DNA structural alterations can occur in the human genome and
that these alterations can demarcate the precise boundaries of sites
of recurrent chromosomal breakage. We have also provided evi-
dence that the RAG complex is responsible for the t(14;18) translo-
cation in vivo and in vitro and that its role here is different from ones
invoked by previously described mechanisms. O

Methods

Plasmid construction and V(D)J recombination assay
The plasmid constructs were made by modifying the SV40-based plasmid, pGG51 (ref. 8).
See Supplementary Methods.

Transfection of the 293T cells with pXW5 or pSCR45 along with full-length RAG1/2
(Fig. 1), mutant RAG1/full-length RAG2 (Fig. 1 and Table 1) or core RAG1/2 (Table 1) was
done using the calcium-phosphate method as described earlier’. The coordinates of the
core RAGs are the same as those used for protein production below. Plasmid DNA was
alkaline harvested and analysed as described in the Supplementary Methods.

Bisulphite modification assay
The bisulphite modification assay was used as described previously'' (see Supplementary
Methods).

Ligation-mediated PCR
For details of the ligation-mediated PCR see Supplementary Methods.

In vitro RAG nicking assay

Core murine glutathione S-transferase (GST)-RAG1 (amino acids 330-1040) and
GST-RAG2 (amino acids 1-383), or MBP murine core RAG1 and RAG2, or core RAG1
and full-length MBP RAG2 proteins were overexpressed in the human 293T cells and
purified as previously described'*'*. See Supplementary Methods.
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Tension hetween two kinetochores
suffices for their bi-orientation
on the mitotic spindle
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The movement of sister chromatids to opposite spindle poles
during anaphase depends on the prior capture of sister kineto-
chores by microtubules with opposing orientations (amphitelic
attachment or bi-orientation)’. In addition to proteins necessary
for the kinetochore-microtubule attachment, bi-orientation
requires the Ipll (Aurora B in animal cells) protein kinase®”’
and tethering of sister chromatids by cohesin®’. Syntelic attach-
ments, in which sister kinetochores attach to microtubules with
the same orientation, must be either ‘avoided’ or ‘corrected’
Avoidance might be facilitated by the juxtaposition of sister
kinetochores such that they face in opposite directions; kineto-
chore geometry is therefore deemed important. Error correction,
by contrast, is thought to stem from the stabilization of kine-
tochore-spindle pole connections by tension in microtubules,
kinetochores, or the surrounding chromatin arising from amphi-
telic but not syntelic attachment'®'". The tension model predicts
that any type of connection between two kinetochores suffices for
efficient bi-orientation. Here we show that the two kinetochores
of engineered, unreplicated dicentric chromosomes in Saccharo-
myces cerevisiae bi-orient efficiently, implying that sister kineto-
chore geometry is dispensable for bi-orientation. We also show
that Ipll facilitates bi-orientation by promoting the turnover of
kinetochore—spindle pole connections in a tension-dependent
manner.

Evidence for an error correction mechanism facilitating bi-
orientation has been hitherto confined to meiotic cells, where
homologous kinetochores are connected by chiasmata, whose
remoteness from the sites of microtubule attachment precludes a
key role for kinetochore geometry. Thus, in grasshopper spermato-
cytes whose kinetochores and spindle poles are repeatedly con-
nected and disconnected by microtubules until they bi-orient, the
kinetochore-to-pole connections of a ‘maternal’ chromosome can
be stabilized by using a glass needle to pull on the ‘paternal’
chromosome attached to it'®". If bi-orientation were established
in mitotic cells by a similar tension-sensitive error correction
mechanism, then any kind of connection between two kinetochores
would suffice for their bi-orientation, including two kinetochores
situated on the same chromatid. We therefore set out to analyse
the behaviour of dicentric minichromosomes that are unable to
replicate during S phase.

