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Activation of DNA damage checkpoints requires the rapid accumulation of numerous factors to sites of
genomic lesions, and deciphering the mechanisms of this targeting is central to our understanding of DNA
damage response. Histone modification has recently emerged as a critical element for the correct localization
of damage response proteins, and one key player in this context is the fission yeast checkpoint mediator Crb2.
Accumulation of Crb2 at ionizing irradiation-induced double-strand breaks (DSBs) requires two distinct
histone marks, dimethylated H4 lysine 20 (H4K20me2) and phosphorylated H2AX (pH2AX). A tandem tudor
motif in Crb2 directly binds H4K20me2, and this interaction is required for DSB targeting and checkpoint
activation. Similarly, pH2AX is required for Crb2 localization to DSBs and checkpoint control. Crb2 can
directly bind pH2AX through a pair of C-terminal BRCT repeats, but the functional significance of this binding
has been unclear. Here we demonstrate that loss of its pH2AX-binding activity severely impairs the ability of
Crb2 to accumulate at ionizing irradiation-induced DSBs, compromises checkpoint signaling, and disrupts
checkpoint-mediated cell cycle arrest. These impairments are similar to that reported for abolition of pH2AX
or mutation of the H4K20me2-binding tudor motif of Crb2. Intriguingly, a combined ablation of its two histone
modification binding modules yields a strikingly additive reduction in Crb2 activity. These observations argue
that binding of the Crb2 BRCT repeats to pH2AX is critical for checkpoint activity and provide new insight into
the mechanisms of chromatin-mediated genome stability.

DNA damage response is an essential cellular guard that
protects the genetic material from a constant barrage of geno-
toxic agents. To ensure their survival after genomic insult, cells
orchestrate a signaling cascade that leads to checkpoint-medi-
ated cell cycle arrest and the repair of damaged DNA (16, 35).
A failure in this process can have catastrophic cellular conse-
quences leading to the development of numerous disorders
such as cancer (18, 30, 32). Because of its intimate connection
with human health, deciphering the molecular mechanisms of
DNA damage response is of high interest (16, 20).

Recently, histone posttranslational modification has emerged
as one element that is critical for ensuring a faithful response to
genomic challenge (7, 31). An octamer of the four core histones,
H3, H4, H2A, and H2B, forms the core protein component of
chromatin, and cells possess a considerable number of enzymes
that target histones for posttranslation modification (21). These
marks can impinge upon many aspects of DNA biology by acting
to directly alter chromatin structure or by serving as a binding
scaffold for the recruitment of regulatory factors (24).

In the context of DNA damage response, one factor that is
intimately linked with histone modification is the fission yeast
DNA damage checkpoint protein Crb2. After genomic insult,
DNA damage checkpoints function to halt cell cycle progres-
sion, ensuring sufficient time for lesion repair (16, 35). In the
fission yeast Schizosaccharomyces pombe, regulating the tran-
sition from G2 to mitosis (G2/M) represents the major DNA
damage checkpoint and Crb2 is essential for this activity (4,
34). Crb2 is a member of a family of checkpoint regulators that

have been termed mediators because they are thought to trans-
mit the checkpoint signal from damage-sensing ATM/ATR-
related kinases to effector kinases, such as Chk1, that trigger
cell cycle arrest (11, 25). Crb2 is closely related to budding
yeast Rad9 and mammalian p53 binding protein 53BP1, which
all share two distinct domains, a tandem tudor motif and a pair
of C-terminal BRCT repeats (Fig. 1A) (11, 25). Besides 53BP1,
Crb2 also shares some functional similarities with other mam-
malian BRCT-containing checkpoint regulators, such as
MDC1 and BRCA1 (11, 25). In response to ionizing irradia-
tion (IR), the rapid accumulation of Crb2 and other check-
point proteins can be readily visualized as nuclear foci that
mark sites of double-strand breaks (DSBs) (9, 25). Under-
standing the mechanisms that govern this targeting has been an
area of intense interest, and for Crb2 this accumulation re-
quires two distinct histone marks: dimethylation of histone H4
lysine 20 (H4K20me2) and phosphorylated H2AX (pH2AX)
(27, 36).

Mono-, di-, and trimethyl H4K20 are conserved chromatin
marks that are readily detectable in fission yeast and mamma-
lian cells (29, 36). In fission yeast, the Kmt5 methylase cata-
lyzes all three H4K20 methyl modifications and its inactivation,
or mutation of its H4K20 substrate, severely diminishes Crb2
accumulation at DSBs and compromises checkpoint activity
(10, 36). Note that as outlined by the unified nomenclature for
the naming of histone lysine methyltransferases (2), the fission
yeast H4K20 methylase previously known as Set9 (36) is now
termed Kmt5. The requirement for H4K20 methylation is me-
diated by the tandem tudor domains of Crb2 that preferentially
bind H4 tail peptides dimethylated at lysine 20 (3, 14). Tudor
motif mutations impair Crb2 DSB targeting and genome in-
tegrity in a manner analogous to loss of Kmt5 activity, and
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dimethylation of H4K20, but not trimethylation, is required for
Crb2 activity (10, 14, 42). The tudor domain of 53BP1 can also
directly bind H4K20me2, and this recognition event is required
for its accumulation at IR-induced DSBs (3, 23, 45).

