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ABSTRACT. The breast and ovarian tumor suppressor BRCA1 has important functions in cell cycle
checkpoint control and DNA repair. Two tandem BRCA1 C-terminal (BRCT) domains are essential for
the tumor suppression activity of BRCA1 and interact in a phosphorylation-dependent manner with proteins
involved in DNA damage-induced checkpoint control, including the DNA helicase BACH1 and the CtBP-
interacting protein (CtIP). The crystal structure of the BRCA1 BRCT repeats bound to the PTRVSpSPVF-
GAT phosphopeptide corresponding to residues—3283 of human CtlIP was determined at 2.5 A
resolution. The peptide binds to a cleft formed by the interface of the two BRCTs in a two-pronged
manner, with phospho-Ser327 and Phe330 anchoring the peptide through extensive contacts with BRCA1
residues. Several hydrogen bonds and salt bridges that stabilize the BFBAH1 complex are missing

in the BRCAZL-CtIP interaction, offering a structural basis for thé&-fold lower affinity of BRCAL for

CtIP compared to that of BACHL, as determined by isothermal titration calorimetry. Importantly, the
side chain of Argl775 in the cancer-associated BRCA1 mutation M1775R sterically clashes with the
phenyl ring of CtIP Phe330, disrupting the BRCACtIP interaction. These results provide new insights

into the molecular mechanisms underlying the dynamic selection of target proteins involved in DNA
repair and cell cycle control by BRCAL and reveal how certain cancer-associated mutations affect these
interactions.

The breast and ovarian cancer susceptibility gene 1 demonstrate that the structural integrity of these modules is
(BRCAJ! encodes a 1863-residue multifunctional protein that essential for the tumor suppressor activity of BRCAL.

participates in genomic stability maintenance through its Although the mechanisms underlying tumor suppression
function in the repair of double-strand DNA breaks (DSBs), by BRCA1 remain largely unknown, mounting evidence
cell cycle checkpoint control, protein ubiquitination, and jngicates that the interaction of the BRCT domains with
transcriptional regulatiorlt-3). BRCAIfunctions as a tumor  proteins involved in DNA damage-induced cell cycle check-
suppressor, and germline mutations in this gene are assocCiygint control and DNA repair plays a key role in this function
ated with a high incidence of familial breast and ovarian (1-3). In response to genotoxic insults, such as ionizing

cancer {, 2). The BRCAL protein contains two BRCT  54iation, BRCAL is phosphorylated by the ATM kinase and
domains that are frequent targets of cancer-causing mutationsiqcglizes at DNA damage sites, where it is thought to

In fact, the majority of clinically validateBRCAlmutations participate in the assembly of DNA repair complexes.
produce truncated BRCAL polypeptides that lack one or both grca1 is an essential component of the DNA damage-
BRCT repeats, and several missense mutations that affec{,y,ced s phase and G2/M phase checkpoif)s &nd

the structure of these domains are associated with early-onsegrca1-deficient cells exhibit defects in homology-directed

breast and ovarian cance, (). These findings, together  p\A repair, being hypersensitive to ionizing radiation and
with the observation that genetic deletion of the BRCAL 50nts that cross-link DNA strands or produce DSBS, such
BRCT domains leads to tumor development in mi&% (g5 gisplatin and mitomycin 7¢10). BRCAL BRCT binding

to the DNA helicase BACH11(1) and the transcriptional
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CtlP is phosphorylated on Ser327 only in G2 phase and Table 1: Structure Determination and Refinement Statistics

