCAAC​TTTGC​GAAAG​CAACT​AGATA​CCATA​TTGGA​AACCG​ATGAG​CACGG​CGATC​AAAGC​TTGGC​GACGA​
GCGGT​ACC

BubR1-KARD-D

KARD-F(A) TCT​CCAAC​TTTGC​GAAAG​CAACT​AGCTA​CCATA​TTGGA​AACCG​CTGAG​CACGG​CGCAC​AAAGC​TTGGC​GACGA​
GCGGT​ACC

BubR1-KARD-A

Securin-Nt-F GGG​GACAA​GTTTG​TACAA​AAAAG​CAGGC​TTCGA​TCAGA​TTTTA​AACAA​GGAAA Ub>EGFP-Securin
Securin-Nt-R GGG​GACCA​CTTTG​TACAA​GAAAG​CTGGG​TCCTA​AAATA​GAACA​TCAAT​GCCTT​CCAA Ub>EGFP-Securin
Securin-Ct-F GGG​GACAA​GTTTG​TACAA​AAAAG​CAGGC​TTCAT​GGATC​AGATT​TTAAA​CAAGG​AAA Ub>Securin-EGFP
Securin-Ct-R GGG​GACCA​CTTTG​TACAA​GAAAG​CTGGG​TCAAA​TAGAA​CATCA​ATGCC​TTCCAA Ub>Securin-EGFP

Video 1.  The BubR1-truncated construct 330–762 containing the Bub3-BD and fused with GFP localizes on I-CreI–induced DNA 
breaks during mitosis. WT neuroblast expressing GFP::BubR1 330–762 (left, cyan on right) and H2A.Z::RFP (red) after I-CreI 
induction. Images were analyzed by a time-lapse confocal spinning disk microscope equipped with an Evolve emCCD camera. 
Frames were taken every 20 s. Time is given in minutes/seconds. The video corresponds to Fig. 1 C (left).

Video 2.  The BubR1 truncated construct 330–762 mutated on E481 does not localize on DNA breaks during mitosis. WT neu-
roblast expressing GFP::BubR1 330–762 [E481K] (left, cyan on right) and H2A.Z::RFP (red) after I-CreI induction. Images were 
analyzed by a time-lapse confocal spinning disk microscope equipped with an Evolve emCCD camera. Frames were taken every 
20 s. Time is given in minutes/seconds. The video corresponds to Fig. 1 C (right).

Video 3.  Bub3 localizes on I-CreI–induced DNA breaks. WT neuroblast expressing RFP::Bub3 (left, cyan on right) and H2A.Z::GFP 
(red) after I-CreI induction. Images were analyzed by a time-lapse confocal spinning disk microscope equipped with an Evolve 
emCCD camera. Frames were taken every 20 s. Time is given in minutes/seconds. The video corresponds to Fig. 2 A (left).
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Video  4.  BubR1 localizes on laser-induced DNA breaks. WT neuroblast expressing GFP::BubR1 (left, cyan on right) and 
H2A.Z::RFP (red). Image acquisition starts 20s before laser ablation, and the acquisition is paused while inducing chromosome 
breaks with a 355-nm pulsed laser and starts again. The arrows indicate the appearance of GFP::Bub3 signal on the breaks. 
Images were analyzed by a time-lapse confocal spinning disk microscope equipped with an Evolve emCCD camera. Frames 
were taken every 20 s. Time is given in minutes/seconds. The video corresponds to Fig. 2 E.

Video 5.  Fzy localizes on I-CreI–induced DNA breaks. WT neuroblast expressing GFP::Fzy (left, cyan on right) and H2A.Z::RFP 
(red) after I-CreI induction. Images were analyzed by a time-lapse confocal spinning disk microscope equipped with an Evolve 
emCCD camera. Frames were taken every 20 s. Time is given in minutes/seconds. The video corresponds to Fig. 4 A (left).

Video 6.  Fzy levels are reduced on I-CreI–induced DNA breaks in bubR1-KEN mutant. bubR1-KEN mutant neuroblast express-
ing GFP::Fzy (left, cyan on right) and H2A.Z::RFP (red) after I-CreI induction. Images were analyzed by a time-lapse confocal 
spinning disk microscope equipped with an Evolve emCCD camera. Frames were taken every 20 s. Time is given in minutes/
seconds. The video corresponds to Fig. 4 A (middle).

Video 7.  Fzy localizes on laser-induced DNA breaks. WT neuroblast expressing GFP::Fzy (left, cyan on right) and H2A.Z::RFP 
(red) before and after laser-induced DNA breaks. The yellow circle indicates the site of laser ablation. The arrows indicate 
the appearance of GFP::Fzy signal on the breaks. Images were analyzed by a time-lapse confocal spinning disk microscope 
equipped with an Evolve emCCD camera. Frames were taken every 20 s. Time is given in minutes/seconds. The video corre-
sponds to Fig. 4 B (top).

Video 8.  Fzy levels are reduced on laser-induced DNA breaks in bubR1-KEN mutant. bubR1-KEN mutant neuroblast expressing 
GFP::Fzy (left, cyan on right) and H2A.Z::RFP (red) before and after laser-induced DNA breaks. The yellow circle indicates the 
site of laser ablation. Images were analyzed by a time-lapse confocal spinning disk microscope equipped with an Evolve emCCD 
camera. Frames were taken every 20 s. Time is given in minutes/seconds. The video corresponds to Fig. 4 B (middle).

Video 9.  The degradation of the synthetic APC/C substrate CycBNt::Bub3 is delayed on DNA breaks. WT neuroblast expressing 
GFP::CycBNt::Bub3 (left, cyan on right) and H2A.Z::RFP (red) after I-CreI expression. Images were analyzed by a time-lapse 
confocal spinning disk microscope equipped with an Evolve emCCD camera. Frames were taken every 20 s. Time is given in 
minutes/seconds. The video corresponds to Fig. 6 B (top).

Video 10.  The degradation of the synthetic APC/C substrate CycBNt::Bub3 is not delayed on DNA breaks in bubR1-KEN mutant. 
bubR1-KEN mutant neuroblast expressing GFP::CycBNt::Bub3 (left, cyan on right) and H2A.Z::RFP (red) after I-CreI expression. 
Images were analyzed by a time-lapse confocal spinning disk microscope equipped with an Evolve emCCD camera. Frames 
were taken every 20 s. Time is given in minutes/seconds. The video corresponds to Fig. 6 B (bottom).




