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ABSTRACT

Genetic diversity in fungi and mammals is generated
through mitotic double-strand break-repair (DSBR),
typically involving homologous recombination
(HR) or non-homologous end joining (NHEJ).
Microhomology-mediated joining appears to serve
a subsidiary function. The African trypanosome, a
divergent protozoan parasite, relies upon rearrange-
ment of subtelomeric variant surface glycoprotein
(VSG) genes to achieve antigenic variation. Evidence
suggests an absence of NHEJ but chromosomal
repair remains largely unexplored. We used a system
based on I-Scel meganuclease and monitored tem-
porally constrained DSBR at a specific chromosomal
site in bloodstream form Trypanosoma brucei.
In response to the lesion, adjacent single-stranded
DNA was generated; the homologous strand-
exchange factor, Rad51, accumulated into foci; a
G,M checkpoint was activated and >50% of cells
displayed successful repair. Quantitative analysis
of DSBR pathways employed indicated that inter-
chromosomal HR dominated. HR displayed a
strong preference for the allelic template but also
the capacity to interact with homologous sequence
on heterologous chromosomes. Intra-chromosomal
joining was predominantly, and possibly exclusively,
microhomology mediated, a situation unique among
organisms examined to date. These DSBR pathways
available to T. brucei likely underlie patterns of
antigenic variation and the evolution of the vast
VSG gene family.

INTRODUCTION

Trypanosomatids are protozoa that branched early from
the eukaryotic lineage (1) and several are parasites of

substantial medical and veterinary importance (http://
www.who.int/tdr/diseases/). The African trypanosome,
Trypanosoma brucei, is spread among mammalian
hosts by the tsetse fly and causes Human African
Trypanosomiasis, which is fatal if untreated, and repre-
sents the leading cause of mortality in some areas.
Trypanosoma brucei also causes Nagana disease in cattle,
rendering 10 million square kilometres of land unsuitable
for livestock.

Trypanosoma brucei circulates free in the host blood-
stream, escaping immune responses by a process of
antigenic variation, which involves monoallelic expression
of variant surface glycoprotein (VSG) genes (2). The
expressed VSG is always adjacent to a telomere and
homologous recombination (HR) is thought to be the
major mechanism contributing to antigenic variation,
occurring in up to 1% of cells per population doubling
(3,4). Analysis of genome sequence data revealed a vast
reservoir (>1500) of V'SG genes clustered at subtelomeres
(5). Most are pseudogenes that may be used to assemble
intact genes using short, possibly imperfect stretches of
sequence homology (6).

DNA double-strand-breaks (DSBs) typically occur
during DNA replication and can also be brought
about by other chemical and physical forces (7,8). Non-
homologous end-joining (NHEJ) and HR are the major
DSB repair (DSBR) pathways in mammals and unicellular
eukaryotes, respectively and NHEJ also operates in many
prokaryotes that encode a two-component, Ku/DNA
ligase apparatus (9). HR-repair requires an undamaged
homologous sequence in the same cell. When multiple
potential templates are available, the choice may be
governed by chromosome disposition prior to damage
or, alternatively, damage may induce a homology search
(10). Chromosome disposition likely leads to post-
replicative preference for template sequences on sister
chromatids (11,12), a process that requires cohesion (13).
Other repair templates may be sequences nearby on the
same chromosome (14), allelic sequence on a homologous
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chromosome (15) or homologous sequences on hetero-
logous chromosomes (16). DSBs not repaired by HR
or NHEJ may be repaired by microhomology-mediated
joining (MMJ) which appears to serve as a back-up
or salvage pathway (17-20,21). The DSBR pathways
described above have been co-opted in several instances
for ‘programmed’ DNA rearrangements. Prominent
examples are immunoglobulin and T-cell receptor gene
rearrangement (22) and mating-type switching (23) in
vertebrates and fungi, respectively. The response to DNA
damage is also the basis for experimental genetic
manipulation.

Much of our current thinking regarding DSBR in
T. brucei comes from the analysis of rare recombinants
that integrate transfected linear DNA. This has revealed
efficient HR (24) and MMJ (25). MMIJ has also been
reported using in vitro extracts while NHEJ has not been
reported (26). In addition, several proteins have been
shown to play a role in DSBR in 7. brucei, including
Mrell (27,28), Rad51 (25) and related proteins (29) and
a sirtuin (30). Antigenic variation can operate via
Rad51-dependent or independent HR pathways (25,31)
and a Rad51-related protein has also been shown to play
a role (29).