controls the G2/M transition checkpoint through its transient

; . : : . resolution range (A) 2625
interaction with the BRCAL1 BRCT repeats, V\.IhI.Ch differs no. of observed reflections 179377
from the more stable BRCAIBACH1 association that no. of unique reflections 16294
persists in the S through M phase and controls the G2 completeness (%) 99.1 (99.4)
accumulation checkpointl, 18, 19). redundancy 11.0(6.4)
. . Rsym (%0)° 13.3(37.2)
Recently determined crystal and solution structures of the overall Wo(1)O 17.5(2.7)
BRCA1 BRCT domains bound to BACH1 and artificial Reryst (%)° 23.4
phosphopeptides have offered mechanistic insights into Riree (%) 26.9
ligand recognition by these module&l-24). The BACH1 Ramachandran plot
. . . . . most favored (%) 79.0
peptide inserts in a cqnser\(ed surface cleft at the junction additionally allowed (%) 18.5
of the two BRCT domains, with phospho-Ser990 and Phe993 generously allowed (%) 2.6
of BACH1 providing the main interactions with BRCA1 ) dgfl"OV\t'ﬁg( ZO) 00(-)(16
residues. To further elucidate the specificity and affinity bond angles(deg) 178

determinants of BRCFligand interactions, we determined Values m ‘or the hiahest \ution shell 2.5
2Values in parentheses are for the highest-resolution shell 2.

the crystﬁl strﬁcture %f the B_RCﬁl BRCT repeats bound to 250 A).bRym = 3|1 — 5 (1), wherel is the observed integrated
a CtlP phosphopeptide. As in the BRCABACH1 struc- intensity, s the average integrated intensity obtained from multiple
tures @1, 22), CtIP phospho-Ser327 and Phe330 anchor the measurements, and the summation is over all observed reflections.
peptide to the conserved BRCT cleft. However, several °Reuyst= J[|Food — KIFcad |/ [Fond, WhereFopsandFeacare the observed
hydrogen bonds and salt bridges that stabilize the BREAL and calculated structure factors, respectiveRyecis calculated aReryst

. . i _ using 6.25% of the reflections chosen randomly and omitted from the
BACH1 In_te_ractlon aré missing in t_he BRCALtP Com_ . refinement calculation$.Bond lengths and angles are root-mean-square
plex, providing a structural explanation for the lower affinity geviations from ideal values.
and transient nature of the association of BRCA1 with CtIP

as compared to BACH1.

Isothermal Titration CalorimetryBinding constants for
interaction of the BRCA1 BRCT domains with the BACH1
and CtIP phosphopeptides were measured using a VP-ITC

Protein Purification and Crystallization.The human microcalorimeter (MicroCal). Briefly, 0.1323 mM BACH1
BRCA1 BRCT protein (residues 164@859) was expressed  peptide ISRSTpSPTFNKQ and 0.2096 mM CtIP peptide
in Escherichia coli BL21(DE3) cells as a glutathione PTRVSpSPVFGAT were titrated against a 0.0188 mM
Stransferase fusion, purified on glutathien®epharose,  solution of BRCA1 BRCT protein in phosphate-buffered
released with thrombin digestion, and further purified on a saline and 300 mM NacCl at 28C. Titration curves were
Superdex 75 column (Amersham Biosciences). The BRCT analyzed using ORIGIN 5.0 (OriginLab). Protein and peptide
protein [25 mg/mL in phosphate-buffered saline (pH 7.4) concentrations were determined by quantitative amino acid
supplemented with 300 mM NaCl] was mixed with the analysis on an ABI 420A derivatizer/analyzer and an ABI
synthetic phosphopeptide PTRVSpSPVFGAT (pS denoting 130A separation system (Applied Biosystems).
phosphoserine) at a 1:1.5 molar ratio and was crystallized
by the sitting drop vapor diffusion method at 2C with RESULTS AND DISCUSSION