After DNA damage, serine 139 phosphorylation in the mam-
malian H2A variant H2AX, or a homologous site in canonical
yeast H2A, specifically marks sites of genomic lesions (7, 12).
The fission yeast genome encodes two H2A proteins, H2A.1
and H2A.2, which differ slightly in their primary amino acid
sequence. Phosphorylation of S129 in H2A.1 and S128 in
H2A.2 is collectively referred to as phosphorylated H2AX
(pH2AX). The ATM/ATR family of PI3-like kinases that in-
cludes the fission yeast Rad3 and Tel1 enzymes catalyzes
pH2AX (37). H2AX phosphorylation has a critical role in
controlling both DNA repair and checkpoint activation in a
variety of organisms from yeast to humans (7, 12). Central to
its function is the ability of the pH2AX mark to coordinate the
recruitment of a number of proteins to genomic lesions, and
several factors can directly bind the modification (40). Serine-
to-alanine substitutions at the H2AX phosphorylation site in
fission yeast H2A (h2ax�) severely reduce Crb2 accumulation
at IR-induced DSBs and compromise the ability of cells to
maintain checkpoint cell cycle arrest in a manner very similar
to loss of H4K20 methylation (10, 27).

The mechanism underlying the control of Crb2 DSB target-

ing and checkpoint activation by pH2AX is not understood.
Because BRCT domains are known phospho-binding motifs
(13), the initial demonstration that pH2AX is required for
Crb2 function suggested that direct binding to the modification
by Crb2 is critical for checkpoint activity (27). Supporting this
idea, it has been demonstrated that the Crb2 BRCT repeats
directly and specifically bind pH2AX peptides (22). Structural
and biochemical studies have also identified a conserved
pH2AX-binding motif in the BRCT repeats of Crb2, budding
yeast Rad9, and human MDC1 and 53BP1 (Fig. 1A) (15, 22,
39). As would be expected, mutation of Crb2’s critical phos-
pho-binding motif impairs cell survival after DNA damage
(22). Unexpectedly though, loss of its pH2AX-binding activity
did not significantly affect the ability of Crb2 to localize to
IR-induced DSBs (22). Rather, mutation of the Crb2 pH2AX-
binding motif altered the kinetics of Rad22 accumulation at
DSBs and triggered a prolonged checkpoint arrest after IR
exposure (22). From these observations it was suggested that
binding of the Crb2 BRCT repeats to pH2AX is critical for
aspects of DNA repair but is not central to Crb2 targeting and
checkpoint activity (22).

The apparent dispensability of its pH2AX-binding motif in
controlling Crb2 localization to IR-induced DSBs (22) was a
surprising observation because of the established requirement
for the pH2AX modification (10, 27). The extended check-
point delay seen in Crb2 pH2AX-binding mutants (22) was
also unexpected because h2ax� cells cannot maintain check-
point-mediated cell cycle arrest (10, 27). The prolonged check-
point arrest was also surprising because a defect in IR-induced
Chk1 phosphorylation was observed in the same Crb2 pH2AX-
binding mutants (22). For these reasons we sought to reeval-
uate the requirement for the pH2AX-binding module of Crb2
in controlling DNA damage checkpoint activity. We demon-
strate that the critical phospho-coordinating residue of Crb2 is
required for binding to pH2AX peptides, Crb2 accumulation
at IR-induced DSBs, cell survival after DNA damage, and
maintenance of checkpoint-mediated cell cycle arrest. The ob-
served impairments are similar to that reported for abolish-
ment of pH2AX or mutation of the H4K20me2 binding tudor
motif of Crb2. Strikingly, a combined ablation of the two mod-
ification binding modules of Crb2 produces an additive impair-
ment in checkpoint dysfunction and genome integrity. These
results argue that recognition of pH2AX by its BRCT repeats
is critical for Crb2 accumulation at genomic lesions and its
subsequent checkpoint activity. These observations also cor-
roborate the independent findings of Sofueva et al. (38), who
have observed a similar requirement for Crb2 binding to
pH2AX in controlling DSB targeting and checkpoint activity.

MATERIALS AND METHODS

Strains and manipulations. Relevant strains are listed in Table 1. Yeast cell
growth, DNA damage phenotyping, DNA damage checkpoint assays, localiza-
tion experiments, and generation of mutants were performed essentially as de-
scribed previously (14, 36).

Binding experiments. N-terminally tagged glutathione S-transferase (GST)
expression constructs for wild-type (WT) and mutant Crb2 BRCT domain pro-
teins (amino acids 521 to 778) were generated by PCR cloning. Expression and
purification of GST-tagged proteins from Escherichia coli was performed essen-
tially as described previously (17). Fission yeast H2A.1 peptides (CRTGKPS
QEL) encompassing amino acids 124 to 132 plus an N-terminal cysteine, with
S129 either unmodified or phosphorylated, were cross-linked to SulfoLink resin

FIG. 1. Crb2 pH2AX-binding mutations. (A) Top, schematic rep-
resentation of Crb2 (not drawn to scale) with relevant mutations in-
dicated. Bottom, protein sequence alignment of a portion of the BRCT
phospho-binding motifs from Schizosaccharomyces pombe (sp) Crb2,
human (h) 53BP1, human MDC1, and Saccharomyces cerevisiae (sc)
Rad9. Identical residues are shaded black; similar residues are shaded
gray. *, Crb2 phospho-binding residues. (B) The Crb2 BRCT domains
specifically interact with pH2AX. Peptide pulldowns were performed
as described in the text with C-terminal fission yeast H2A.1 peptides
either unmodified or phosphorylated at Ser129 (see � or � pH2AX)
and increasing amounts of the indicated recombinant Crb2 BRCT
domain fragments (�0.1 and 0.3 �M). After binding and washing,
SDS-PAGE and Coomassie staining were used to visualize peptide-
bound protein. A fraction of the total protein used for binding was also
visualized (Input).
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(Pierce). Five �g of immobilized peptides was incubated with purified BRCT
protein (�0.1 and 0.3 �M final concentration) in binding buffer (25 mM Tris-
HCl, pH 7.0, 1 mM dithiothreitol [DTT], 1 mM EDTA, 0.2 M NaCl, 0.5%
NP-40) for 1 h at 4°C. After binding, the resin was washed with binding buffer
and precipitated protein was subjected to SDS-PAGE and Coomassie staining.

