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Protection of genome integrity 
depends on the coordinated activi-

ties of DNA replication, DNA repair, 
chromatin assembly and chromosome 
segregation mechanisms. DNA lesions 
are detected by the master checkpoint 
kinases ATM (Tel1) and ATR (Rad3/
Mec1), which phosphorylate multiple 
substrates, including a C-terminal SQ 
motif in histone H2A or H2AX. The 
6-BRCT domain protein Brc1, which is 
required for efficient recovery from rep-
lication fork arrest and collapse in fis-
sion yeast, binds phospho-histone H2A 
(γH2A)-coated chromatin at stalled and 
damaged replication forks. We recently 
found that Brc1 co-localizes with γH2A 
that appears in pericentromeric hetero-
chromatin during S-phase. Our stud-
ies indicate that Brc1 contributes to 
the maintenance of pericentromeric 
heterochromatin, which is required for 
efficient chromosome segregation dur-
ing mitosis. Here, we review these stud-
ies and present additional results that 
establish the functional requirements 
for the N-terminal BRCT domains of 
Brc1 in the replication stress response 
and resistance to the microtubule desta-
bilizing drug thiabendazole (TBZ). We 
also identify the nuclear localization sig-
nal (NLS) in Brc1, which closely abuts 
the C-terminal pair of BRCT domains 
that form the γH2A-binding pocket. 
This compact arrangement of localiza-
tion domains may be a shared feature of 
other γH2A-binding proteins, including 
Rtt107, PTIP and Mdc1.

Introduction

The transmission of accurate copies of 
the genome during cell proliferation relies 
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on the integrated functions of multiple 
genome protection systems. The minimal 
requirements for successful genome trans-
mission are accurate DNA replication and 
chromosome segregation mechanisms. 
Overseeing these events are genome sur-
veillance mechanisms that detect DNA 
replication errors, DNA damage and 
defects in chromosome transmission. 
These checkpoint systems ensure the com-
pletion of DNA replication, the repair of 
damaged DNA and proper distribution of 
duplicated chromosomes during mitosis.1-3

Of the many proteins tasked with 
genome surveillance and protection, per-
haps none are more important than the 
phosphatidylinositol 3-kinase-related 
kinases (PIKKs) ATM (ataxia telangi-
ectasia mutated) and ATR (ATM and 
Rad3-related).4,5 These master checkpoint 
kinases rapidly mobilize to double-strand 
breaks (DSBs) and single-strand DNA 
regions, respectively, where they phosphor-
ylate multiple proteins, such as the effec-
tor kinases Chk1 and Chk2 (Cds1) and 
checkpoint mediator proteins Mdc1, Mrc1 
and Crb2.6-12 Another notable substrate is 
histone H2A in yeasts and the variant his-
tone H2AX in mammals.13,14 The phos-
phorylated SQ motif at the C terminus 
of histone H2A(X) provides a chromatin-
specific docking site for genome protection 
factors. These proteins bind phospho-
histone H2A(X), otherwise known as 
γH2A(X), through paired C-terminal 
BRCT domains, which are named after 
the C-terminal domain BRCA1 breast 
cancer susceptibility protein. Some of the 
γH2A(X)-binding proteins include Mdc1 
in mammals and Crb2 in the fission yeast 
Schizosaccharomyces pombe, which mediate 
checkpoint responses to DSBs, as well as 
Brc1 in fission yeast.15-18 Brc1 is a 6-BRCT 
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γH2A and Brc1 in pericentromeric het-
erochromatin during S-phase was substan-
tially diminished in cells lacking Clr4.23,28 
We further found that H3k9me2 was 
reduced in pericentromeric heterochroma-
tin in Brc1-defective cells. Gene silencing 
in pericentromeric heterochromatin was 
also partially impaired in Brc1-null cells.28 
As pericentromeric heterochromatin is 
required for effective cohesion of chromo-
some arms in pericentromeric regions and 
for fully efficient centromere function, we 
explored whether brc1Δ cells were sensi-
tive to the antifungal drug thiabendazole 
(TBZ), which destabilizes microtubules. 
We found that brc1Δ cells are sensitive to 
TBZ and display increased rates of lag-
ging chromosomes during mitosis both 
in the absence or presence of TBZ.19,28 
Collectively, these data support a model 
in which Brc1-mediated stabilization of 
stalled replication forks in pericentromeric 
heterochromatin contributes to efficient 
maintenance of heterochromatin during 
DNA replication (Fig. 1).