DSBR takes place in the context of chromatin. Little is
known about the DNA-damage response or chromosomal
DSBR in trypanosomes, or how different pathways con-
tribute to repair. Specific telomere removal was reported
recently in T. brucei but this did not trigger a classical
DNA-damage response (32). Rather, the terminally
deleted chromosome was replicated and segregated with-
out being repaired. We have now used conditional
expression of the meganuclease, I-Scel, to generate a
lesion in the core of a T. brucei chromosome. This has
allowed investigation of the kinetics and pathways of
chromosomal DSBR and represents the first report of
a DNA damage checkpoint response in a trypanosomatid.
HR occurs between homologous and heterologous
chromosomes while, in contrast to the situation in other
cells analysed to date, the dominant end-joining pathway
uses microhomology with no evidence for NHEJ-mediated
repair.

MATERIALS AND METHODS
Trypanosoma brucei growth and manipulation

Lister 427, MITatl.2 (clone 221a), bloodstream form cells
were grown in HMI-11. Transformation was performed as
described previously (33), cell density was determined
using a haemocytometer and tetracycline (Tet) was from
Sigma and was used at 1 pg/ml.

Plasmid construction

Plasmid constructs for expression of the Tet repressor
from the TUB locus (TetR-BLE) and for tet-on expression
of I-Scel with an N-terminal SV40 nuclear-localization-
signal from a RRNA spacer locus (I-Scel-HYG) were
described previously (32).

To generate pR3P, o, primers for an I-Scel site (lower
case), SceFb (GGCCCCGCGGAtagggataacagggtaatA)
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and SceRb (GGCCTattaccctgttatccctaTCCGCGQG), were
annealed and ligated at the Notl site in pESP'RFP:PAC
(32). The entire R®P cassette, including TUB processing
signals, was then amplified (Phusion DNA Pol, Finnzymes
Diagnostics) using the TUBIR5Xcm (AGCTccaGTCCTT
GTGtggGTCCCATTGTTTGCCT) and TUBIR3Xcm
(GATCccaCACAAGGACtggCCCCTCGACTATTTTC
TTTG) primers, digested with Xcml (lower case) and
ligated to similarly digested pARD (33). pR5P,;;o was
digested with BamHI/Bsp120I prior to introduction into
T. brucei.

DNA analysis

For Southern blot analysis of DSBR, purified genomic
DNA was digested with HindIII and processed according
to standard protocols. Gels were washed in 0.25M HCI
for 15min followed by two washes in H,O. The RFP
probe was a 687-bp HindIII/Notl fragment encompassing
the full ORF; the 2110.1 probe was a 699-bp Sacl
fragment from pARD (33); the aTUB probe was a 516-
bp Xcml/Stul fragment and the 7240 probe was a 731-bp
HindIII/Xhol coding region fragment.

For slot-blot analysis, 3 ug of each DNA sample was
added to 200pul of 10x SSC. Twenty micro litres were
removed, added to 200 ul of 0.4 M NaOH and denatured
at RT for Smin. Hybond N (Amersham), supported by
one layer of Whatman 3MM paper, was soaked in 20x
SSC followed by H,O and placed in a slot-blot manifold.
DNA samples were then loaded into the slots and drawn
onto the membrane using a vacuum pump followed by
washing each well with ~250 ul of 10x SSC. Membranes
were processed as for Southern blotting. The RFP and
7240 probes were the same as used for Southern blotting;
the 27110.2 probe was a 680-bp Narl/Xcml fragment from
pARD (33) and the 2/00 probe was a 681-bp Pstl/Ncol
fragment from pARD.

A Typhoon TRIO phosphorimager (Amersham) was
used to quantify signals. For slot-blots, values for native
DNA samples were corrected for background (signal from
cells lacking DSBs), ssDNA versus dsDNA (the probe was
double stranded), loading (90% of the DNA was native)
and the presence of additional alleles for the 27/0.2 and
2100 probes. Thus, percentage values were derived as
follows: adjusted native value divided by the denatured
value multiplied by 22.2 (x2/9 x 100) for RFP and by 44.4
(x2/9 x 100 x 2) for 2110.2 and 2100.

A series of RFP and PAC-specific primers were used to
amplify and sequence repair junctions.