Antibodies and Western blotting. For quantitative analysis of Chk1 phosphor-
ylation, cells were harvested from log-phase cultures grown at 30°C in rich media
and IR irradiated at �10 Gy per minute, and cell pellets (4 � 107 cells) were
frozen on dry ice. Frozen pellets were resuspended in 200 �l of SDS-PAGE load
buffer, lysed with glass beads in a FastPrep FP120 (Q-Biogene), and immediately
heated at 90°C for 5 min. After a brief centrifugation, samples were subjected to
SDS-PAGE and transferred to a low-fluorescence nitrocellulose membrane (Li-
Cor Bioscience). Membranes were blocked in TBST (Tris-buffered saline with
0.05% Tween 20) containing 2% ECL advance blocking reagent (GE), incubated
with anti-HA (Santa Cruz Biotechnology, sc-7396) overnight at 4°C, briefly
washed with TBST, incubated with Alexa Fluor 488 conjugated secondary anti-
body (Invitrogen) for 1 h at ambient temperature, washed extensively with TBST
and briefly with TBS, and imaged on a Typhoon 8600 (GE). The ratio of the
phosphorylated to unphosphorylated Chk1 bands was then calculated using
Quantity One software (Bio-Rad).

To monitor Crb2 protein expression, extracts were prepared as detailed above
and standard Western blotting was performed with polyclonal anti-Crb2 anti-
body (9) and anti-histone H3 antibody (Abcam ab1971).

RESULTS

Crb2 pH2AX-binding mutations. To reinvestigate the re-
quirement for pH2AX recognition in controlling Crb2 func-
tion, we first sought to generate several crb2 alleles deficient in
phospho-binding activity. We focused our studies on Lys619 of

Crb2 because this residue has a conserved role in coordinating
pH2AX in the BRCT repeats of Crb2, Rad9, and MDC1 (Fig.
1A) (15, 22, 39). The phospho-binding capability of this lysine
residue is also conserved in the BRCA1 BRCT repeats that bind
phosphorylated BACH1 (6, 39). To allow a direct comparison
with published observations, we generated the same K619E sub-
stitution used by Kilkenny et al. in their characterization of the
Crb2 BRCT motif (22). A K619M mutation was also utilized
because methionine substitutions were used to examine the phos-
pho-binding lysine in the Rad9 and MDC1 BRCT repeats (15,
39). As a third allele, a K619A substitution was also generated.

We first investigated the pH2AX-binding activity of the
three different Lys619 substitutions using a peptide-binding
assay (Fig. 1B). Purified recombinant WT and mutant GST-
tagged BRCT domain proteins were incubated with immobi-
lized C-terminal H2A.1 peptides either unmodified or phos-
phorylated at Ser129 (see � or � pH2AX, Fig. 1B). After
being bound and washed, peptide-bound protein was visual-
ized by SDS-PAGE. As expected, WT BRCT protein effi-
ciently bound the phosphorylated peptide but not the unmod-
ified peptide (Fig. 1B). Importantly, this interaction was
severely diminished by all three Lys619 substitutions (Fig. 1B).
These results indicate that the Crb2 BRCT repeats can specif-
ically bind pH2AX and that all three crb2K619 mutations sig-
nificantly reduce this interaction.

The pH2AX-coordinating residue of Crb2 is required for
DSB targeting. After IR exposure, Crb2 rapidly accumulates at
sites of DSBs in a pH2AX-dependent fashion (9, 27) and its
BRCT repeats can directly bind the same modification (Fig.
1B) (22). To examine the requirement of this interaction in
Crb2 DSB targeting, live cell imaging was used to measure the
ability of the three Crb2K619 mutants to localize to IR-in-
duced DSBs (Fig. 2A). In this assay a GFP-tagged crb2 allele,
under the control of the moderately expressed nmt81 pro-
moter, is integrated into the fission yeast genome as the sole
source of the protein (36). Cells were grown in minimal media
and processed for imaging either immediately before (Fig. 2A,
0 Gy) or immediately after (Fig. 2A, 36 Gy) IR exposure. To
examine the stability of Crb2 foci, irradiated cells were allowed
to recover for 1.5 h before being imaged (Fig. 2A, 1.5 h Post 36
Gy). Figure 2A demonstrates that WT GFP-Crb2 localized
throughout the nucleus before irradiation, but distinct foci
readily formed at sites representing DSBs after irradiation (9).
In contrast, cells harboring any of the three Lys619 substitu-
tions displayed a dramatic reduction in focal accumulation
both immediately and 1.5 h after irradiation (Fig. 2A). These
results indicate that the pH2AX-binding activity of Crb2 is
required for its accumulation at IR-induced DSBs.

