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Tyr142, the C-terminal amino acid of histone variant H2A.X is phos-
phorylated by WSTF (Williams-Beuren syndrome transcription
factor), a component of the WICH complex (WSTF-ISWI chroma-
tin-remodeling complex), under basal conditions in the cell. In
response to DNA double-strand breaks (DSBs), H2A.X is instanta-
neously phosphorylated at Ser139 by the kinases ATM and ATR
and is progressively dephosphorylated at Tyr142 by the Eya1 and
Eya3 tyrosine phosphatases, resulting in a temporal switch from
a postulated diphosphorylated (pSer139, pTyr142) to monophos-
phorylated (pSer139) H2A.X state. How mediator proteins inter-
pret these two signals remains a question of fundamental interest.
We provide structural, biochemical, and cellular evidence that
Microcephalin (MCPH1), an early DNA damage response protein,
can read both modifications via its tandem BRCA1 C-terminal
(BRCT) domains, thereby emerging as a versatile sensor of H2A.X
phosphorylation marks. We show that MCPH1 recruitment to sites
of DNA damage is linked to both states of H2A.X.

Preserving genomic integrity is vital to the fitness of an or-
ganism. Damage to DNA emanating from endogenous and
exogenous insults can trigger signaling cascades relayed by
posttranslational modifications culminating in the activation of
the cell cycle checkpoint and initiation of repair. One of the key
initiating events in this process is the phosphorylation at serine
139 (pSer139) of histone H2A.X, a chromatin-bound histone
variant (1, 2). Phosphorylated H2A.X (yYH2A.X) serves as a
platform for the recruitment of downstream mediator proteins as
well as chromatin modifying proteins to the affected site (3-5).
Recent studies have added a new dimension to the recognition of
YH2A.X with the identification of a new phosphorylation site
in H2A X, Tyr142. In response to DNA damage, Tyr142 was
found to transition from a phosphorylated (pTyr142) to a non-
phosphorylated state in an Eyal/3 phosphatase-dependent man-
ner (6-8). Whereas the dephosphorylation of pTyr142 is gradual,
the phosphorylation of Ser139 is prompt, and the overlap in the
two processes is thought to give rise to the doubly phosphorylated
(pSer139, pTyr142) H2A X state (di-yH2A.X) following geno-
toxic insult (6, 7). The existence of di-yH2A.X and proteins that
recognize this state remain open questions in the field.

The protein MDC1 (mediator of DNA damage checkpoint 1)
has emerged as an interacting partner of yH2A.X. MDC1 was
found to directly sense pSer139 and to mobilize the downstream
response by virtue of its tandem BRCA1 C-terminal (BRCT)
domains (4, 5). An important question therefore is how MDCI,
an established yYH2A.X binder, responds to the presence of
diphosphorylated H2A.X. Interestingly, several groups have in-
dependently found that MDC1 does not interact with di-yH2A. X
(6,7,9). Indeed, efforts to identify binding partners of a di-yH2A.
X peptide were redirected at well-established pTyr-binding SH2/
PTB domains and led to the second PTB domain of Fe65 as a
possible target (7). Is this inability to bind Tyr142-phosphorylated
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H2A.X reflective of the inherent limitations of tandem BRCT
domains, previously identified as pSer or pThr binding domains,
to recognize the pTyr state?

Microcephalin (MCPHI), the first gene identified as causative
for primary autosomal microcephaly (10), has been linked to
various cellular processes including the DNA damage checkpoint,
DNA repair by homologous recombination, and DNA tran-
scription (11-15). Previous studies have established that MCPH1
is an early responder in the DNA damage response (DDR) and
regulates the recruitment of several downstream mediator pro-
teins, a characteristic shared with MDCI. Similarities between
MCPH1 and MDCI are inescapable. Both proteins include tan-
dem BRCT domains at their C terminus that are necessary for
irradiation-induced foci (IRIF) formation in an H2A.X pSer139
phosphorylation-dependent manner (16, 17). MCPH1 and MDC1
can bind a peptide that encompasses phosphorylated Ser139
(16, 18) and in vivo mutation of this residue results in loss of
IRIF (16). Because MCPHI1 IRIF formation necessitates yH2A.
X, presumably because of direct interaction with YH2A.X, we
asked whether MCPHI1 could also interact with di-yH2A.X.