addition of 1.75 M ammonium sulfate, 0.1 MMES (pH 6.7),  CtIP Phosphopeptide Recognition by the BRCA1 BRCT
and 10 mM cobalt chloride. Crystals were cryoprotected in pomains As described previously2(—24), the BRCAL
mother liquor containing 25% glycerol and were flash-frozen region spanning residues 1646859 folds into two tandem
in liquid nitrogen. Diffraction data were collected on domains (BRCT1 and BRCT2), each comprising a central
beamline X12B at the National Synchrotron Light Source g.sheet formed by four paralle$-strands §1—/34) and
(Brookhaven National Laboratory, Long Island, NY). The flanked by twoa-helices @1 anda3) on one side and a
crystals belong to space gro&;22 with the following unit  singlea-helix (2) on the other (Figure 1). The two BRCT
cell dimensions:a=b =113.1A,c=121.9Ala =8 = domains pack closely against each other in a head-to-tail
90°, andy = 120°. The data were reduced and merged using manner, burying a large hydrophobic interface and creating
DENZO and SCALEPACK 25) (Table 1). a deep surface groove. The CtIP peptide binds to this groove
Structure Determination and Refinemeniie BRCT-CtIP in a two-pronged mode, with phospho-Ser327 (pSer 0) and
structure was determined by molecular replacement usingPhe330 (Phet3) forming the main interactions with the
PHASER ¢6) and the BRCA1 BRCFBACH1 structure BRCT domains (Figures 1 and 2A,B), consistent with
(PDB entry 1T15) with the BACH1 peptide removed, as the biochemical and functional studies on the importance of these
search model. Refinement with CCP27| and REFMAC5 residues for the association of BRCA1 with CtIP and other
(28) produced initial , — F. and F, — F. maps with phosphopeptidesl6—19). The phosphate group of pSer 0
continuous electron density for the CtIP peptide. The forms hydrogen bonds with the side chains of BRCT1
molecular geometry of the structure was improved with CNS residues Serl1655 and Lys1702, the amide nitrogen of
(29) and by manual model building using GQ). Water Gly1656, and the amide nitrogen of Lys1702 through a
molecules were found with ARP/WARP3Y). The final water-mediated interaction (Figure 2A,C). The phenyl ring
model contains 1786 protein atoms, 48 water molecules, oneof Phe+3 is inserted into a hydrophobic pocket made up of
sulfate ion, and one cobalt ion. The crystallized BRCT residues Arg1699, Leul701, Phel704, Asn1774, Met1775,
protein includes the vector-derived GS residues at its N Arg1835, and Leul839 from both BRCT1 and BRCT2
terminus. repeats, whereas the carbonyl oxygen and amide nitrogen

EXPERIMENTAL PROCEDURES
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of Phe+3 hydrogen bond with Nand the carbonyl oxygen

of Arg1699, respectively (Figure 2B,C). To a lesser degree,
CtIP residues Va2, Pro+1, and Gly+4 also contribute

to the interaction though van der Waals contacts and water-
mediated hydrogen bonds (Figure 2C).

Structural Basis for Disruption of the BRCATLtIP
Interaction by Cancer-Associated Mutatios number of
missense mutations within the BRCT repeats abrogate the
tumor suppression activity of BRCAL and are associated with
a high incidence of cancer, but there have been difficulties
in explaining how they exert their effects. In two such
mutations, M1775R and R1699W, the affected BRCT
residues participate in the formation of the hydrophobic
FiGURE 1: CtIP recognition by BRCA1 BRCT domains. Ribbon pocket that receives the PR phenyl ring of the BACH1
representation of the BRCAL BRCTs bound to the CtIP peptide (21, 22, 24) and CtIP phosphopeptides (Figure 2B,C). The
(cyan stick model). The-helices angB-strands are colored yellow  \11775R mutation inhibits the interaction of BRCA1 with

and green, respectively. The BRCT2 secondary structure element
are labeled with primes. BRCT linker helid is colored orange. BACH1 (11, 17,21, 22) and CtIP (3) and leads to defects

Critical residues pSer 0 and Phe3 are denoted. The figure in the DSB repair 2) and transactivation functions of
was made using PyMOL (www.pymol.org) and POV-Ray BRCA1l (33). Superposition of the BRCAICtIP and