We addressed this issue in the budding yeast S. cerevisiae, whose
kinetochores possess only a single microtubule-binding site'* and
whose centromeres (the DNA underlying the kinetochore) have been
pinpointed to sequences no longer than 120 base pairs (bp)". Their
activity can therefore be turned off by transcription from an adjacent
promoter™. The behaviour of yeast centromeres can be followed by
marking them with bacterial operators bound by repressor proteins
fused to green fluorescent protein (GFP)®'>'°. Traction caused by
‘amphitelic’ attachment overwhelms sister chromatid cohesion at
centromeres, but not in the flanking sequences, which leads to their
precocious separation before onset of anaphase. The tension so
created causes centromeric chromatin to unravel, forming 10-nm
(beaded nucleosomes) or even thinner fibres.
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To address the behaviour of unreplicated dicentric chromosomes,
we created a circular minichromosome carrying two centromeres,
one constitutive and the other conditionally inactivated owing to its
juxtaposition to the GALI-10 promoter (ref. 14 and Fig. 1a). The
chromosome also possessed a single replication origin flanked by
recombination sites for the Zygosaccharomyces rouxii R recombi-
nase'” and contained a tandem array of fet operators that bind
Tet repressor-GFP fusion proteins'®. The host cell expressed the
recombinase gene from the MET3 promoter, which is transcribed
only in the absence of methionine. The minichromosome was stably
propagated as long as cells were grown in the presence of galactose,
which inactivates one of the centromeres, and in the presence of
methionine, which prevents expression of the recombinase.

Removal of methionine from the culture medium caused efficient
recombination between recombination sites and the accumulation
of minichromosomes lacking any replication origin (Fig. 1b,
2 X RS), leading to a rapid increase in cells born either without
any minichromosome or with an unreplicated minichromosome
(see below). The origin was not lost from minichromosomes
containing only a single recombination site (Fig. 1b, 1 X RS).
After most minichromosomes had lost their origins, galactose was
replaced by glucose in the medium, which rapidly activated the
second centromere of the minichromosome (Supplementary Note 1
and Fig. S1).

The behaviour of unreplicated dicentric (2 X CEN) and mono-
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Figure 1 Making unreplicated dicentric minichromosomes. a, Scheme for making an
unreplicated dicentric minichromosome (see text). After removing the DNA replication
origin, the intervals between centromeres are 7.0 kb on the side containing tet operators
and 4.2 kb on the other side. ARS, DNA replication origin; RS, recombination site; Pyers,
MET3 promoter; Pgar, GALT-10promoter; Met, methionine; Gal, galactose; Glc, glucose.
b, Southern blot analysis and percentage of cells containing minichromosomes.
TetR—-GFP Pyers—R cells carrying pT431 or pT432 were incubated in medium with
galactose either with (+Met) or without (—Met) methionine. The percentage of cells
containing minichromosomes out of all cells observed (% MC + cells) is shown for
each time point. 2 X RS (pT431), DNA replication origin flanked by two recombination
sites (see a); 1 X RS (pT432), DNA replication origin flanked by only one recombination
site.
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centric (1 X CEN) minichromosomes was observed by time-lapse
microscopy. Both types of minichromosome were marked by the Tet
repressor fused to GFP, and spindle pole bodies (SPBs) were marked
by Spc42 fused to yellow fluorescent protein (YFP). During meta-
phase, the GFP signals that were associated with all 38 unreplicated
monocentric minichromosomes remained in the close vicinity of
one SPB (Fig. 2a, top). Although they changed their SPB partner on
rare occasions (see Supplementary Note 5), they never spent any
appreciable time in the space between the SPBs.

The GFP signals of all 34 unreplicated dicentric minichromo-
somes, by contrast, spent most of this period halfway between the
two SPBs (Fig. 2a, bottom). They frequently moved vigorously
back and forth along the axis connecting the SPBs, and most (75%)
were stretched along this axis. The compaction' of stretched
operators was reduced between 6- and 30-fold, and was reduced
even further in yku80 deletion mutant cells (data not shown), as

a Metaphase
1xCEN (pT323)

SPB  Minichromosome

1xCEN 100% (38/38) mono-oriented
2xCEN 100% (34/34) bi-oriented

2xCEN

T431)

b Anaphase
1xCEN (pT323)