The discovery that H2A.X Tyr142 can be phosphorylated has
raised several interesting points. First, whereas the di-yH2A.X
species has been suggested, a deeper characterization of its ki-
netics and role in DNA damage remains to be attempted. Sec-
ond, it remains to be determined whether a relationship exists
between di-yH2A.X and yH2A.X. Third, it is not known whether
MCPHI, a previously described yH2A.X interactor, can also
recognize di-yH2A.X. Here, via the generation of an antibody
that selectively recognizes a di-yH2A.X peptide (di-pH2A.X), we
demonstrate the existence of di-yH2A.X and monitor its dy-
namics following DNA damage. Furthermore, we show that
there exists a direct relationship between pTyr142 and pSer139,
whereby the former affects the latter. Most importantly, our
work identifies MCPHI1 as a BRCT protein that directly interacts
with di-pH2A.X and explains the structural basis for this rec-
ognition. Hitherto, BRCT domains were thought to function
within the realm of pSer or pThr recognition (19-21).
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Results

To directly examine the role of di-yH2A.X in the DDR, we
developed an antibody specific to di-yH2A.X. This antibody
preferentially recognizes di-yH2A.X among the four possible
posttranslational states of H2A.X and could be completely
blocked with a di-yH2A.X peptide but not with the corre-
sponding nonphosphorylated peptide (Fig. Sl) Usmg this re-
agent, we tracked the kinetics of di-yH2A.X in H2a.x™'~ mouse
embryonic fibroblasts (MEFs) reconstituted with wild-type H2A.
X and determined that di-yH2A.X levels peak 1 h postirradiation
and decline rapidly thereafter (Fig. 14). Because immunofluo-
rescence allows visualization of YH2A.X as distinct nuclear foci
after exposure to ionizing radiation (Fig. S2), we then asked
whether di-yH2A.X behaves similarly. We observed that di-
yH2A. X, much like YH2A X, forms IRIF following DNA dam-
age (Fig. 1C). Next, using H2a.x™'~ MEFs stably reconstituted
with either wild-type or Y142F mutant H2A.X, we monitored the
kinetics of yH2A.X in both cell lines (Fig. 1 4 and B). In-
terestingly, the Y142F mutant showed an increase in YH2A.X
until 30 min after irradiation, and then was rapidly reduced to
undetectable levels by 1 h postirradiation, whereas the wild-type
H2A X reconstituted cells sustained a high level of YH2A.X even
at 10 h postirradiation (Fig. 1 4 and B). This result implies that
Tyr142 phosphorylation in H2A.X is necessary for retaining
YH2A.X after DNA damage. A similar defect in the kinetics of
yH2A.X has been shown in cells where expression of the Tyr142-
specific kinase WSTF (Williams-Beuren syndrome transcription
factor) was knocked down (6). The defect in YH2A.X kinetics
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Fig. 1. Diphosphorylated H2A.X is critical in mediating the DNA damage
response. (A) H2a.x™'~ MEFs were stably reconstituted with Flag-SBP-tagged
wild-type (WT) H2A.X. Cells were irradiated for 1 h at 10 Gy and the whole
cell lysate was immunoblotted with the indicated antibodies. (B) Same as A
but the MEFs were transfected with the Y142F H2A.X mutant. (C) Di-yH2A.X
foci were visualized in 293T cells by immunofluorescence staining before and
after exposure to ionizing radiation (IR) for 1 h at 5 Gy.
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impairs the formation of MDC1 and phosphorylated ATM foci
postirradiation (6). Taken together, these results validate the
postulated di-yH2A.X state, confirm the interplay between di-
yH2A.X and yH2A X, and suggest that di-yH2A.X can critically
influence the DDR pathway.