Although Brc1 localization in pericen-
tromeric heterochromatin is diminished 
in cells lacking γH2A, these htaAQ cells 
differed from brc1Δ cells in that they were 
insensitive to TBZ.28 This relationship 
is consistent with studies showing that 
brc1Δ mutants are more sensitive to rep-
lication stress conditions in comparison to 
htaAQ cells.18 Thus, while Brc1 directly 
binds γH2A, and the appearance of Brc1 
nuclear foci in response to replication 
stress or DNA damage requires this physi-
cal interaction with γH2A, genetic studies 
reveal Brc1 retains significant activities in 
the absence of γH2A. If the TBZ sensitiv-
ity of brc1Δ cells is linked to a function 
of Brc1 at pericentromeric heterochro-
matin, the absence of TBZ sensitivity in 
htaAQ cells suggests that the remaining 
γH2A-independent localization of Brc1 
at pericentromeric heterochromatin in 
htaAQ cells is sufficient to maintain gene 
silencing and promote proper centromere 
function. However, it is possible that other 
activities involved in insuring proper chro-
mosome segregation may become more 
critical in the absence of Brc1 binding to 
γH2A. The most obvious candidate for 
such an activity is the spindle assembly 
checkpoint, which is partly dependent 
on the phosphorylation of the serine-121 

formed via an RNAi-dependent mecha-
nism.25-27 These data suggested a model 
in which collisions between the replica-
tion and transcription machineries lead 
to RNA interference (RNAi)-mediated 
release of RNA polymerase II, thereby 
allowing resumption of DNA replication 
by Rik1-associated replisomes, which is 
required for maintenance of pericentro-
meric heterochromatin.24

This model suggests that proteins 
involved in the responses to stalled repli-
cation forks may play roles in ensuring the 
efficient transmission of pericentromeric 
heterochromatin in fission yeast. In sup-
port of this model, we found that Brc1 is 
enriched in pericentromeric heterochro-
matin during S-phase. This localization 
of Brc1 largely depends on the ability to 
form γH2A. Specifically, mutations of 
the C-terminal SQ motif in the two genes 
encoding histone H2A (hta1-AQ and hta2-
AQ mutations, also known as the htaAQ 
genotype) reduce the enrichment of Brc1 
in pericentromeric heterochromatin.23 We 
recently discovered that the appearance of 

domain that has important but as yet 
poorly understood roles in promoting 
recovery from stalled or damaged replica-
tion forks.19-22

Involvement of Brc1  
in Maintenance of Pericentromeric 

Heterochromatin

Brc1 localizes at chromosome regions that 
experience replication stress by binding 
γH2A-marked chromatin. γH2A deco-
rates pericentromeric heterochromatin 
during an unperturbed DNA synthesis 
(S) phase in fission yeast, suggesting that 
replication forks stall in these regions.23 In 
support of this possibility, a recent study 
detected X-shaped DNA molecules in 
pericentromeric heterochromatin during 
S-phase.24 These DNA molecules were 
absent from cells lacking Clr4/Suv39, 
which is a subunit of the Rik1 complex that 
is required for dimethylation of histone 
H3 at lysine 9 (H3k9me2). This histone 
modification, which is a defining feature 
of pericentromeric heterochromatin, is 