CEEELT

2%CEN (pT431) SPB  Minichromosome

AR

1xCEN  83% (10/12) mono-oriented
2xCEN 100% (13/13) bi-oriented

Figure 2 Behaviour of unreplicated monocentric and dicentric minichromosomes.

a, Behaviour in metaphase. TetR-GFP SPC42-YFP Pyers—R cells carrying pT323
(T2755, top) or pT431 (T3000, bottom) were incubated in the absence of methionine, first
with galactose for 4 h and then with glucose. Time-lapse images were collected for

20 min at 30-s intervals, commencing 20 min after transfer to glucose medium. Shown
are representative time-lapse images of cells with unreplicated minichromosomes. The
time in minutes from the start of image acquisition is indicated. When both separated
SPBs were in the mother cell, the cell was considered to be in metaphase. The behaviour
of minichromosomes (mono-oriented or bi-oriented) was scored as described in Methods.
When minichromosome behaviours did not belong to either category (less than 3% of
total counts) or when the bipolar spindle was short (less than 1 wm) on a projected
image, they were not scored. See also Supplementary Movie 2a. b, Behaviour in
anaphase. T2755 and T3000 cells were treated as in a. When spindles were at least twice
as long as those in metaphase at least at one time point, with one SPB in the bud and
the other in the mother cell, the cell was considered to have initiated anaphase. The
behaviour of unreplicated minichromosomes was scored as in a. See also Supplementary
Movie 2b.
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previously reported for replicated dicentric chromosomes®. These
behaviours of GFP signals emanating from unreplicated dicentric
minichromosomes imply that their two kinetochores are simul-
taneously attached to opposite poles and pulled in opposite direc-
tions; in other words, they bi-orient on the spindle.

During anaphase, 10 out of 12 monocentric unreplicated mini-
chromosomes remained in the vicinity of one of the two SPBs.
These monocentric minichromosomes followed the SPB as it
moved towards the cell cortex (Fig. 2b, top). For unknown reasons,
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Figure 3 Comparing the kinetics of bi-orientation establishment during a synchronous
cell cycle. TetR-GFP SPC42-YFP Pyer+—R cells carrying pT323 (T2755; a), pT431
(T3000; b) or pT327 (T2951; ¢) were incubated in the absence of methionine with
galactose for 2 h and subsequently treated with o-factor for 2.5h. They were then
released into fresh YPA medium containing glucose. After the release, samples were
collected for bud counts and time-lapse image acquisition every 10 min. Commencing
immediately after sample collection, live cell images were acquired at 30-s intervals for
6 min. The behaviour of the three minichromosomes was scored as described in
Methods. In addition, pre-anaphase separation of sister minichromosomes®' was counted
as bi-orientation (only for pT327). From three trials of the release from o-factor arrest of
each strain, 50-80 minichromosomes were scored at each time point, including ones
with unseparated SPBs. Scoring was difficult if the distance between SPBs was too short
in the projected images (‘hard to score’). If SPBs separated within 2 min of the start of
image acquisition, the cells were considered to have separated SPBs. The mean * s.d.
percentage of cells with buds from three trials of o-factor release is plotted at each time
point.
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2 out of 12 monocentric minichromosomes did not segregate with
an SPB. By contrast, all 13 dicentric unreplicated minichromosomes
remained in the space between the SPBs on initiation of anaphase
(Fig. 2b, bottom). Their GFP signals usually remained stretched and
sometimes moved vigorously between SPBs. In most cells contain-
ing these dicentric minichromosomes, the SPBs started to segregate
from each other but their movement was halted before they reached
the cell cortex (Supplementary Note 2).