(www.povray.org). unbound mutant BRCT(M1775R) crystal structures)(

Met1175
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Ficure 2: (A) Ribbon diagram of the CtIP pSer 0 interactions with residues in the BRCT1 repeat. Hydrogen bonds are represented as pink
dashed lines and water molecules as green spheres. B)weighted annealed omit map (beige) enveloping the CtIP peptide is superimposed

on aca-weighted F, — F. electron density map (blue) covering the BRCT residues at thetBheginding site. The maps were calculated

at 2.5 A resolution and contoured at &.This figure was made with BOBSCRIPZ3). (C) Two-dimensional representation of the interactions
between BRCAL (orange) and CtIP (purple) residues. Water molecules (W) are shown as cyan spheres, hydrogen bonds as dashed lines,
and hydrophobic interactions as arcs with radial spokes. This figure was made using LIGBROT (
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Arg1775

Ficure 3: Occlusion of CtIP Phet+3 by the cancer-associated

mutation M1775R. Superposition of the BRETtIP and BRCT- B Tirme (min) C Tirme (min)
(M1775R) mutant (PDB entry 1N50) crystal structures shows the -0 0 10 20 30 40 50 60 70 0 80 100110120 -0 0 10 20 30 40 50 60 70 &0 80 100110120
steric hindrance between the Argl775 (pink) and P3e(cyan) [ TR TETETRTRTR TR
side chains. This figure was made with GRASR)( 1 T 004 T |
shows that the guanidino group of the substituted Arg1775 g | ! “|l 8 : H“ "
sterically clashes with the phenyl ring of Phe3, directly E lH‘HH Bos HHH
obstructing the insertion of this anchoring group into the | H
pocket (Figure 3), as described for the effect of M1775R on N . . o I
the BRCAL-BACHL1 interaction 21—24). In the case of EE = e |
R1699W, it is predicted that the hydrogen bond between N § E; ” E ve "
of Arg1699 and the carbonyl oxygen of Ph& will be lost RE 7 £ '
and the large indole group of Trp1699 will likely occlude §i§ z 3 o] #,-"
the entrance of the phenyl ring into the pocket. 32 e Ejf} -

Comparlson Of the BRC__rCtIP and BRCFBACHl g_ DIO 0:5 10 1:5 20 ? 0{0 0{5 10 1‘5 2{0 2?5 an

ComplexesSuperposition of the BRCAICUP and BRCAT- FiIGURE 4. Comparison of the BRCAIBACH1 and BRCAL
BACHL structures shows that the BRCT repeats and the cyp interactionsp. (A) Superposition of the crystal structures of the
backbones of five residues (pSer 0 to Giyl) are super- BRCAL BRCTs (beige) bound to the BACH1 peptide (blue stick
imposed well (root-mean-square deviation of 0.71 A for all model) (PDB entry 1T29) and the BRCTs (green) bound to CtIP
G- atoms), whereas the N- and Cterminal porons of he (04° Sk Toee) (8500 & Fepresemaiue sl raten
peptides are not superimposable (Figure 4A). TheatOm . : :
of the BACH1 Ser-2 hydrogen bonds to the amide nitrogen with the BACH1 and CtiP phosphopeptides, respectively.
of Gly1656, whereas in the BRCICtIP complex, the & The BRCAL1 BRCT Domains Exhibit a Higher Affinity for
atom of the Val—2 isopropyl group makes hydrophobic BACH1 than CtIP To determine the effects of these
contacts with Leu1657 and displaces the peptide backbonestructural differences in the strength of the BRCATtIP
away from the BRCT groove (Figure 2C). Interestingly, the and BRCAL-BACHL interactions, we measured the affini-
guanidino group of CtIP Arg-3 folds back and forms two ties of these complexes using isothermal titration calorimetry.
hydrogen bonds with the carbonyl oxygen of S, further The BRCA1 BRCT domains bind to the BACH1 phospho-
stabilizing the peptide orientation and preventing any ad- peptide with a dissociation constamtsf of 0.7 uM (Figure
ditional N-terminal interactions. Notably, a similar interaction 4B), which is in good agreement with the reportegof 0.9
of Arg —3 has not been observed in any of the BRCA1 uM for a similar BACH1 peptide Z1). By contrast, the
BACH1 structures 41, 22). BRCT repeats bind to the CtIP phosphopeptide wiky af
Additional differences in the interaction of the BRCTs with 3.7 uM (Figure 4C). The~5-fold higher binding affinity of
BACH1 and CtIP are observed at the C-terminal regions of the BRCA1 BRCTs for BACH1 than for CtIP can be
the phosphopeptides. Whereas the side chain of BACH1 Asnattributed mainly to the hydrogen bonding network involving
+4 makes two water-mediated hydrogen bonds with BRCT BACH1 residues Ser-2, Asn +4, and Lys+5 that is
residues Glu1689 and Arg16922), these bonds are missing missing in the BRCAZCtIP complex. These findings
in the BRCAZL-CtIP structure because a glycine occupies support the conclusion that residues surrounding pSer 0 and
position+4 in CtIP (Figure 2C). Likewise, the side chain Phe+3 make significant contributions to the BRETigand
of BACHL1 Lys +5 makes salt bridges with Glu1863 and interaction and account for the affinity differences of various
Asp1840 22), while similar interactions are missing in the binding partners for the BRCT modules. These differences
BRCA1-CtIP complex due to the presence of Atéb in determine both the dynamic target selection among compet-
CtIP. The fewer interactions observed in the association of ing proteins that have distinct roles in cell cycle checkpoints
the BRCA1 BRCT repeats with CtIP than for BACH1 and DNA repair for binding to BRCA1 and the duration of
suggest a weaker association of these domains with thethese interactions. For example, the association of the
former phosphopeptide. BRCA1 BRCT repeats with BACH1 leads to a stable
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complex that accumulates in the G2 and M phases of the
cell cycle, whereas the lower affinity of these domains for