MCPHLI is a DDR protein that is recruited to the sites of DNA
damage within minutes in a YH2A.X-dependent fashion and this
recruitment necessitates MCPH1 C-terminal tandem BRCT
domains (11, 16, 17). Unlike many other repair factors, MCPH1
relocalization to DNA damage sites occurs even in the absence
of MDC1 (16). We investigated whether the tandem BRCT
domains of MCPH1 directly recognize yYH2A.X and di-yH2A.X.
Using a phosphoserine-containing peptide library screen, we
determined that the BRCT domains optimally bind the motif
pSXXY where pS is the phosphoserine, X represents any amino
acid, and position pS+3 is a tyrosine (Y), with a strong re-
quirement for a free C-terminal carboxylate group (Fig. 24).
Histone yH2A.X, which exhibits the optimal motif pSQEY, Y
being the C-terminal residue of the protein, may represent
a preferred binding target. This was validated using pull-down
assays that confirmed an interaction between full-length MCPH1
and a YH2A.X peptide that could be disrupted by single point
mutations in MCPH1 (see below). Using isothermal titration
calorimetry (ITC), we also determined that a Ser139-phosphor-
ylated tetrapeptide corresponding to the C-terminal end of hu-
man H2A.X (pH2A.X, residues 139-142) binds the tandem
BRCT domains of human MCPH1 with a dissociation constant
(Kq) of 0.7 + 0.1 pM, whereas the peptide devoid of the phos-
phate group showed no interaction (Fig. 2B and Fig. S3).

Whereas MDCI can directly bind yH2A.X through its tandem
BRCT domains, it fails to engage the di-yH2A.X state (6, 7, 9).
We found that, unlike MDC1, MCPH1 could bind a diphos-
phorylated (pSer139, pTyr142) H2A.X tetrapeptide (di-pH2A.X,
residues 139-142) with a Ky of 4.4 + 0.3 pM (Fig. 2B). Fur-
thermore, we observed partial and near complete colocalization
of MCPH1 with di-yH2A.X and with YH2A.X, respectively,
consistent with their in vitro affinities (see below). Whereas
tandem BRCT domains have been previously identified as pSer
binding modules (19, 20), MCPH1 represents the singular in-
stance of a tandem BRCT repeat that can interact with both
a singly and a doubly phosphorylated motif accompanied by an
inherent selectivity for one of the states.

To gain a deeper understanding of these interactions, we de-
termined the structures of MCPH1 tandem BRCT domains
(BRCT2-BRCT3) in complex with a pH2A.X decapeptide
(MCPH1-yH2A.X) and di-yH2A.X tetrapeptide (MCPHI-di-
yH2A.X) to 2.6-A and 1.5-A resolution, respectively (Fig. 3 A and
B and Table 1 and Figs. S4 and S5). Whereas yYH2A.X peptides
adopt similar conformations when bound to either MCPH1 or
MDCI (Fig. 3C), a reorientation of di-pH2A.X GIn140 side chain
is necessary for binding to MCPH1 (Fig. 3D). In fact, the rigid
conformation of GIn140 was held partly responsible for the in-
ability of MDC1 to interact with di-pH2A.X (9).

In the MCPH1-yH2A.X and MCPH1-di-pH2A X structures,
the phosphate of pSer139 is recognized via direct hydrogen
bonding to MCPH1 Thr653, Ser654, and Asn696 (Fig. 3B and
Fig. S5). Additionally, the higher resolution MCPH1-di-pH2A. X
structure shows a network of water-mediated interactions in-
volving the phosphate of pSer139 and the backbone carbonyl
groups of Met652, Met655, and Pro677 as well as the backbone
amide atoms of Asn696 (Fig. 3B). Thr653 resides in a position
structurally identical to Thr1898 in MDC1 and Serl655 in
BRCAL and binds the phosphate analogously (Fig. S6). Muta-
tion of Thr653 to Ala dramatically reduced binding of the
MCPH1 BRCT domains to the pSXXX C-terminal peptide li-
brary (Fig. 24), whereas mutation of MCPH1 Asn696 to an as-
partate resulted in greater than 500-fold reduction in affinity
(Fig. S3). Noticeably, in MDC1 (4) and BRCA1 (22-25), and in
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Fig. 2. MCPH1 interacts with mono- and diphosphorylated H2A.X. (A, Left) Amino acid selectivity values for MCPH1 tandem BRCT domains determined using the
phosphoserine-oriented degenerate peptide library KKKAYXXXXpSXXX-COO™~, where X indicates any amino acid except Cys, and COO™ indicates the extreme C