Figure 1. Model indicating that replication fork stalling in pericentromeric heterochromatin can 
lead to replication fork breakdown or disassociation of the Rik1-associated replisome (not shown) 
in brc1Δ cells, leading to defects in propagation of H3K9me2-marked chromatin.28 Note that ho-
mology directed repair of the collapsed replication fork results in formation of a Holliday junction.
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transported into the nucleus before they 
can bind γH2A(X)-marked chromatin. 
As the mechanism of nuclear localization 
for these families of proteins has not been 
reported, we sought to identify whether 
Brc1 has a functional nuclear localization 
signal (NLS). The most common NLSs 
are short stretches of basic amino acid-rich 
sequences that interact with the receptor 
importin β, either directly or through the 
adaptor importin α.40,41 The computer 
program cNLS Mapper predicted an NLS 
in sequences encompassing the KKRR 
motif starting at residue 635 in Brc1 (Fig. 
3A).42 This sequence is located approxi-
mately 30 residues before the BRCT5 
domain. We mutated the KKRR motif 
to alanine residues in the allele brc1-nls1. 
This mutant protein was expressed as a 
GFP-tagged construct under the con-
trol of the nmt42 promoter in a plasmid. 
In contrast to the wild type construct 
that was nuclear localized, the brc1-nls1 
mutant protein was clearly excluded 
from the nucleus (Fig.  3B). These data 
strongly suggested that the KKRR motif 
starting at residue 635 is part of a func-
tional NLS. To further test this possibil-
ity, we expressed a brc1-ΔN398 construct 
that contains the linker domain with 
the NLS and the BRCT5,6 region. In 
support of our model, this construct 
was strongly localized in the nucleus  
(Fig. 3B). Moreover, the brc1-ΔN398 con-
struct formed spontaneous nuclear foci, 
as also seen with full-length wild type 
Brc1 (Fig. 3B). As seen previously, GFP-
Brc1 harboring the brc1-T672A mutation 
localized in the nucleus but failed to form 
spontaneous foci, as was also observed by 
expressing wild type GFP-Brc1 in the hta-
AQ background (Fig. 3B).18

From these data we conclude that 
the NLS abuts the C-terminal BRCT 
domains in Brc1. To investigate whether 
this might be a general feature of DNA 
damage response proteins that bind 
γH2A(X) through their C-terminal 
BRCT domains, we used cNLS mapper 
to predict NLSs in budding yeast Rtt107 
and the human proteins Mdc1 and PTIP. 
In each case the strongest scoring NLS is 
located just upstream of the C-terminal 
BRCT domains (Fig. 3A). Mutational 
studies will be necessary to confirm if 
indeed these sequences are functional 

(GFP)-tagged constructs under the control 
of the nmt42 promoter, and in contrast to 
mutations such as brc1-T672A that ablate 
binding to γH2A,18 all formed both spon-
taneous and HU-induced foci (Figs.  2C 
and D and  3B). From these results, we 
conclude that brc1-TH148-9SG, brc1-
R268K and brc1-HYP307-9GFG muta-
tions impair Brc1 function without grossly 
disturbing its stability, localization or abil-
ity to bind γH2A.

Comparison to brc1Δ cells revealed 
that the brc1-TH148-9SG, brc1-R268K 
and brc1-HYP307-9GFG mutations did 
not fully ablate Brc1 activity in promot-
ing survival of CPT exposure (Fig. 2B). 
The brc1-T672A mutation that impairs 
binding to γH2A has a similar partial 
effect.18,39 We found that these N-terminal 
BRCT domain mutations did not enhance 
CPT sensitivity when combined with 
brc1-T672A (Fig. 2E). The absence of syn-
ergy among these mutations that partially 
impair the function of Brc1 was unex-
pected and suggests that Brc1 may have 
at least two distinct functions in mediat-
ing CPT resistance. The mutations might 
fully ablate one function while leaving the 
other intact. The data also suggest that 
the N-terminal BRCT domains (specifi-
cally domains 2, 3 and 4) and C-terminal 
BRCT domains of Brc1 provide func-
tional effect and localization activities, 
respectively.