controls the G2/M transition checkpoirt).

Structural and Functional Implicationsin addition to
BACH1 and CtIP, other potential binding targets for the
BRCA1 BRCT repeats have been identified in database
searches with their consensus binding mdtB)( including
BRCAL itself, the DNA mismatch repair protein MSH35),
hTID1, the human homologue of thBrosophila tumor
suppressor 1(2)Tid that modulates apopto38),(the CCCTC-
binding factor CTCF that functions as a chromatin insulator
and transcription factor implicated in the regulation of
BRCA1gene expressior3y), and the nuclear receptor co-
activator NCoA-3/AIB1 that is amplified in breast and
ovarian cancer38) and regulates the estrogen-mediated
survival and proliferation of breast carcinoma celB9)(
Structural and biophysical analyses of the BRCA1 BRCT
domains bound to their targets, including CtIP, BACH1, and
the aforementioned proteins, will elucidate the mechanisms
underlying the dynamic interactions of these versatile
modules with various proteins during cell cycle control, DNA
repair, chromatin remodeling, and transcription regulation.
Furthermore, these studies will provide a structural explana-
tion for the detrimental effects of breast and ovarian cancer-
linked BRCT missense mutations on BRCA1 function.

Importantly, the atomic structures of the BRCA1 BRCT
domains bound to CtIP, BACH1, and other targets could be
exploited in improving current radiation therapy protocols
for cancer. Because DNA damage-induced cell cycle check-
points confer radioresistance to tumor cells, it has been
suggested that inhibition of the checkpoint and DNA repair
processes could result in more effective cancer treatments
(40). BRCAZ1 controls the G2/M checkpoint through interac-
tions with BACH1 and CtIP16) and induces a large increase
in resistance to agents that generate DS&Y, (whereas
BRCAZ1-deficient cells are hypersensitive to ionizing radia-
tion and DNA cross-linking agent9,(10, 32). It is therefore
conceivable that the atomic models of the BRCA1 BRCT
domains bound to CtIP, BACH1, and other targets could
provide a structural framework for the design of small-
molecule inhibitors of these interactions that would enhance
the sensitivity of tumor cells to radiation therapy and
chemotherapy.
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