terminus. Values >1.35 indicate moderate selection and values >2.0 indicate strong s

election. (Right) The phosphopeptide library above, with X replaced by specified

residues at pS+1 or pS+3 positions, was used in pull-down assays with in vitro translated [3°S] Met-labeled MCPH1 tandem BRCT domains (wild-type and T653A
mutant). Note the strong preference for the free C-terminal carboxylate group for phosphopeptide binding as highlighted in red. (B) Interaction of the tandem BRCT
domains of MCPH1 and MDC1 (wild type and indicated mutants) with pH2A.X and di-pH2A.X tetrapeptides probed by ITC. Shown are the raw data and integrated

heat signals (black) plotted against time and molar ratio of peptide to protein. In

red are control injections of peptide into buffer solution. A standard one-site

binding model was used for curve fitting. K4 and stoichiometry (n) are indicated with the associated SDs determined by nonlinear least-squares analysis.

other structures of tandem BRCT domain—phosphopeptide
complexes, such as human TopBP1 (21) or Schizosaccharomyces
pombe Crb2 (26) and Brel (27), the residue corresponding to
MCPHI1 Asn696 is a lysine (Figs. S6 and S7A4). Whereas the vast
majority of phosphopeptide binding modules characterized to
date carry at least one lysine or arginine in their phosphate
binding site (28), the structures of MCPH1 complexes demon-
strate that presence of a lysine or an arginine is not an absolute
requirement for phosphate recognition.

The two structures of MCPH1 complexes show that the carbox-
ylate group of H2A.X Tyr142 is anchored to MCPH1 via evolu-
tionarily conserved Arg693. Amidation of this carboxylate group in
pH2A.X resulted in a more than 100-fold decrease in affinity (Fig.
S3). Whereas the guanidinium group of Arg693 forms two hydro-
gen bonds to the C-terminal carboxylate, its main chain carbonyl
supplements this interaction by hydrogen bonding to Tyr142 amide
proton (Fig. 2B and Fig. S6). Mutation of Arg693 to methionine
profoundly affected binding between pH2A.X and MCPH1 (K, >
270 uM) (Fig. S3). Because the tandem BRCT domains of MCPH1
are important for damage-induced foci formation, we asked
whether the R693M and N696D mutants affect this process. We
found that both the R693M and N696D MCPH1 mutants show
a marked reduction in their ability to form IRIF, reflecting their
inability to engage YH2A. X or di-yH2A X (Fig. 44 and Fig. S2).

The MCPH1-di-pH2A X structure reveals that tandem BRCT
domains can recognize the dual phosphorylation status. This is

Singh et al.

achieved through recognition of pSer139 by the first BRCT do-
main in the tandem repeat (BRCT2) and recognition of pTyr142
by the second BRCT domain (BRCT3) (Fig. 3 4 and B). The
phosphate of pTyr142 is detected by a direct hydrogen bond to
the hydroxyl group of Ser769 as well as water-mediated hydrogen
bonding to the hydroxyl group of Ser768 (Fig. 3B). The MCPH1
S769A mutation, that cannot stabilize pTyr by hydrogen bonding,
selectively disrupts the MCPH1-di-pH2A.X interaction (Kyq >
200 pM) while leaving the interaction with pH2A.X virtually
intact (Kg = 1.0 + 0.1 pM) (Fig. 2B). We confirmed that the
single S769A or S769D mutations when introduced into full-
length MCPHI1 prevent binding to di-pH2A.X but not pH2A.X
(Fig. 4B). Therefore, a single amino acid mutation is sufficient to
cause MCPH1 to behave like MDC1 by interacting only with
monophosphorylated H2A.X. We also observed that the S769D
mutant has reduced ability to form MCPH1 IRIF (Fig. 44),
suggesting that the MCPHI1-di-yH2A.X interaction may play
a role in MCPH1 recruitment to DNA damage sites.