Microscopy and protein analysis

Western blotting and fluorescence microscopy were
carried out using standard protocols as previously
described (30). Briefly, for immunofluorescence analysis,
cells were labelled using rabbit-anti-Rad51 (29) primary
antibody at 1:500 and fluorescein-conjugated goat- anti-
rabbit secondary antibody (Pierce) at 1:2000. Samples
were mounted in Vectashield (Vector Laboratories)
containing 4, 6-diamidino-2-phenylindole (DAPI). Cells
were scored for Rad51 foci and cell cycle phase by two
of us to generate mean values *standard deviation.
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Figure 1. Experimental system to study DSBR. (A) The schematic illustrates Tb11.02.2110/2120 loci on chromosome 1la and b (WT: top) and the
same loci after insertion of the R’P cassette (R°P: bottom). The arrowhead in the top panel indicates the R*P insertion site, 209-bp downstream of the
2110 stop codon. Bars above the maps indicate the locations of the 2770 and RFP probes. The sizes of the HindIII fragments expected on Southern
blots are indicated below the maps. Black boxes indicate tubulin (7UB) sequences flanking the R°P cassette. H, HindIII sites. (B) Southern blot
analysis indicated R°P insertion on chromosome lla. DNA was digested with HindIII. See fragment sizes in (A). (C) Schematic illustration of
possible DSBR mechanisms. HR requires extensive homologous sequence; MMJ requires only short stretches and NHEJ requires little or none. HR
can use templates from chromosome 11b (top) or from TUB genes on chromosome 1 (bottom). Portions of RFP and PAC would be expected to be

retained following NHEJ or MMJ.

Images were captured using an Eclipse E600 microscope
with digital camera (Nikon). We employed Metamorph
software for image processing and deconvolution; all
settings were identical for each data set. For western
blotting, rabbit- anti-Rad51 was used at 1/200 and blots
were developed using an ECL kit (Amersham).

RESULTS

An experimental system to explore pathways of DSBR in
T. brucei

We have used the I-Scel meganuclease that cleaves
a specific 18-bp sequence to produce single DSBs in
T. brucei chromosomes. Theoreticallgf, a site of this length
would occur only once in 7 x 10" bp, equivalent to a
genome >2000 times the size of that in 7. brucei.
Formation of single chromosomal DSBs was temporally
and spatially controlled by placing the I-Scel gene under
the control of an inducible promoter and by introducing a
single chromosomal I-Scel cleavage site (32). For this
study, we introduced DSBs at a locus >1Mbp from the
nearest telomere on chromosome 11, the largest T. brucei
chromosome at ~5.7Mbp in length. Most genes are
tightly clustered and co-transcribed on 7. brucei chromo-
somes and the locus chosen is within the 452-bp segment
between the Tb11.02.2110 and 2120 genes (Figure 1A and

see www.genedb.org). We previously sequenced the region
flanking the 2110, N*-acetyltransferase gene in the Lister
427 strain, showed that the gene is essential for growth
and identified a polymorphic HindIIl site nearby (33).
The sequenced allele was designated ‘a’ and we mapped
the additional HindIII site at allele ‘b’ (Figure 1A and
data not shown). This HindIII site was important to
allow us to distinguish between alleles on Southern blots
(Figure 1B).

We embedded an I-Scel site within a red fluorescent
protein (RFP)-puromycin N-acetyltransferase (PAC)
fusion gene and added the appropriate 2/10/2120 target-
ing sequences to generate the pRSPzno construct. The
RFP/1-Scel/PAC (R®P) cassette was flanked by (TUB)
sequences that served a dual-purpose, to promote pre-
mRNA trans-splicing and polyadenylation and as tem-
plates for HR with chromosome 1 (see below). When the
pRSP2110 construct was introduced into 7. brucei, PAC
served as a selectable marker and recombinant ‘Scesqi¢’
cells were resistant to puromycin, but RFP-fluorescence
was not detected. This is likely due to insufficient
expression at the pol Il-transcribed locus since we saw
only weak red fluorescence in cells where the R°P cassette
was inserted at a highly transcribed pol I locus (data not
shown). Genomic DNA was extracted for Southern
analysis and this indicated that the cassette had integrated
at allele ‘a’ (Figure 1B).