The pH2AX-binding activity of Crb2 is required for cell
survival after DNA damage. We next examined the require-
ment for the Crb2 pH2AX-binding module in controlling ge-
nome stability after DNA damage. The K619M, K619E, and
K619A mutations were introduced into the endogenous crb2
allele, and DNA damage phenotyping was used to examine
genome stability. Figures 2B and C demonstrate that cells
harboring each of the crb2K619 mutations displayed a similar
pattern of damage sensitivity. Compared to WT cells, these
mutants are hypersensitive to IR, UV light (UV), and the
topoisomerase I poison camptothecin (CPT). The levels of
hypersensitivity of the crb2K619M and crb2K619E mutants

TABLE 1. Fission yeast strains

Strain Genotype

YSLS702 .......................................h� crb2�kan leu1-32::leu1� pJK148-
REP81-GFP-crb2�

YSLS706 .......................................h� crb2�kan leu1-32::leu1� pJK148-
REP81-GFP-crb2K619M

YSLS707 .......................................h� crb2�kan leu1-32::leu1� pJK148-
REP81-GFP-crb2K619A

YSLS738 .......................................h� crb2�kan leu1-32::leu1� pJK148-
REP81-GFP-crb2K619E

YSLS710 .......................................h�

YSLS711 .......................................h� crb2T215A
YSLS712 .......................................h� crb2Y378Q
YSLS714 .......................................h� crb2K619M
YSLS715 .......................................h� crb2K619A
YSLS716 .......................................h� crb2�kan
YSLS717 .......................................h� crb2Y378Q-K619M
YSLS718 .......................................h� kmt5�kan
YSLS719 .......................................h� kmt5�kan crb2T215A
YSLS722 .......................................h� kmt5�kan crb2K619M
YSLS725 .......................................h� crb2T215A-Y378Q
YSLS726 .......................................h� crb2T215A-K619M
YSLS727 .......................................h� crb2T215A-Y378Q-K619M
YSLS747 .......................................h� crb2K619E
YARA36 .......................................h� chk1-HA
YARA37 .......................................h� chk1-HA crb2T215A
YARA38 .......................................h� chk1-HA crb2Y378Q
YARA40 .......................................h� chk1-HA crb2K619M
YARA41 .......................................h� chk1-HA crb2�kan
YARA42 .......................................h� chk1-HA crb2Y378Q-K619M
YSLS762 .......................................h� chk1-HA crb2K619A
YSLS764 .......................................h� chk1-HA crb2K619E
YSLS778 .......................................h� wee1-50
YSLS779 .......................................h� wee1-50 crb2�kan
YSLS780 .......................................h� wee1-50 crb2K619M
YSLS781 .......................................h� wee1-50 crb2K619A
YSLS782 .......................................h� wee1-50 crb2K619E
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were very similar, but the crb2K619A mutation yielded a mod-
erately less severe phenotype (Fig. 2B and C). All three
pH2AX-binding mutants only partially inactivated Crb2 func-
tion, as indicated by the more pronounced hypersensitivity
seen with a complete loss of crb2� (see Fig. 2B, crb2�). The
crb2K619 mutants were also only very weakly sensitive to the
replication inhibitor hydroxyurea (HU), in contrast to the sig-
nificant sensitivity of crb2� cells (Fig. 2B). Importantly, immu-
noblotting with polyclonal Crb2 antibody revealed that all
three mutants were expressed at levels similar to that of WT
Crb2 protein (Fig. 2D). We conclude that the Crb2 pH2AX-
binding activity is required for efficient cell survival after geno-
toxic challenge.

DNA damage checkpoint control requires Crb2 pH2AX-
binding activity. We next examined the activity of the G2/M
DNA damage checkpoint in the substitution mutants (Fig. 3).
IR-induced cell cycle arrest was first examined by synchroniz-
ing cells in G2 with size separation and then monitoring their
rate of mitotic progression by DAPI staining after either no
treatment or exposure to IR. A representative experiment

comparing WT and crb2K619M cells after either 0 or 500 Gy of
IR is shown in Fig. 3A. These data demonstrate that both WT
and crb2K619M cells progressed through mitosis at a similar
rate in the absence of irradiation. In contrast, after IR expo-
sure crb2K619M cells prematurely released into mitosis �45
minutes prior to WT cells and the vast majority of these early-
releasing cells displayed significant fragmentation and/or mis-
segregation of nuclei (Fig. 3A and B). This catastrophic mitosis
is indicative of cells prematurely entering the cell cycle with
damaged DNA. A similar impairment in checkpoint mainte-
nance was also observed in crb2K619A and crb2K619E cells
(data not shown). To provide a quantitative assessment of
checkpoint dysfunction in all three crb2K619 mutants, we de-
termined the checkpoint delay after exposure to 200 and 500
Gy of IR by measuring the time difference required for 50% of
the cells to pass mitosis with or without irradiation (Fig. 3A,
dashed lines). We also determined the fraction of cells that
underwent an aberrant mitosis at the time point at which 50%
of the cells had passed mitosis after irradiation (see arrow-
heads in Fig. 3A). This analysis revealed that after 500 Gy of