Like MCPH1, MDCI1 directly recognizes the carboxylate
group of Tyr142 in the pH2A.X peptide. Why does MDC1 not
engage the peptide when Tyr142 is phosphorylated? A recent
study quantified the interaction between MDCI1 and di-pH2A.X
and found a dramatic >300-fold decrease in affinity compared
with pH2A.X (9). To explain the loss in affinity, the authors
modeled two different conformations of pTyr142. The loss of
affinity was partly attributed to a potential clash between either

PNAS | September 4, 2012 | vol. 109 | no.36 | 14383
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Fig. 3. Three dimensional structures of MCPH1 tandem BRCT domains in
complex with pH2A.X and di-pH2A.X phosphopeptides. (A) Ribbon diagrams
of the structures of MCPH1 C-terminal tandem BRCT domains (BRCT2 and
BRCT3; residues 640-835) in complex with (Left) a pH2A.X decapeptide
(residues 133-142) and (Right) a di-pH2A.X tetrapeptide (residues 139-142).
The 2F,—F. omit electron density maps of the peptides are shown contoured
at 1o level (orange mesh). Note the two conformations of pTyr42 in the di-
pH2A.X complex. (B) Stereographic representation of key residues of MCPH1
interacting with the di-pH2A.X peptide. Hydrogen bonds and water mole-
cules are depicted as black dashes and blue spheres, respectively. (C) Overlay
of a pH2A.X hexapeptide from the MCPH1-pH2A.X structure (gray) with
a pentapeptide from the MDC1-pH2A.X structure (yellow). (D) Overlay of
a pH2A.X hexapeptide from the MCPH1-pH2A.X structure (gray) and di-
pH2A X tetrapeptide from the MCPH1-di-pH2A.X structure (green). Note
the different orientations of GIn140 side chains corresponding to a y; angle
change of ~86°.

the tyrosine phosphate and Pro2009 in MDC1 specificity loop, or
alternately, pTyrl42 and the di-pH2A.X GIn140 side chain.
However, we observed that in the MCPH1-di-pH2A.X complex
this barrier is overcome by an altered conformation of di-pH2A.
X that permits accommodation of the phosphotyrosine. This
conformational change now results in the side chain of GIn140
pointing away from pTyr142 (Fig. 3D). Furthermore, the proline
residue (Pro770), also present in the specificity loop of MCPH1
(Fig. S7A4), does not hamper binding to di-pH2A.X. Because in
MDCI a glutamine (GIn2008) resides at a position equivalent to
MCPH1 Ser769 that forms a hydrogen bond with the phosphate
of pTyrl42 in di-pH2A.X (Fig. S74), we asked whether the
Q2008S mutation in MDC1 would allow it to bind di-pH2A.X.
This mutation, however, is insufficient to change its binding
proclivity with respect to di-pH2A.X. MDC1 Q2008S retains
tight binding to pH2A.X (K4 = 0.4 + 0.1 uM) but, like the wild-
type protein, does not bind di-pH2A.X (K4 > 200 pM) (Fig. 2B).
In contrast to MDC1, MCPHI1 presents a more favorable elec-
tropositive surface in BRCT3 for the phosphotyrosine, possibly
providing a permissive environment for binding (Fig. S7B). This
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could explain why a single amino acid mutation is insufficient to
convert MDC1 to an MCPH1-like state.

Discussion

DNA damage initiates a complex cascade of chromatin modifi-
cation, signaling, and repair events that are just beginning to be
understood. Although there exist dedicated proteins attending to
each of these processes, other proteins have a broader co-
ordinating role in these pathways. The protein Microcephalin or
MCPHLI is a case in point. MCPH1 is implicated in chromatin
remodeling by virtue of its interaction with the SWI/SNF com-
plex (15), in signaling programs via its association with Chk1
among other proteins (11, 29-32), and aids the DNA repair
process by interacting with BRCA2 (33) and Condensin II (34,
35). Because of its involvement in multiple processes that con-
verge to maintain genomic integrity, MCPH1 has been termed
a “guardian of the genome” (13). Indeed, ablation of MCPH1
resulted in a menagerie of chromosomal defects that includes
changes in both the nature and number of chromosomes, high-
lighting its importance in regulating genomic stability (12, 13).
Furthermore, diminished DNA copy numbers as well as reduced
MCPHI1 mRNA and protein expression levels have been noted
in several breast and ovarian cell lines and in ovarian cancer
tissues, suggesting that MCPH1 is a putative tumor suppressor
(12). Whereas considerable progress has been made regarding
the biology of MCPH1, a central unanswered question is: how is
this key regulator of genomic stability recruited to sites of
DNA damage?