An I-Scel-induced lesion in the hemizygous R>P
cassette may be repaired via a number of pathways
(Figure 1C). HR is known to be efficient in 7. brucei and
can repair a break by gene conversion using genetic
information from an undamaged sister chromatid, the
homologous chromosome 11b or up to 40 ectopic copies
of the TUB sequence from the tandem arrays on chromo-
somes la or b. Since we use continuous expression of
I-Scel, a site regenerated by identical sister chromatid
repair can be cleaved again until repair mutates the
recognition site and hence, this repair route would not
be observed using our assay. In contrast, use of the 11b
template would remove R°P, while TUB recombination
would replace RSP with a aTUB gene, changes that can
be detected. NHEJ or MMJ are error-prone and are
characterized by deletions at the break-site. In such cases,
analysis of the junction sequences allowed us to distin-
guish between these alternative end-joining pathways
(see below). Thus, the approach was designed to allow
the analysis of competition between repair pathways that
use homologous templates on different chromosomes and
NHEJ or MMJ pathways.

Physical monitoring of DN A resection and repair

Introduction of a DSB on T. brucei chromosome 11 was
controlled by placing the I-Scel gene downstream of
a Tet-inducible promoter. Upon addition of Tet to the
medium, the enzyme generated a DSB at the R®P locus.
To monitor the kinetics of repair, we extracted DNA from
cells at different time points following I-Scel-induction.
Prior to initiation of mitotic HR, a DSB must be pro-
cessed by degradation of the 5° strand in a process known
as resection to generate single-stranded DNA (ssDNA)
with a 3 end. The ssDNA is thought to generate the signal
for the DNA damage checkpoint, and is the substrate
for Rad51 binding to initiate a search for a suitable
homologous repair template (7). To physically monitor
ssDNA adjacent to the lesion on chromosome 11,
hybridization analysis was applied to native chromosomal
DNA samples (Figure 2A and B); hybridization to native
DNA will occur only if ssDNA is present. Denatured
samples were analysed in parallel to control for loading.
To increase sensitivity, we loaded nine times more native
DNA relative to denatured DNA for each time point.
We used an RFP probe and a series of probes at
different locations on chromosome 11. The RFP probe
allowed resection to be monitored immediately adjacent to
the lesion, while the 2//0.2 and 2100 probes monitored
resection within 1 kb and 2.4 kb. The 7240 probe served as
a control to monitor DNA ~2.8 Mbp from the lesion. The
analysis indicated DNA resection across all three regions
tested within 3kb of the lesion (Figure 2A) while the
distal, control probe showed no evidence of resection.
Thus, resection was sufficiently extensive to facilitate
ectopic HR or HR with chromosome 11b (see Figure 1C).
After correction for loading, background, DNA confor-
mation and gene copy number (see Materials and methods
section), we saw that ~10% of the DNA at each of the
three sites adjacent to the lesion was in the single-stranded
conformation 9h after I-Scel induction (Figure 2B).
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This effect was transient with little ssDNA detected after
24 h. Single-stranded RFP was detected at 12 h however,
after adjacent single-stranded sequences were apparently
sequestered, presumably reflecting the formation of
Holliday junction intermediates (34).

To physically monitor DNA repair, we used Southern
blot analysis (Figure 2C). First, loss of the RFP signal
indicated that few cells escaped the action of I-Scel
(Figure 2C and D). With regard to repair, the predomi-
nant pathway involved use of chromosome 11b as HR
template to regenerate the ‘7.6kb’ allele. We also saw
evidence for ectopic recombination with the TUB array on
chromosome 1. These events generated a fragment of
9.5kb (7.6 kb + 1.9kb of aTUB sequence) and, though
the signal was weak, we were able to independently
confirm these ectopic recombination events (see below and
Figure 5B, lane 9). Thus, although the 2710/2120 sequence
was more distal to the break relative to the TUB sequence,
it was favoured in a competition between the two
sequences. NHEJ or MMJ were expected to generate
RFP fragments of <4.7kb. Such events may not have been
detected using this assay due to size heterogeneity and/or
loss of RFP sequence (but see below). Since HR with
chromosome 11b predominated, we plotted RFP-loss and
11b-mediated repair against time (Figure 2D). The 2710
signal, representing 11b repair, was normalized to the
ratio of 2710 signals representing each allele in wild-type
cells. The analysis indicated that chromosome 11b-
mediated HR represented ~85% of the repair events.