FIG. 2. The pH2AX-binding motif of Crb2 is required for accumulation at IR-induced DSBs and cell survival after DNA damage. (A) Strains
harboring a GFP-tagged crb2 allele were processed for live cell imaging either immediately before (0 Gy), immediately after (36 Gy), or 1.5 h after
(1.5 h Post 36 Gy) IR exposure. Left shows a panel of representative images from cells either untreated (0 Gy) or immediately after irradiation
(36 Gy). Right, quantification of nuclei with one or more Crb2 foci. Data are averaged from results of three independent experiments in which
200 to 300 cells were counted for each point. (B and C) Crb2 Lys619 mutations induce hypersensitivity to DNA damage. (B) Strains harboring the
indicated mutation at the endogenous crb2 allele were grown in liquid culture, and fivefold serial dilutions were spotted onto either rich medium
or rich medium containing the indicated amounts of CPT or HU. Cells spotted onto rich medium were then untreated (control) or irradiated with
the indicated dose of IR (in grays [Gy]) or UV (in joules [J]/m2). All plates were then incubated at 30°C. For panel C, quantitative IR survival
curves were performed. Log-phase cells grown in liquid culture at 30°C were treated with the indicated amount of IR (x axis), and 600 to 800 cells
were plated in duplicate onto rich medium plates. Colony formation was measured after incubation at 30°C, and survival was plotted relative to
the unirradiated 0 Gy sample (y axis). Data are averaged from results of three independent experiments with a standard error of 10% or less.
(D) Expression of mutant Crb2 proteins. Total cell lysates were prepared from the top-labeled strains and processed for Western blotting using
the indicated (left) polyclonal antibodies.
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IR all three crb2K619 mutations displayed a reduction in
checkpoint delay and a dramatic increase in aberrant mitosis
relative to WT cells (Fig. 3C). Consistent with phenotypic
observations (Fig. 2B and C), the observed defects were least
pronounced in crb2K619A cells. After 200 Gy of IR, a reduc-
tion in checkpoint delay was not readily apparent in crb2K619
cells, but these mutants did display a marked increase in ab-
errant mitosis compared to that of WT cells (Fig. 3C). This less
severe level of checkpoint dysfunction is consistent with the
lower hypersensitivity of crb2K619 mutants at 200 Gy versus
500 Gy of IR (Fig. 2C).

To investigate checkpoint activity at the molecular level we
examined IR-induced phosphorylation of the Chk1 effector
kinase because this is a well-established marker for G2/M
checkpoint activation (4). Asynchronous WT, crb2K619 mu-
tants, and crb2� cells were IR treated and then immediately
processed by quantitative fluorescent Western blotting to mon-
itor Chk1 phosphorylation (see Materials and Methods). Fig-

ure 3D demonstrates that all three Lys619 substitutions im-
paired Chk1 activation over a broad range of IR doses.
Consistent with phenotypic observations (Fig. 2B and C), this
decrement was only a partial inactivation and contrasts with
crb2� cells that are essentially completely defective in Chk1
phosphorylation (Fig. 3D). Note that unlike the checkpoint
delay observations in Fig. 3C, where crb2K619A cells dis-
played a lower level of dysfunction, all three crb2K619 mu-
tations yielded a similar reduction in Chk1 phosphorylation
(Fig. 3D). We reason it is likely that the Chk1 phosphory-
lation assay does not have sufficient sensitivity to resolve
such differences because asynchronous cells are used in this
experiment. Together, the results of Fig. 3A to D indicate
that the pH2AX-binding activity of Crb2 is required for
optimal checkpoint signaling and maintenance of check-
point-mediated cell cycle arrest.

Synthetic sick interaction between the crb2K619 and wee1-50
mutations. To provide an independent assessment of check-

FIG. 3. The pH2AX-binding activity of Crb2 is required for a fully functional G2/M DNA damage checkpoint. (A) DNA damage checkpoint
assay. Strains were grown in rich media at 30°C and G2 synchronized by lactose gradient sedimentation. G2 cells were then either untreated (0 Gy)
or IR exposed (500 Gy) and allowed to recover at 30°C in liquid media. Cell aliquots were taken every 15 min (time indicated on x axis) and
methanol fixed, and mitotic progression was assessed by DAPI staining (y axis). Shown are representative data from a single experiment with WT
and crb2K619M cells in which 200 to 300 cells were counted for each point. (B) Representative images of DAPI-stained WT and crb2K619M cells
after exposure to either 0 or 500 Gy of IR (time indicated at left). Arrowheads denote the septa of two crb2K619M cells that have undergone
aberrant mitosis as indicated by unequal segregation of nuclei (right cell) or nuclear fragmentation (left cell). (C) Quantification of checkpoint
delay (top) and aberrant mitosis (bottom) in crb2K619 mutants. Checkpoint delay was determined by measuring the difference in time required
for 50% of the cells to pass mitosis with or without irradiation (see dashed lines in panel A). Aberrant mitosis was calculated by plotting the
percentage of aberrant cells after IR exposure and then determining the intercept at the time point for which 50% of cells had passed mitosis (see
arrowheads in panel A). Data are averaged from results of three independent experiments in which all four strains were processed at 0 and 200
Gy or 0 and 500 Gy simultaneously. (D) Lys619 of Crb2 is required for optimal IR-induced Chk1 phosphorylation. Strains harboring chk1-HA3
and the labeled crb2 mutations (top) were treated with the indicated dose of IR (left) and immediately processed for quantitative Western blotting
using anti-HA and a fluorescent secondary antibody (see Materials and Methods). After fluorescent imaging, the ratio of phosphorylated (p) versus
unphosphorylated Chk1 was determined. The left shows a representative image from a single experiment, and data from two independent
experiments are averaged and plotted with standard deviation on the right. (E) Synthetic sick interaction between the crb2K619 and wee1-50
mutations. Serial dilutions of strains with the left-labeled mutations were spotted onto rich media and grown at the indicated temperature.
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point control in the crb2K619 mutants we next examined their
genetic interaction with the Wee1 kinase. Wee1 acts as a neg-
ative regulator of cell cycle progression by inhibiting Cdc2
activity through Tyr15 phosphorylation (26). Although cells
harboring a deletion of wee1� are viable, the wee1� mutation
is lethal when combined with checkpoint rad mutations (1, 33).
In contrast, the wee1-50 temperature-sensitive allele is viable at
the permissive temperature when coupled with checkpoint rad
and chk1 mutations, but double mutants lose the ability to
form colonies at the nonpermissive temperature (1, 33, 41).
From these observations it has been argued that DNA damage
checkpoint control becomes essential for cell viability in the
absence of unrestrained Cdc2 activity. We reasoned that like
checkpoint rad mutations, crb2 mutations would also display a
synthetic sick interaction with wee1-50. To test this hypothesis
the wee1-50 allele was combined with either the crb2� or the
three different crb2K619 mutations and the abilities of these
mutants to grow at the permissive (25°C) and nonpermissive
(37°C) temperatures were assessed. Figure 3E demonstrates
that all individual crb2 mutants grew similarly to WT cells at
both the permissive and nonpermissive temperatures. As ex-
pected, wee1-50 cells grew similarly to WT cells at the permis-