Do unreplicated dicentric minichromosomes establish bi-
orientation as efficiently as replicated monocentric ones in cell
cycles? To answer this question, we compared the kinetics of their
bi-orientation establishment in synchronized cells. We arrested cells
containing unreplicated monocentric or dicentric minichromosomes
or replicated monocentric minichromosomes with o-factor and
released them into fresh medium. The rate of bi-oriented mini-
chromosomes was scored during the bud emergence and establish-
ment of a bipolar spindle. As expected, unreplicated monocentric
minichromosomes did not show any appreciable bi-orientation
(Fig. 3a). Both unreplicated dicentric and replicated monocentric
minichromosomes established bi-orientation soon after bipolar
spindle formation (SPB separation) with similar kinetics (Fig. 3b,
¢). We also found that many cells underwent SPB separation during
time-lapse image acquisition. Most if not all unreplicated dicentric
(24 out of 25 observed; Supplementary Fig. S2) and replicated
monocentric (14 out of 15 observed) minichromosomes showed
evidence of bi-orientation (see Methods) within 2 min of SPB

a  pl1-321, 2xCEN (pT431)

Metaphase
Anaphase SPB Minichromosome
b 33 (number of observed
IPL1+ m|n|chromosomes)
Metaphase P<0.0001
ipl1-321
[l Bi-oriented
[ Mono-oriented
12
Anaphase

0 25 50 75 100 %

Figure 4 Behaviour of unreplicated dicentric minichromosomes in jp/7 mutant cells.
IPL14 (T3000) and jp/7-321 (T3001) cells (TetR—GFP SPC42-YFP Pyers—RpT431) were
incubated in medium without methionine but with galactose at 25 °C for 3 h and then at
35°C (the restrictive temperature for ip/7-327) for 1 h, and subsequently with glucose
at 35°C. The images were collected at 35 °C, commencing 20 min after transfer to
glucose medium. The behaviour of minichromosomes was scored as in Fig. 2.

a, Representative time-lapse images. b, Scoring. When synchronous cultures (release
from o-factor arrest) of the two strains were observed in glucose medium at 35 °C, similar
results were obtained in metaphase and anaphase during the first cell cycle (data not
shown).
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separation. These data suggest that unreplicated dicentric mini-
chromosomes establish bi-orientation as efficiently as replicated
monocentric minichromosomes.

It could be argued that proximity of the two centromeres on the
unreplicated dicentric minichromosomes precludes their syntelic
attachment and that this ensures efficient bi-orientation. The short-
est distance between them is 4.2 kilobases (kb), which might be
expected to span 12-18 nm (ref. 19). Because this is smaller than the
diameter of microtubules (25 nm), there might be insufficient space
for both centromeres to attach to microtubules with the same
orientation. To address this issue, we enlarged the distance between
centromeres to 10kb (28-42nm) on both sides of the circular
minichromosome, but this had no effect on the efficiency of
bi-orientation (27 out of 27 bi-oriented). It is therefore unlikely
that efficient bi-orientation is caused by centromere proximity.
Instead, our data imply that the connection of two kinetochores
alone is sufficient for their efficient bi-orientation. The simplest
explanation for this phenomenon is that any connection between
kinetochores can provide the tension needed to stabilize kineto-
chore-to-pole connections.

This tension is normally made possible by connections
between sister chromatids that are mediated by cohesin, whose
absence causes frequent mono-orientation of replicated kineto-
chores®. If the primary role of cohesin in promoting bi-orientation
is to supply tension, then it should be possible to restore bi-
orientation to cohesin-depleted cells by providing an alternative
means of connection between sister DNAs. A possible way to
achieve this would be by inactivating topoisomerase II, which is
required to decatenate sister chromatids after DNA replication® .
We therefore compared the efficiency of sister kinetochore bi-
orientation in TOP2+ and top2-4 (ref. 22) cells after depleting the
Sccl subunit of cohesin (Supplementary Note 3 and Fig. S3). The
centromeres on chromosome V (CEN5s) were bi-oriented in 55% of
TOP2+ cells and in 77% of top2-4 cells. Thus bi-orientation was
partially restored when topoisomerase II function was impaired in
cohesin-depleted cells. A similar result was obtained when Sccl-
depleted DT40 chicken cells were treated with an inhibitor of
topoisomerase II (ref. 24). These data suggest that any kind of
connection between sister kinetochores may be sufficient to induce
their bi-orientation.