Rad51 assembles into foci in response to a single DSB

Rad51 (RecA in bacteria and RadA in archaebacteria)
forms helical filaments on ssDNA and catalyses homo-
logous strand exchange (35). Several recombination
proteins, including Rad51, show diffuse localization in
undamaged cells, but localize to sites of DNA damage
forming sub-nuclear foci detectable by microscopy. Since
we demonstrated the processing of single DSBs to
generate ssDNA, we also wanted to determine whether
these DSBs could trigger the assembly of Rad51 foci. We
carried out immunofluorescence analysis using anti-Rad51
to compare wild-type cells to cells with I-Scel-induced
lesions. Figure 3A shows that Rad51 was enriched in the
nuclei of wild-type cells but the signal was typically diffuse
(left-hand panels) in contrast to the situation in cells with
a lesion, where a substantial proportion displayed Rad51
foci (right-hand panels). We used deconvolution to
enhance foci and these images more clearly show nuclear
foci in many induced cells and the absence of foci in the
majority of wild-type cells. Consistent with previous work
(29), foci were detected in only ~1% of wild-type nuclei,
likely reflecting the recruitment of repair proteins to sites
of spontaneous DNA damage. We then counted Rad5l
foci in cells induced for different periods of time
(Figure 3B). In cells with a lesion on chromosome 11,
there was a rapid increase in the proportion with nuclear
foci, peaking at ~30% O9h after induction. A high
proportion of cells with foci was still detected after 24 h
but had diminished to background after 48 h (Figure 3B).
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subjected to Southern blot analysis using the probes indicated. Arrowheads indicate the fragments expected following HR between chromosome 11a
and 11b or the TUB locus on chromosome 1 (see Figure 1). For chromosome 11, 7240 served as a loading control. The schematic illustrates
dominant allelic HR with chromosome 11b. (D) Kinetics of repair by HR with chromosome 11b. Phoshorimager analysis was used to quantify the

signals in (C).

In the related trypanosomatids, Trypanosoma cruzi
and Leishmania major, Rad51 expression is increased
following chemical or radiation-induced DNA damage
(36,37). To determine whether I-Scel-induced lesions lead
to increased expression of Rad51, we carried out western
blotting using anti-Rad51 and a series of whole-cell
protein extracts representing different times following
I-Scel-induction (Figure 3C). We saw no evidence for
an increase in Rad51 expression indicating that the

pre-existing cellular pool of Rad51 was redistributed
into foci in response to DNA damage.

Rad51 foci and the G,M cell cycle checkpoint

A single DNA-DSB can trigger a DNA damage check-
point that arrests the cell cycle and allows time for repair
prior to further progression thereby suppressing deleter-
ious genome rearrangements (7). Efficient and temporally
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constrained introduction of DSBs in 7. brucei provided an
opportunity to explore DNA damage checkpoint control.
No method is available to synchronize bloodstream form
T. brucei, but nuclear and mitochondrial (kinetoplast)
DNA, stained with DAPI, provide excellent cytological
markers that define position in the cell cycle (38). In
bloodstream form cells, ~80% of cells display a single
nucleus and a single kinetoplast (1N1K) indicating earlier
phases of the cell cycle (G;/S). A single nucleus and two
kinetoplasts (IN2K) indicate late nuclear G, and two
nuclei and two kinetoplasts (2N2K) indicate completion
of mitosis. First, we examined the proportion of cells with
Rad51 foci in these three categories after 12h of I-Scel
induction. We had also noted that some cells had two
Rad51 foci, so we subdivided each category into cells with
zero, one or two foci (Figure 4A).

Approximately 30% of cells in G,/S phases (IN1K) had
a single focus and ~75% of cells in G, phase (1N2K) had
foci, with about half of these displaying two. Very few
post-mitotic cells (2N2K) had foci and this category of
cells gave similar results 24h following I-Scel-induction
indicating that the paucity of foci is not simply because
cells with a lesion had insufficient time to progress to
mitosis. Rad51 foci were of varying degrees of brightness
with the brightest foci predominantly observed in G,

phase nuclei. This could reflect sister chromatids with
lesions in close juxtaposition due to cohesion or differ-
ences in resection or Rad51-loading. Cells with two foci
were exclusively in the G,/M phase of the cell cycle
consistent with the idea that many cells do indeed bear
lesions on both sister chromatids and also that cohesion
can be lost in the absence of repair.

To determine whether a G,M cell cycle checkpoint was
triggered by the lesions on chromosome 11, we counted
the proportion of cells in the late G, phase of the cell cycle.
IN2K-cells constituted ~12% of wild-type cultures and a
similar proportion was detected among Sce,;;, cells prior
to I-Scel-induction (Figure 4B). Late G, phase cells
rapidly accumulated following I-Scel induction indicating
that a G,M cell cycle checkpoint was triggered in response
to the lesion (Figure 4B).