sive temperature but showed impaired growth at the nonper-
missive temperature. Combining the wee1-50 and crb2
mutations produced a pronounced reduction in the ability of
cells to form colonies at the nonpermissive temperature. Con-
sistent with their partial inactivation of Crb2, crb2K619 muta-
tions displayed a weaker interaction with wee1-50 than did
crb2� (Fig. 3E). These observations indicate that combining
the wee1-50 and crb2K619 mutations produces a synthetic sick
interaction and provide independent genetic support for the
defects in DNA damage checkpoint control observed in Fig.
3A to D.

A combined loss of H4K20me2 and pH2AX-binding activity
additively impairs Crb2 function. Because crb2K619 mutations
only partially inactivate Crb2 (Fig. 2 and 3), we next explored
whether a combined loss of H4K20me2 and pH2AX binding
might further inactivate Crb2. To decipher the functional re-
lationship between the two modification binding motifs, we
compared cell survival after DNA damage and checkpoint
activation in cells harboring the crb2Y378Q and crb2K619M
mutations, either individually or in combination (Fig. 4).
Tyr378 is one of five critical residues that make up the tudor
methyl-lysine binding cage (3). We have previously demon-

FIG. 4. A combined loss of H4K20me2 and pH2AX-binding activity impairs Crb2 function additively. (A and B) Phenotyping and IR survival
curves were performed as described for Fig. 2B and C. IR data are averaged from results of three independent experiments with a standard error
of 10% or less. (C and D) G2/M DNA damage checkpoint activity and Chk1 phosphorylation were monitored as detailed in Fig. 3A and D. The
top of panel D shows a representative image from a single experiment, and data from two independent experiments are averaged and plotted with
standard deviation on the bottom. (E) Crb2 protein levels in mutant strains. Strains with the top-labeled mutations were processed for Western
blotting as described for Fig. 2D.
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strated that the crb2Y378Q mutation disrupts H4K20me2 bind-
ing, diminishes Crb2 accumulation at IR-induced DSBs, and
impairs checkpoint activity (14). Figures 4A and B show that
inactivation of either the methyl-binding or phospho-binding
motifs of Crb2 impairs cell survival after DNA damage to a
similar degree (compare crb2Y378Q and crb2K619M). A sim-
ilar impairment in both checkpoint-mediated cell cycle arrest
and IR-induced Chk1 phosphorylation was also observed in
each individual mutant (Fig. 4C and D). Interestingly, a com-
bined loss of both binding activities (crb2Y378Q-K619M) pro-
duced a strikingly additive reduction in checkpoint activity and
cell survival after DNA damage (Fig. 4A to D). The additive
impairment in activity was not due to differences in Crb2 pro-
tein levels, because all mutants were expressed equally (Fig.
4E). Further, a similar additive effect was also observed when
the crb2Y378Q and crb2K619A mutations were combined (data
not shown). The severity of the defects in the double mutant
were similar to that seen in crb2T215A cells that are defective
in Cdc2-dependent Crb2 phosphorylation (references 5 and 28
and see below) but still less pronounced than that of crb2�
cells. These observations indicate that a loss of either tudor or
BRCT modification binding activity impairs Crb2 function sim-
ilarly, but a combined ablation produces a marked increase in
dysfunction.

To probe the interaction between the two modification bind-
ing pathways further, we also combined the crb2K619M
pH2AX-binding mutant with a loss of H4K20me2 by ablating
the Kmt5 methylase (kmt5�). The crb2Y378Q and kmt5� mu-
tations are genetically indistinguishable, whether introduced
individually or in combination (14). From this it was expected
that the crb2K619M and kmt5� mutants would display the
same additive impairment in genome integrity as observed with
the double crb2 mutant. This expectation was realized because
the double crb2K619M-kmt5� mutant displayed IR hypersen-

sitivity that was significantly more pronounced than that of
either single mutant (Fig. 4B). Importantly, the severities and
patterns of damage hypersensitivity for the double crb2K619M-
kmt5� and crb2Y378Q-K619M mutants were essentially indis-
tinguishable (Fig. 4B and data not shown). Predictably, a com-
bined triple mutation was also equivalent to either double
mutation (data not shown). These observations indicate that
when combined, the crb2K619M and kmt5� mutations are ad-
ditive in their inactivation of Crb2, similar to the crb2K619M
and crb2Y378Q binding domain mutations.