To address whether the bi-orientation of unreplicated dicentric
minichromosomes is, like that of authentic replicated sister kine-
tochores>¢, dependent on the Ipll kinase, we compared the
behaviour of unreplicated dicentric minichromosomes in IPL1+
and ipl1-321 mutant® cells. Bi-orientation of unreplicated dicentric
minichromosomes took place in 94% of IPL1+ cells (45 out of 48 in
metaphase and anaphase; Fig. 4b). This occurred in only 31% of
ipl1-321 cells (21 out of 67). In the remaining 69%, minichromo-
some GFP signals remained in the vicinity of one SPB (Fig. 4a, b).
They made connections to a single pole; that is, they mono-oriented
(Supplementary Note 4). Inactivation of Ipll therefore greatly
reduces the incidence with which unreplicated dicentric minichro-
mosomes bi-orient. Ipll seems to be just as important for the
bi-orientation of unreplicated dicentric minichromosomes as it is
for replicated monocentric minichromosomes. We obtained similar
results with a mutant of Slil5 (data not shown), which is an
orthologue of Inner centromere protein (INCENP) and forms a
complex with Ipll (refs 25-27). The Ipl1-Slil5 complex must be
therefore capable of promoting bi-orientation through mechanisms
that do not involve sister kinetochore geometry.

It has been suggested that Ipll promotes bi-orientation by
facilitating the turnover of kinetochore—spindle pole connections
when tension has not been generated®, as occurs during syntelic
attachment. However, previous work has never properly documen-
ted the role of Ipll in detaching a kinetochore from one SPB and
attaching it to the opposite pole after SPB separation. This process
should occur with unreplicated monocentric minichromosomes on

©2004 Nature Publishing Group

which tension cannot be exerted. We developed an assay by which
we could directly visualize the process of re-orientation that
unreplicated monocentric minichromosomes undergo after SPB
separation (Supplementary Note 5 and Fig. S4). We found that
ipl1-321 mutants showed less frequent re-orientation than IPLI+
cells. These data suggest that Ipll does indeed have an important
role in promoting the turnover of kinetochore—spindle pole con-
nections when they cannot come under tension normally generated
by amphitelic attachment.

Three decades ago it was shown that the connection of a
kinetochore to a spindle pole by microtubules during meiosis I of
grasshopper spermatocytes is stabilized by tension'®. This implied
that error correction has a key role in bi-orienting maternal and
paternal chromosomes during meiosis L. It has long been disputed
whether a similar principle operates during mitosis'. Because sister
kinetochores lie back to back, it has been thought that kinetochore
geometry and not error correction might be the driving force
behind the bi-orientation of sister kinetochores. Studies have
implicated the Ipll (Aurora B) kinase and cohesin in promoting
mitotic bi-orientation®™. Do they act by creating a back-to-back
kinetochore geometry conducive to bi-orientation, or instead as
part of an error correction mechanism? The finding that Ipll
promotes the realignment of kinetochore—spindle pole connections
in budding yeast, from old to new spindle poles, is consistent with
an error correction mechanism®. Our results provide further evi-
dence that erroneous connections are indeed corrected in a tension-
dependent manner.

Our data suggest that the main, if not only, role of cohesin during
mitosis in S. cerevisiae is to provide the physical connection between
sister kinetochores necessary to generate tension when they bi-
orient, and that an important function of Ipll is to eliminate
kinetochore—spindle pole connections that do not generate such
tension. This notion is also supported by the report that syntelic
attachments are removed by Aurora-B-dependent mechanisms in
mammalian cells’. How tension is actually sensed and how this
affects whether or not Ipll promotes re-orientation remain to be
addressed. Phosphorylation of the Dam1 kinetochore protein could
be one of the key events in this process*. Our data do not of course
exclude the possibility that sister kinetochore geometry is also
conducive to bi-orientation. For instance, Ipll (Aurora B) and/or
cohesin might have additional roles in promoting kinetochore
geometry”. In particular, fission yeast and animal cells must have
a single kinetochore attached to more than one microtubule.
Chromosome bi-orientation fails if a single kinetochore is captured
by microtubules from the opposite spindle poles (merotelic attach-
ment)*. In these organisms, sister kinetochore geometry may have
more important roles to ensure bi-orientation than in S. cerevisiae
cells (see Supplementary Note 6). O