The cells shown in Figure 4C are arranged in order
of progression through the cell cycle as defined by
DAPI staining and reflect Rad51 assembly and, possibly,
disassembly. The top two 1N1K cells were at earlier points
in the cell cycle when RadS1 foci were more commonly not
detected (cell at top), but ~30% had a single focus (second
cell from top). The third, fourth and fifth 1N2K cells
indicate progression through G,/M. These cells more
commonly had one (third cell from top) or two Rad51 foci
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(fourth and fifth cells from top). The lower images indicate
a 2N2K cell that had completed mitosis. Rad51 foci were
rarely detected in these cells.

HR dominates DSB repair

We employed ‘clonogenic’ assays to determine the
proportion of cells that survive I-Scel-induced lesions
and also to further explore the quantitative contribution
of different chromosomal DSBR pathways in 7. brucei.
Clonogenic analysis under standard or I-Scel-inducing
conditions indicated 57+ 11% survival following I-Scel
induction (Figure 5A). We expected most of these
survivors to revert to puromycin sensitivity due to loss,
or error-prone repair, of the R°P cassette (see Figures 1C
and 2C) and screening with puromycin confirmed this
prediction. Twenty four of the 93 uninduced sub-clones
were tested and were all puromycin resistant, while all but
three of 24 I-Scel-survivors were sensitive.

To distinguish between different repair mechanisms,
22 survivors were analysed by Southern blotting; half of

the samples are shown in Figure 5B. The analysis shown in
Figure 2C and D indicates that HR with chromosome 11b
was the predominant repair mechanism and, consistent
with this, 19 survivors reflected this mechanism (nine
shown in Figure 5B). Figure 2C also indicates ectopic
HR with the TUB locus on chromosome 1| and use of this
pathway was confirmed by the survivor in lane nine
(Figure 5B, band at 9.5kb in the 2//0 blot) and two
survivors analysed on a second blot (data not shown).
Re-hybridization with a «TUB probe (Figure 5B) and
PCR analysis (data not shown) confirmed that a «TUB
ORF was copied from the tandem array on chromosome 1
as predicted for ectopic HR.

Gene conversion during allelic recombination can
lead to loss of heterozygosity. Using the current assay
system, we were unable to accurately assess the length of
the gene conversion tract but, regeneration of the 7.6 kb
fragment showed that the tract was restricted to <2.5kb
on one side of the lesion in 19 cases of allelic recom-
bination (Figure 5B and see polymorphic HindIII site in
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Figure 5. Survivors display repair via homologous recombination and microhomology-mediated joining. (A) Survivorship. To generate mostly clonal
populations, we distributed ~96 cells over 288 wells (three 96-well plates). This yielded 93 (no Tet) and 53 (+ Tet) wells, respectively with live cells
detected after 1 week of growth. (B) Genomic DNA was extracted from survivors of I-Scel-induction, digested with HindIII and subjected to
Southern blot analysis using the probes indicated (see Figure 2C for other details). In the a7UB panel, the intense band in every sample represents
the tandem array on chromosome 1; the bands in the un-induced (U) and all survivor lanes represent the TetR insertion at the 7UB locus and the
additional 9.5-kb band in track 9 (arrowhead) confirmed ectopic recombination with chromosome 1. (C) Joined junctions. The PCR, end-joining
survey employed primers at the extreme ends of the RFP/PAC ORF and DNA from a large population of cells after 7 days of Tet exposure (Tet ™).
DNA from cells prior to Tet exposure (Tet™) served as a control. Junction sequences from two major PCR products (arrowheads 1 and 2) and from
four independent cloned survivors are shown on the right. The RFP (top row), PAC (bottom row) and junction sequences (middle row) are aligned
with microhomology highlighted. The number of nucleotides deleted in each case and the number of clones representing each sequence are indicated.

Figure 1A). One survivor (clone 15, not shown) may have
arisen due to a longer gene conversion tract, but another
possible explanation is NHEJ or MMJ with loss of RFP.
Indeed, we saw three examples of apparent end joining
with retention of RFP sequence (Figure 5B). Finally,
we quantified the chromosome 11 signals, relative to
chromosome 1, and found no evidence for chromosome
loss. Thus, HR dominated DSBR while, in a competition
between allelic and ectopic inter-chromosomal recombi-
nation, allelic recombination was strongly favoured.