To probe MCPHI1 recruitment to sites of DNA damage, its
IRIF were visualized in cells devoid of various sensor and medi-
ator proteins. MCPHI1 foci were found to depend on yYH2A.X but
were independent of ATM, MDC1, or NBS1 (16). Interestingly,
whereas the down-regulation of MCPHI resulted in several
proximal as well as distal DDR proteins to be absent from the sites

Data collection and refinement statistics
MCPH1-pH2A X MCPH1-di-pH2A.X

Table 1.

Data collection

Space group P1 P2,
Cell dimensions
a, b,and ¢, A 67.81, 82.23, and 104.42  37.69, 46.54, and 55.78
a, B, and y° 72.10, 87.87, and 80.94  90.00, 97.07, and 90.00
Resolution (A) 50.0-2.63 (2.74-2.63)* 50.0-1.50 (1.55-1.50)
Rmerge 0.064 (0.471) 0.062 (0.437)
sl 13.57 (2.0) 25.7 (2.3)
Completeness (%) 90.2 (97.8) 96.7 (80.1)
Redundancy 2.6 (2.6) 3.0 (2.6)
Refinement

50.0-2.63 (2.89-2.63)
56,418 (14,911)

23.79-1.50 (1.65-1.50)
29,928 (7,036)

Resolution (A)
No. reflections

Rwork/Riree 20.1/25.2 12.9/17.1
No. atoms 14,108 2,063
Protein 13,294 1,720
Ligand/ion 422 54
Water 392 289
B factors
Protein 66.4 20.9
Ligand/ion 56.3 24.9
Water 47.4 345
R.m.s. deviations
Bond lengths, A 0.009 0.005
Bond angles, ° 1.05 1.071
Ramachandran plot
Favored regions, % 98.0 99.0
Allowed regions, % 1.8 1.0
Each dataset was collected on a single crystal.
*Values in parentheses are for highest-resolution shell.
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Fig. 4. Probing the MCPH1-di-yH2A.X interaction in cells. (A) U20S cells
were transfected with Myc-tagged wild-type (WT) or mutant MCPH1 and
cells were coimmunostained with anti-Myc and anti-yH2A.X antibodies be-
fore and after exposure to 10 Gy of ionizing radiation (IR) for 1 h. Note that
MCPH1 foci are almost completely colocalized with yH2A.X foci (Fig. S2),
whereas they are partially colocalized with di-yH2A.X foci, some of which
are highlighted with white arrows. (B) 293T cells were transfected with Flag-
tagged wild-type (WT) or indicated MCPH1 mutants, and nuclear extracts
from the irradiated cells were incubated with a synthetic biotinylated H2A.X
peptide (unmodified or phosphorylated as indicated) affixed to streptavidin-
coated magnetic beads. Resulting pull-down products were analyzed by
Western blot (WB) using an anti-Flag antibody.

of DNA damage including ATM, ATR, and Rad51, the formation
of yYH2A.X foci remained unaffected (12). This suggests that
MCPHI1 recruitment is yYH2A.X-dependent and that MCPHI1
does not regulate YH2A.X foci formation.