Methods

Yeast genetics and molecular biology

The background of yeast strains (W303), yeast media, Southern blotting, a-factor
arrest/release, TetR—GFP/tet operator system, and the construction of pT323, pT327,
CEN5—-tetOs and SPC42-YFP have been described®®'*'®. To construct P pr5—R, pT343
was made by cloning the R recombinase gene (from pHM153; ref. 17) under control of the
MET3 promoter into YIplac204 (National Center for Biotechnology Information,
X75461) and integrated at the trpl locus. pT431 and pT432 were constructed by
cloning CEN4 (730-bp DNA containing CDEI-II-IIT) under control of the GALI-10
promoter into pT323 and pT327, respectively. pT323 and pT327 are the same, except that
the former has two recombination sites that flank a replication origin, whereas the latter
has only one®. See Supplementary Note 7 for further methodological details.

Microscopy

The general procedures for time-lapse microscopy have been described®. We collected
time-lapse images every 20-30's, either for 20-30 min at 23 °C (ambient temperature) or
for 10—15 min at 35 °C or 37 °C unless otherwise stated. One bright field image and 7-9
z-stacks (each 0.5-0.7-pm apart) of GFP or YFP images were acquired with a JP3 filter set
(Chroma) at each time point. The z-stacks were deconvoluted and projected to two-
dimensional images® with the Openlab (Improvison) or SoftWoRx (Applied Precision)
software.
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Minichromosome scoring

The behaviour of minichromosomes (mono-oriented or bi-oriented) was scored as
follows unless otherwise stated. When minichromosomes were not more than one-fifth of
the spindle length away from an SPB at any two consecutive time points, they were scored
as ‘mono-oriented. When minichromosomes were more than one-fifth of the spindle
length away from both SPBs at most time points or they moved vigorously between two
SPBs, they were scored as ‘bi-oriented’. To score the behaviour of pT323 and pT431, rare
replicated minichromosomes were distinguished (and ignored) owing to the greater
intensity of their GFP signals. For pT327, a few cells with excessive copies of
minichromosomes were not included in scoring.
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Human DNA polymerase y (Pol 1) modulates susceptibility to
skin cancer by promoting DNA synthesis past sunlight-induced
cyclobutane pyrimidine dimers that escape nucleotide excision
repair (NER)"“. Here we have determined the efficiency and
fidelity of dimer bypass. We show that Pol n copies thymine
dimers and the flanking bases with higher processivity than it
copies undamaged DNA, and then switches to less processive
synthesis. This ability of Pol n to sense the dimer location as
synthesis proceeds may facilitate polymerase switching before
and after lesion bypass. Pol n bypasses a dimer with low fidelity
and with higher error rates at the 3’ thymine than at the 5’
thymine. A similar bias is seen with Sulfolobus solfataricus DNA
polymerase 4, which forms a Watson—Crick base pair at the 3’
thymine of a dimer but a Hoogsteen base pair at the 5 thymine
(ref. 3). Ultraviolet-induced mutagenesis is also higher at the 3’
base of dipyrimidine sequences*®. Thus, in normal people and
particularly in individuals with NER-defective xeroderma pig-
mentosum who accumulate dimers, errors made by Pol v during
dimer bypass could contribute to mutagenesis and skin cancer.

To compare the efficiency with which human Pol n bypasses a
cis—syn thymine—thymine (TT) dimer or undamaged thymines in
the same sequence context, we used a large excess of primer template
and incubation times short enough to ensure that the DNA
products result from a single cycle of synthesis”. Thus, the dimer
is encountered while the polymerase is processively synthesizing
DNA using all four dNTPs. This provides bypass efficiency param-
eters that differ from those in previous studies that measured the
rate of single nucleotide insertion.

Human Pol n has low processivity with undamaged DNA (ref. 8
and Fig. la, left, and 1b-d, open bars). With damaged DNA,
processivity is unexpectedly higher at the 3’ and 5' T of dimers
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