Microhomology-mediated joining contributes to
chromosomal DSBR

Of 22 I-Scel-survivors analysed by Southern blotting,
three appeared to reflect NHEJ or MMJ based on the
presence of residual RFP signal on truncated HindIII

fragments (Figure 5B, lanes 4, 6 and 9). Two of these were
‘mixed’ and also reflected HR with chromosome 11 (lane
6) or with chromosome 1 (lane 9, band at 9.5kb). We saw
two additional ‘mixed’ survivors on the second blot that
reflected HR with both chromosomes 11 and 1 (data not
shown). Detection of four survivors that exhibit evidence
of multiple repair pathways was explained by I-Scel-
induction in cells that had already replicated their nuclear
genome prior to DSBR. To examine repair junctions in
examples of end joining, we amplified junction fragments
from genomic DNA using polymerase chain reaction
(PCR) and then sequenced the products. Among samples
shown in Figure 5B (lanes 6 and 9) and additional samples
from earlier preliminary clonogenic analysis, we identified
two distinct junctions from four independent clones.
Sequence alignment clearly revealed that end joining was
microhomology mediated (Figure 5C). We then used a
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PCR assay designed to survey large numbers (ca.> 10
000) of end-joining events. This yielded only two major,
reproducible products (Figure 5C) that were directly
sequenced. As expected, one of the junctions was identical
to the one identified in three independent clones while
the other was unique (Figure 5C). The three junctions
identified (six independent sequences in total) reflected
microhomologies of 11-13 bp with one or two mismatches
and loss of 72-278 bp (Figure 5C). Interestingly, junction
1 retains an intact RFP/PAC ORF explaining why three
clonogenic survivors, including clones 6 and 9, displayed
puromycin resistance (see above).

DISCUSSION

The introduction of chromosomal DSBs in a spatially and
temporally co-ordinated manner has been an extremely
powerful approach for investigating DSBR (39). We have
taken this approach in 7. brucei and demonstrate a
number of major advantages over previous approaches
used to examine DSBR pathways, which have relied upon
the introduction of linear constructs and analysis of rare
recombinants. First, the method allows introduction of
single DSBs at specific loci. Second, temporal control and
the efficiency of cleavage and repair allows for physical
monitoring of DSBR. Third, we are able to compare
allelic and ectopic recombination and chromosomal
MMJ.

The specific induction of a single DNA DSB in 7. brucei
reveals DNA resection and accumulation of Rad51 foci,
the timing of which is consistent with the idea that the
former triggers the latter. Rad51 foci are sites of active
DNA recombination as demonstrated in yeast (40) and
are seen in the nuclei of 7. brucei treated with the DNA-
damaging agent, phleomycin (29). The current results now
suggest that a single DNA lesion can also be visualized
using Rad51 as a molecular marker in 7. brucei. Rad51
may not accumulate into foci in the G; phase of the cell
cycle, however, reminiscent of the situation in yeast (41).
We also show that a single lesion activates a GoM DNA
damage checkpoint in T. brucei. This checkpoint arrests
cell cycle progression prior to mitosis and is particularly
important to allow time to repair stalled or broken
replication forks, the major source of lesions requiring
recombinational repair.

Following the induction of a DSB, we monitored
chromosomal DSBR and assessed the contribution of
different mechanisms (summarized in Figure 6). Lesions
are generated in most, if not all, cells and successful
repair generated viable cells in ~60% of cases. HR clearly
dominated DSBR with the allelic sequence on the homo-
logous chromosome favoured over a homologous
sequence at an ectopic location. Monitoring of the entire
population or clonogenic survivors suggested that ~85%
or 75% of cells used allelic recombination, respectively.
Under-representation of allelic recombination in the
survivor assay is explained by repair after nuclear
genome replication in some cases. Thus, allelic recombi-
nation was responsible for ~85% of repair. If we calculate
the number of repair events as a function of total cells
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Figure 6. Summary of double-strand break-repair mechanisms in
T. brucei. Approximately 57% of cells recover from a double-strand
break (DSB) on chromosome 11a. Three distinct modes of repair were
detected among at least 26 independent repair events. Resection is
illustrated and the numbers of events detected are shown in each case.
Asterisk denotes ~85% of repair occurs via allelic recombination with
chromosome 11b (see the text).

instead of survivors, we see ~50% allelic HR and 5%
ectopic HR and MMIJ (Figure 6).