The mutations in the N-terminal 
BRCT domains that caused sensitivity 
to genotoxins also increased sensitivity to 
the microtubule-destabilizing drug TBZ 
(Fig. 2F). These data suggest that the rep-
lication stress response functions of Brc1 
that are mediated through the N-terminal 
BRCT domains are also required for its 
functions related to replication of pericen-
tromeric heterochromatin.28

Compact Arrangement of Nuclear 
Localization Signal (NLS) and the 
C-terminal BRCT Domains in Brc1

As noted above, Brc1 is typical of several 
families of DNA damage response pro-
teins that bind γH2A(X)-marked chro-
matin. In addition to Rtt107 and PTIP, 
these proteins include Mdc1 in mam-
mals, Rad9 in S. cerevisiae and Crb2 in 
fission yeast. These proteins must be 

residue in the C terminus of histone 
H2A. Phosphorylation of this residue by 
Bub1 kinase plays a significant role in the 
recruitment of shugoshin.29 We tested 
this model by mutating both the Rad3 
and Bub1 phosphorylation sites in the C 
termini of both histone H2A genes. This 
hta1-S121,129A hta2-S121,128A strain 
displayed enhanced TBZ sensitivity com-
pared with the hta1-S121A hta2-S121A 
strain lacking only the Bub1 phosphory-
lation sites, suggesting that defects in 
recruiting Brc1 to γH2A-marked pericen-
tromeric heterochromatin place a burden 
on the spindle assembly checkpoint.28

Functional Analyses of the  
N-terminal BRCT Domains  

of Brc1 in Resistance  
to Replication Stress and TBZ

The 878-amino acid sequence of Brc1 indi-
cates a protein consisting of 4 N-terminal 
BRCT domains connected through a 
linker domain to the two paired C-terminal 
BRCT domains that bind γH2A (Fig. 
2A). This arrangement of domains is con-
served in orthologous proteins through-
out ascomycete fungi, including Rtt107 
protein in Saccharomyces cerevisiae, which 
is also involved in the cellular responses 
to replication stress.30-32 The presence of 
6-BRCT domains connected by linkers 
is also found in the PTIP/Swift family of 
proteins in metazoans, which also appear 
to function in DNA damage responses.33-36 
As seen for Brc1, both Rtt107 and PTIP 
bind γH2A(X) through their C-terminal 
BRCT domains.18,37,38 To address the 
functional significance of the N-terminal 
BRCT domains of Brc1 for survival of 
replication stress and exposure to TBZ, 
we performed mutational analyses of con-
served residues in BRCT domains 2, 3 and 
4. Of the five mutants tested, brc1-TH148-
9SG, brc1-R268K and brc1-HYP307-
9GFG caused sensitivity to the replication 
stress agents camptothecin (CPT) and 
hydroxyurea (HU), which primarily act by 
causing replication fork collapse and arrest, 
respectively (Fig. 2B). Two other alleles, 
brc1-G136A and brc1-W298G-P301G, dis-
played no phenotype despite having muta-
tions of conserved residues. All mutant 
proteins properly localized in the nucleus 
when expressed as green fluorescent protein 
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Figure 2. Mutational analysis of the N-terminal BRCT domains of Brc1. (A) Diagram of Brc1 showing sites of mutations in BRCT domains. (B) HU and 
CPT-sensitive phenotypes of a subset of N-terminal BRCT domain mutants of brc1. Ten-fold serial dilutions of cells were exposed to the indicated DNA-
damaging agent and incubated at 30°C for 3 d. (C) Photomicrographs of cells expressing wild type and mutant GFP-Brc1. In all strains, GFP-Brc1 local-
ized in the nucleus and formed spontaneous foci. (D) Cells expressing wild type and mutant GFP-Brc1 all formed spontaneous (−HU) and HU-induced 
(+HU) GFP-Brc1 nuclear foci. Cells were grown for 17 h at 30°C in minimal medium before being split. Treatment was with 12 mM HU for 4 h. Data are 
derived from three independent experiments. (E) Combining mutations in the N-terminal BRCT domains in Brc1 with the T672A mutation that disrupts 
binding to γH2A does not increase sensitivity to CPT. (F) The brc1-TH148-9SG, -R268K and -HYP307-9GFG mutations cause sensitivity to TBZ. Ten-fold 
serial dilutions were incubated at 30°C for 2 d.
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is interesting that this close arrangement 
of targeting sequences appears to be con-
served in other Brc1-like proteins that 
contain 6 BRCT domains (e.g., Rtt107 
and PTIP), and likely Mdc1 as well. It 
may be worthwhile to explore through 
domain shuffling whether this arrange-
ment of targeting sequences is necessary 
for the optimum functions of these DNA 
damage response proteins.