Histone variant H2A.X is considered to occupy a sentinel
position in the DDR, serving as a critical intermediary in relaying
information pertaining to double-strand breaks (DSBs) to the
outside environment. To understand how MCPHI1 is mobilized
to DSBs, we began investigating the interaction of the C-terminal
end of MCPH], previously deemed important for this anchoring
process, with the different H2A.X states. Because chronologi-
cally pTyrl42-containing H2A.X is present in the absence of
DNA damage, we explored and found that MCPH]1, like MDCI1,
does not recognize this state of H2A.X. At the present time,
readers of pTyr142 H2A X remain undiscovered. Next, we found
that with regards to yH2A.X, MCPH1 and MDCI1 can both
recognize this state with similar affinities. In the absence of
a clear affinity advantage of either MDC1 or MCPH1 for yH2A.
X, their respective levels may determine the amounts recruited.
This contention is supported by an earlier study reporting that
overexpression of MCPHI1 could result in a reduction of MDC1
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foci (16). Therefore, overexpressed MCPH1 may outcompete
and directly displace yH2A.X-bound MDCI. It thus appears that
tipping the concentration balance in favor of MCPH1 or MDC1
could significantly alter the composition at yH2A.X nucleo-
somes. Also, the ability of MDCI1 to dimerize in response to
DNA damage may considerably change its capacity to bind
yYH2A.X with avidity effects coming into play (36, 37). This may
explain how MDCI independently engages yH2A.X in the
presence of MCPH1. Furthermore, both MCPH1 and MDCl1
may be present in high molecular weight multicomponent com-
plexes, which could alter the affinities measured using purified
recombinant domains. Thus, whereas the BRCT domains of
MCPHI1 and MDCI1 are direct readers of YH2A.X, this ability
may be harnessed as part of larger DNA damage sensing mul-
tiprotein assemblies to gain access to sites of DSBs. Such is likely
the case for MCPHI, an established component of the BRCA2/
Rad51 (33), SWI/SNF (15), and Condensin II (34, 35) complexes
that need to be directed to damaged sites. Future work is re-
quired to decipher the amounts of MCPHI1 parsed into each of
these and other complexes and the contribution of MCPH1-
yH2A.X interaction toward their targeting.

Whereas considerable strides have been made toward un-
derstanding how Ser139-phosphorylated H2A.X controls down-
stream mediators and effectors, much less is known about H2A.X
phosphorylated at both Ser139 and Tyr142. In this study, we have
first confirmed the existence of previously hypothesized di-yH2A.
X in vivo, a form of H2A.X that exists in the very early phases of
DDR. Next, we have shown a clear and unambiguous difference in
the ability of two early mediator proteins to engage modified H2A.
X. Whereas MDC1 can bind the canonical YH2A.X state, it shows
no affinity toward di-yH2A.X. In contrast, MCPHI1 shows the
requisite plasticity to sense both the pSer139- and pSerl39,
pTyrl42-modified H2A.X. Our work therefore uncovers the latent
ability of a subset of tandem BRCT domains to recognize the
pSXXpY motif with important implications for future biology as it
provides a distinct recognition strategy for selective recruitment of
MCPHI1 in early phases of the DDR. The biological significance of
the ability of MCPH1 to read both YH2A.X and di-yH2A.X is yet
to be explored. On the basis of the kinetics of YH2A.X and di-
YH2AX, we speculate that the ability of MCPHI to bind di-
YH2AX recruits MCPH1 to the damaged sites as one of the
earliest responses to DNA damage. As the repair process pro-
ceeds, pTyrd2 is dephosphorylated, which would allow even
stronger interaction between yYH2A.X and MCPHI. This in-
creased affinity could be necessary for the recruitment of other
repair factors. If pTyr42 is not dephosphorylated, factors involved
in apoptosis might eventually displace MCPH1 to initiate apo-
ptosis, which has previously been suggested to be one of the roles
of di-yH2A.X (7, 8). Specifically, our finding forms the basis for
selectively inhibiting the MCPH1-H2A.X pathway over the
MDCI1-H2A.X pathway using di-pH2A.X mimetics. Lastly, our
study broadens the scope of tandem BRCT domain recognition
sequences, previously restricted to pSer or pThr, to include
phosphotyrosine and multiple phosphorylation marks. This dis-
covery speculates that BRCT domains may play a larger role in
biological functions than previously anticipated.

Materials and Methods

Detailed methods for protein production, purification, crystallization,
structure determination, ITC measurements, antibody generation, pull-down
assays, and immunofluorescence are described in S/ Materials and Methods.
Briefly, MCPH1 and MDC1 were expressed in Escherichia coli as N-terminal
Hise-tag fusion constructs and purified by metal affinity and, after cleavage
of the Hisg-tag, by size exclusion chromatography. Three dimensional
structures of the MCPH1-pH2A.X and MCPH1-di-pH2A.X complexes were
determined by molecular replacement from diffraction data recorded at
beamline 19-ID of the Advanced Photon Source (APS) at Argonne National
Laboratory and beamline X29 of the National Synchrotron Light Source
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(NLS) at Brookhaven National Laboratory, respectively. Data collection and
refinement statistics are presented in Table 1.
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