HR repair requires that the lesion associates with
undamaged homologous sequence. Our results indicated
that allelic recombination is preferred over ectopic
recombination, even when the allelic-HR-substrate is
>1kb from the break and beyond the ectopic-HR
substrate. A similar search for chromosomal break-distal
homology has been reported in Saccharomyces cerevisiae
(42) which, interestingly, contrasts with inefficient recom-
bination with non-terminal homologous sequences
on DNA constructs introduced into 7. brucei (24). This
remarkable preference for allelic recombination raised the
question of how homologous sequences are ‘found’ and
‘selected’ in a chromosomal context. First, the length of
homologous segments may impact on donor choice. In
our analysis, the ectopic HR substrates are 240 bp and
323 bp while, in a T. brucei transformation assay, maximal
transformation was observed when using substrates of
200 bp or longer (24). This argues against the idea that the
ectopic homologous sequence is insufficient to compete
with the allelic sequence. Second, donor sequence copy
number may have an impact, as demonstrated in
S. cerevisiae (43), but this would have favoured ectopic
recombination since there are up to 40 potential donor
templates on chromosome 1. Homologous chromosome
were reported to be co-aligned along their lengths via
multiple interstitial interactions during G; and G, in
S. cerevisiae and Drosophila (44) but this view has been
disputed (45). Thus, favoured allelic recombination in
T. brucei may reflect either chromosome disposition prior
to damage or a damage-induced homology search (10).

Homologues of factors required for NHEJ are absent
or diverged in trypanosomatids (26) and Ku and
Rad51-independent MMJ has been reported in 7. brucei



following the introduction of linear constructs (25) and
using cell extracts (26). Disruption of factors required for
NHEJ reveal MMJ as a subsidiary repair pathway in
mammalian cells (46) and the genetic requirements for
MM in yeast suggest that it is a form of ‘micro single-
strand annealing’ (18). Following the induction of a DSB,
we looked for evidence of intra-chromosomal end joining,
either NHEJ or MMJ, and found several examples or
MMJ but no evidence for NHEJ. Thus, HR and MMJ
dominate chromosomal DSBR in 7. brucei, but, since
NHE]J can occur in as few as 0.33% of S. cerevisiae with a
lesion (47), we are unable to exclude the possibility that
NHE]J also operates at a low level in T. brucei.

Recombination plays a specialized role in VSG gene
rearrangement and host immune evasion in 7. brucei and
can bring about antigenic variation in 1% of cells per
population doubling. The telomeric V'SG expression sites
may select from among a vast variety of subtelomeric
donors for translocation of a new V'SG or formation of
VSG mosaics (6). Repetitive flanking sequences are
important for this switching and diversification and
these rearrangements can operate via Rad51-dependent
or independent pathways (25,31). Below, we briefly
consider our results in relation to antigenic variation,
the potential role of microhomology and the choice of
recombination partners.

NHEJ is important for immunoglobulin class switch
recombination in mammalian B cells. When the NHEJ
pathway is eliminated, however, by Ku disruption for
example, the programmed DSBs are channelled into
an end-joining pathway that uses stretches of microho-
mology and often involves chromosomal translocation
(17,19-21). Antigenic variation appears to be unaffected
in Ku-deficient T. brucei, consistent with the idea that
NHE]J is not required to generate V'SG diversity (48).
We now show that NHEJ plays, at most, a minor role
in chromosomal DSBR in T. brucei. In the case of
VSG recombination, flanking, imperfect, so-called 70-bp
repeats, present an abundance of microhomologous
recombination substrates and assembly of mosaic V'SG
genes (6) may also be driven by microhomology. We
suggest that, with a deficiency in NHEJ, MMJ could play
an important role in V'SG rearrangement and expression
in 7. brucei.

We previously reported use of I-Scel to remove the
telomere at a silent V'SG expression site, but this failed
to trigger a DNA damage response or, in most cases,
to trigger recombination (32). This dramatic difference,
relative to a lesion in the core of the chromosome reported
here, may reflect the suppression of subtelomeric recom-
bination by telomere-binding proteins, as demonstrated
in mammalian cells (49) or, more likely, by the phylo-
genetically restricted DNA base modification, B-D-
glucosyl-hydroxymethyluracil, found throughout silent
VSG expression sites (50,51). It will now be important to
analyse active expression sites that may display enhanced
recombination due to transcription (52) and the absence
of DNA base modification.

In addition to the avenues outlined above, the system
reported here will allow for a genetic dissection of the
chromosomal DSBR pathways available to 7. brucei.
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This will lead to a better understanding of chromosomal
recombination and repair and of the mechanisms under-
lying antigenic variation in this divergent eukaryote and
important pathogen.
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