A key question that arises from our 
studies is whether the functions of Brc1 in 
chromosome segregation and resistance 
to TBZ are explained by its role in sur-
vival of replication stress. An affirmative 

in pericentromeric heterochromatin as 
observed in brc1Δ mutants.28 We specu-
late that the N-terminal BRCT domains 
mediate protein scaffolding interactions 
that are necessary for Brc1 function once 
it localizes at stalled or damaged replica-
tion forks. The nature of these interac-
tions remains to be discovered.

We also report that the nuclear local-
ization of Brc1 depends on a typical NLS 
sequence of basic amino acids that abut the 
N-terminal side of the BRCT5 domain. 
The fact that the linker region between 
BRCT4 and BRCT5 contains the NLS 
is not especially remarkable; however, it 

NLSs, but the observations raise the ques-
tion of whether the targeting sequences of 
these proteins are closely linked to allow 
efficient import into the nucleus and 
localization at chromatin surrounding 
DNA lesions.

Outlook

Our recent studies support a model in 
which the replication stress-response 
protein Brc1 helps to ensure the efficient 
transmission of heterochromatin markers 
in the chromosomal regions flanking cen-
tromeres in fission yeast (Fig. 1).28 These 
findings are consistent with evidence that 
that RNAi-mediated release of RNA poly-
merase II is required to replicate pericen-
tromeric heterochromatin with replisome 
protein complexes that maintain an inter-
action with the Rik1 holocomplex.24,43 In 
the absence of Brc1 function, it appears 
that partial defects in maintenance of 
pericentromeric heterochromatin lead to 
chromosome segregation defects in cells 
grown in the presence of TBZ.28 These 
findings are also consistent with other 
studies suggesting a requirement for rep-
lication stress-response proteins in main-
taining gene silencing in pericentromeric 
heterochromatin.44,45 Indeed, the Smc5/6 
genome protection complex localizes at 
pericentromeric heterochromatin dur-
ing S-phase in a Clr4-dependent man-
ner, matching the behavior of Brc1.28,45,46 
These similarities strengthen the con-
nections between Brc1 and the Smc5/6 
holocomplex, of which Brc1 was initially 
discovered as a high-copy suppressor of 
the smc6-74 hypomorphic allele.19,20

Brc1 localization in pericentromeric 
heterochromatin largely depends on 
the interaction of its C-terminal BRCT 
domains with γH2A-marked chroma-
tin, although, as we have discovered, the 
requirement for this interaction for TBZ 
resistance only becomes obvious when 
the phosphorylation of histone H2A by 
Bub1 kinase is also ablated.28 The new 
findings reported in this study indi-
cate that the structural integrity of the 
N-terminal BRCT domains is also impor-
tant for its functions in replication stress 
responses and resistance to TBZ (Fig. 2). 
It will be important to determine whether 
these mutations impair gene silencing 

Figure 3. The nuclear localization signal (NLS) of Brc1. (A) Predicted NLS sequences in γH2A-
binding proteins. The highest scoring NLS sequence calculated using cNLS Mapper is shown for 
each protein. The brc1-nls1 mutant allele is also indicated. (B) Live-cell microscopy of wild type, 
truncated and mutant GFP-Brc1. GFP-Brc1 was expressed from pREP42-GFP-brc1 plasmids. Cells 
were grown in EMM (Edinburgh minimal media) for 18–20 h at 30°C. Arrows indicate Brc1 foci. 
Wild type (WT) Brc1 and the N-terminal truncation lacking the N-terminal BRCT domains (brc1-
ΔN398) showed normal Brc1 foci formation, whereas the brc1-nls1 mutant fails to localize in the 
nucleus. The brc1-T672A mutant that cannot bind γH2A localizes in the nucleus but fails to form 
foci. Wild GFP-Brc1 expressed in hta-AQ also fails to form nuclear foci.
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stabilize replication forks that stall because 
of positive supercoiling that occurs ahead 
of the replication fork when it encounters 
a CPT-TopI complex.49 Unraveling the 
role of Brc1 at stalled replication forks will 
be necessary to understand how it func-
tions genome-wide and at pericentromeric 
heterochromatin.
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