Both histone modification binding modules are required for
Crb2 activity in the absence of Thr215 phosphorylation. After
DNA damage, Thr215 of Crb2 is hyperphosphorylated in a
Rad3- and Cdc2-dependent fashion (5, 28). Ablation of this
phosphorylation site with the crb2T215A mutation does not
impair accumulation of Crb2 at IR-induced DSBs but does
abolish targeting to a persistent HO-induced site-specific DSB
and partially inactivates checkpoint activity (10, 28). Others
and we have previously demonstrated that recognition of
H4K20me2 becomes essential for Crb2 function in the absence
of Thr215 phosphorylation (10, 14, 28, 36). When Thr215 phos-
phorylation is abolished, pH2AX is also indispensable for Crb2
activity, as crb2T215A-h2ax� cells display phenotypic defects
that are similar to a complete deletion of crb2� (28). We next
asked if the pH2AX-binding motif of Crb2 is also essential for
its activity in the absence of Thr215 phosphorylation. To ad-
dress this question, a double crb2T215A-K619M mutant was
generated and its sensitivity to DNA damage was compared to
that of each individual mutant. Figure 5A and B demonstrate
that the double mutation yields a near-complete loss of Crb2
function because crb2T215A-K619M cells are almost as hyper-
sensitive to DNA damage as crb2� cells. This additive impair-
ment in Crb2 function is identical to that observed when the
crb2T215A mutation is combined with either the kmt5� or

FIG. 5. Both histone modification binding modules are required for Crb2 activity in the absence of Thr215 phosphorylation. (A and B)
Phenotyping and IR survival curves were performed with strains harboring the indicated mutations as described for Fig. 2B and C. IR data are
averaged from results of three independent experiments with a standard error of 10% or less. (C) Crb2 protein levels in mutant strains. Strains
with the top-labeled mutations were processed for Western blotting as described for Fig. 2D.
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crb2Y378Q mutations. Again, these additive interactions are
not due to differing levels of Crb2 protein because all mutants
are expressed equally well (Fig. 5C). Interestingly, a mutant
with a combined triple ablation of Thr215 phosphorylation and
both modification binding modules (crb2T215A-Y378Q-
K619M) was modestly more sensitive to IR than either double
mutant (Fig. 5B). This is consistent with the additive nature of
the crb2K619M and crb2Y378Q mutations (Fig. 4). The results
in Fig. 5 indicate that the pH2AX-binding activity of Crb2 is
essential for its function in the absence of Thr215 phosphory-
lation.

DISCUSSION

H2AX phosphorylation plays a central role in coordinating
fission yeast checkpoint activation and genome stability. A key
aspect of this role is the ability of pH2AX to control the
targeting and activity of the checkpoint mediator Crb2, but the
mechanism underlying this control has been unclear. Initial
studies suggested that a direct interaction between its BRCT
repeats and pH2AX may control Crb2 activity (27). The recent
demonstration that the Crb2 BRCT repeats can directly bind
the modification through a conserved pH2AX-binding motif
has added support to this idea (22). We have extended this
work by demonstrating that amino acid substitutions in its
critical pH2AX-coordinating residue severely diminish the
ability of Crb2 to accumulate at IR-induced DSBs (Fig. 2).
This Crb2 targeting defect is similar to that shown for h2ax�

cells that are deficient in pH2AX (10, 27). The requirement for
its pH2AX-binding motif in DSB targeting is also consistent
with the demonstration that a heterologous dimerization motif
can substitute for the majority of BRCT function but cannot
mediate Crb2 accumulation at IR-induced DSBs (8). The Crb2
pH2AX-binding mutants are also hypersensitive to genotoxic
challenge, display an inability to maintain cell cycle arrest me-
diated by the G2/M DNA damage checkpoint, and impair
checkpoint signaling (Fig. 2 and 3). These defects are less
severe than a complete deletion of crb2� and indicate that loss
of pH2AX binding only partially inactivates Crb2. This partial
inactivation is also comparable to that observed after ablation
of pH2AX, because h2ax� cells display similar defects in ge-
nome stability and checkpoint activity (10, 27). Consistent with
the observed defects in DNA damage checkpoint control, we
have also demonstrated a synthetic sick interaction between
the crb2K619 and wee1-50 mutations (Fig. 3E). Further, as with
the pH2AX modification, we have also shown that the
pH2AX-binding activity of Crb2 is essential for its function in
the absence of Thr215 phosphorylation (Fig. 5). This under-
scores the genetic similarities between the pH2AX-binding
BRCT motif of Crb2 and the pH2AX chromatin mark. To-
gether these observations argue that direct recognition of
pH2AX by its BRCT repeats is a key mechanism for control-
ling Crb2 targeting and checkpoint activity. Our findings are
also corroborated by the independent work of Sofueva et al.
(38), who have observed a similar requirement for the pH2AX-
binding activity of Crb2 in DSB targeting and checkpoint con-
trol.

As discussed in the introduction, these studies were
prompted by a previous report suggesting that the pH2AX-
binding activity of Crb2 is not required for DSB targeting or

maintenance of checkpoint-mediated cell cycle arrest (22). Us-
ing a K619E substitution, Kilkenny et al. reported that a loss of
pH2AX-binding activity induced a prolonged checkpoint ar-
rest and did not alter Crb2 accumulation at IR-induced DSBs
(22). These results contrast with our demonstration that
crb2K619 mutants cannot efficiently localize to IR-induced
DSBs or maintain checkpoint-mediated cell cycle arrest (Fig. 2
and 3). Because we have used the same K619E substitution as
Kilkenny et al., as well as K619M and K619A substitutions, the
reason for this discrepancy is not completely clear. In the case
of Crb2 targeting, the difference may be reflective of the dif-
ferent protocols used to monitor accumulation at IR-induced
DSBs. We have used an established live cell imaging protocol
(9, 36), whereas a cell fixation method was used by Kilkenny et
al. (22). The reason for the observed differences in checkpoint
defects is less clear because we have used protocols similar to
those of Kilkenny et al. (1). Interestingly, although Kilkenny et
al. observed a prolonged checkpoint arrest in crb2K619E cells,
IR-induced Chk1 phosphorylation and cell survival after DNA
damage was impaired to a degree similar to what we have
observed. Kilkenny et al. also reported that the kinetics of
Rad22 accumulation at IR-induced DSBs was altered in
crb2K619E cells (22). We have not attempted to examine DNA
repair in our crb2K619 mutants.

Interestingly, the level of IR and UV sensitivity we have
observed in the crb2K619 mutants is similar to that reported
for h2ax� cells, but h2ax� cells display a much more pro-
nounced hypersensitivity to CPT and HU (10, 27). This sug-
gests that after exposure to either CPT or HU, pH2AX may
have roles in promoting genome stability that occur indepen-
dently of its interaction with the Crb2 BRCT repeats. This idea
is supported by the recent characterization of fission yeast Brc1
as a second pH2AX-binding protein that functions indepen-
dently of Crb2 (44). How pH2AX may discriminate between its
different effector molecules is unknown and will be of high
interest in the future.

Our observations argue that the checkpoint activity of
pH2AX in fission yeast cells is mediated through its interaction
with the Crb2 BRCT repeats. This is similar to the situation for
budding yeast, where the interaction between pH2AX and
Rad9 is key for checkpoint control (15). Interestingly, the
BRCT repeats of the Crb2-related mammalian 53BP1 protein
are also capable of binding pH2AX (22), but the 53BP1 BRCT
motif is not required for its accumulation at DSBs (19, 43).
Rather, in mammalian cells recognition of pH2AX by the
BRCT repeats of the MDC1 mediator is thought to be a
primary mechanism by which the modification exerts its coor-
dinating activity (39). This indicates that although some diver-
gence in recognition factors has occurred, the mechanisms of
pH2AX-mediated genome integrity have been conserved
through evolution.

A very intriguing finding from this work is the strikingly
additive reduction in Crb2 activity that is seen by a combined
abolishment of H4K20me2 and pH2AX binding (Fig. 4). The
crb2Y378Q and crb2K619M mutations display very similar de-
fects, but a combined ablation results in a marked decrease in
both cell survival after DNA damage and checkpoint activity.
Despite this striking effect, the double binding domain mutant
still only partially inactivates Crb2. We presume that this indi-
cates that even in the absence of histone modification binding,
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some fraction of Crb2 must still localize to lesion-adjacent
chromatin to mediate checkpoint signaling. This recruitment is
not readily observable by microscopy because the crb2Y378Q
and crb2K619M mutations severely compromise IR-induced
focal accumulation (Fig. 2) (14). Histone modification-inde-
pendent targeting appears to be mediated by Thr215 phosphor-
ylation because both the tudor and BRCT binding motifs are
essential for Crb2 function in crb2T215A cells (Fig. 5). We
speculate that mutation of its two histone modification binding
modules ablates the ability of Crb2 to directly bind nucleo-
somes. In the absence of modification binding, Crb2 targeting
to lesion-adjacent chromatin occurs indirectly through its in-
teraction with other checkpoint regulators, such as Cut5, and is
controlled by Thr215 phosphorylation (10). This is in agree-
ment with the idea that binding to histone modifications and
Thr215 phosphorylation represent two independent pathways
to control Crb2 recruitment (10).

The additive nature of the crb2Y378Q and crb2K619M mu-
tations has additional mechanistic implications for Crb2 func-
tion. Previous work argues that the H4K20me2 and pH2AX
modifications function within the same genetic pathway be-
cause the kmt5� and h2ax� mutations display an epistatic,
nonadditive impairment in genome integrity (10). This is in
contrast to the significant additive decrease in Crb2 activity
seen after combining the crb2Y378Q and crb2K619M mutations
(Fig. 4). These observations indicate that double mutation of
its two modification binding domains additively inactivates
Crb2 but double mutation of the two binding targets of these
domains does not. One possible explanation for this genetic
difference is that the tudor or BRCT domain may have un-
known interaction partners important for Crb2 activity. The
Crb2 tudor motif and the Kmt5 methylase display a very inti-
mate functional link (10, 14), suggesting that unknown tudor
binding substrates are unlikely. This suggests that pH2AX may
not be the sole target of the phospho-binding BRCT motif.
Such postulated interactions are likely to occur in a phospho-
dependent manner and be regulated by DNA damage.

An alternative, but not mutually exclusive, explanation for
the observed genetic interactions is that Crb2 can indepen-
dently bind H4K20me2 and pH2AX, but dual engagement
increases the stability of nucleosome recognition to produce
maximal Crb2 activity. As isolated domains, the tudor and
BRCT motifs of Crb2 can directly bind their respective mod-
ified targets on peptide substrates (3, 14, 22) (Fig. 1B), but how
this recognition occurs on native chromatin is not understood.
It is also unknown whether some interplay between the tudor
and BRCT motifs might modulate modification binding in the
context of full-length Crb2. This is a very intriguing idea be-
cause BRCT-mediated dimerization is essential for Crb2 ac-
tivity but the molecular mechanism that underlies this require-
ment is unknown (8, 22). One possibility is that binding to two
pH2AX and two H4K20me2 modifications by a dimeric Crb2
protein is required for nucleosome recognition at lesion-adja-
cent chromatin. Structural modeling supports this idea and
suggests that Crb2 can simultaneously bind four modified res-
idues on a single nucleosome (22), but direct biochemical ev-
idence is lacking. It is also possible that multimerization could
promote Crb2 spreading from lesion sites into flanking chro-
matin regions by mediating internucleosome recognition of
H4K20me2 and/or pH2AX. Whatever the role of dimerization,

future experiments to examine the interplay between the
dimerization and modification binding modules of Crb2 offer a
unique opportunity to decipher the mechanisms of chromatin-
controlled genome integrity.
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