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ABSTRACT. BRCAL1 is a tumor suppressor protein associated with breast and ovarian cancer. The C-terminal
region of BRCAL consists of two closely spaced BRCT domains which mediate essential biological
functions, including regulation of transcription and control of cell-cycle progression by their interaction
with phosphorylated effector proteins. Here we report the NMR structure of the isolated C-terminal BRCT
domain (BRCT-c) from human BRCA1. BRCT-c is well-structured in solution, folding independently in
the absence of its BRCT-n counterpart. Ultracentrifugation experiments and size exclusion chromatography
reveal that BRCT-c exists as a monomer under near-physiological conditions. Dynamics measurements
from NMR data show three loops which coincide with the most variable sequence regions in BRCT
domains, to be genuinely flexible in solution. The solution structure of BRCT-c shows subtle conformational
changes when compared to the crystal structure of BRCT-c in the tandem repeat of BRCA1. These affect
sites involved in formation of the BRCT-rBRCT-c interface and the binding to phosphoserine-containing
peptides. The results suggest that the presence of native BRCT-n and a properly aligned-BBRRJIAc
interface are essential if BRCT-c is to adopt a biologically active conformation. Structural consequences
of cancer-associated mutations and biological implications of the dynamic behavior are discussed.

The tumor suppressor protein BRCAtegulates cell cells. The C-terminal region of BRCAL includes two suc-
growth and proliferation in breast and ovarian epithelial cessive BRCT domains separated by a 23-amino acid linker
(Figure 1A). BRCT domains, in different copy numbers, have
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Ficure 1: Sequence alignment of BRCT domains. (A) Domain organization in human BRCA1 (1863 residues). Residue numbers refer to
the domain boundaries. RING denotes the ring finger domain; BRCT-n and BRCT-c denote the amino- and carboxy-terminal BRCT domains,
respectively. (B) Selected subsets of proteins belonging to the BRCT protein fghfifrands andx-helices as found in BRCT-c of

BRCAL are represented by arrows and cylinders, respectively, with the corresponding sequence positions denoted above. The amino acid
numbers at the beginning and end of each aligned sequence are given in square brackets as well as the numbers of intervening residues
between more conserved regions of the sequence. The positions of the most conserved residues, Gly1788 and Alal78%®&randding
Trp1837 @3), are highlighted in red; other conserved residues are colored yellow (aromatic), green (aliphatic), blue (charged), gray (Gly/
Ala), and brown (Cys/Ser, position 1841). In addition, the aromatic key residues (Phel761, Trp1837, and Tyr1853 in BRCA1 BRCT-c; see
also Figure 2A) and the conserved Gly/Ala cluster (positions 1788 and 1789) are boxed. BRCA1 orthologs and other proteins with BRCT
tandem repeats containing BRCT-n and BRCT-c are listed first and DNA-modifying enzymes at the end. Swiss-Prot accession codes are
as follows: BRCAL (breast cancer susceptibility protein 1), P38398; 53BP1 (tumor suppressor p53-binding protein 1), Q12888; ECT2
(epithelial cell-transforming sequence 2 oncoprotein), Q9H8V3; MDC1 (mediator of DNA damage checkpoint protein 1), Q14676; BARD1
(BRCA1l-associated RING domain protein), Q99728; PTIP (PAX transcription activation domain interacting protein), Q8N4P9; NBS1
(Nijmegen breakage syndrome protein 1, NIBRIN), 060934; Revl (DNA repair protein Revl), P12689; Rapl (DNA-binding protein Rap1,
SBF-E), P11938; Rad9 (DNA repair protein Rad9), P14737; XRCC1 (DNA repair protein XRCC1), P18887; TdT (terminal deoxynucle-
otidyltransferase), P04053; DNL4 (DNA ligase 1V), P49917; (human), Q9LIA4ljidopsis thaliang DNL3a (DNA ligase I, isoform

o), P49916; DNLj (bacterial DNA ligase), 031498; DNApoll (DNA polymerd3eQ9UGPS5; DNApol3e (DNA polymerase |l subunit),

Q97L28. Other abbreviations: Xenogenopus laeis; S.cerev, Saccharomyces carsiae Arabidopsis,Arabidopsis thalianaB.sub,

Bacillus subtilis Clostr., Clostridium acetobutylicum

Revl, Rap1, and Rad9, the BRCA1l-associated RING-domainthe CDK inhibitor p22VAF1/CIP1 and MDM2 28, 29). The
protein BARD1 @), NBS1 (Nijmegen breakage syndrome carboxy-terminal domain BRCT-c, represents the minimal
protein 1, NIBRIN, cell-cycle regulatory protein P95), the transactivation domair2@), which itself is sufficient for the
transcriptional transactivator and cell-cycle checkpoint pro- transactivation of p24AFY/CIPL C-terminal truncations of more
tein MDC1 (mediator of DNA-damage checkpoint protein than 8 residues result in structural destabilization of the
1, NFBD1/KIAA0170) @—6), the PAX transcription-activa-  (BRCT), and loss of activityZ8—31). The disease-associated
tion domain-interacting protein PTIP, DNA ligases IV and mjssense mutation Tyr1853stop, which deletes the last 11
Illo, DNA polymerased, and the terminal deoxynucleo- residues of BRCAL, confers a very high risk of breast and
tidyltransferase TdT, to name but a few (Figure 1B; reviewed qyarian cancer3?). Similar results have been obtained for
in ref 7). . o mouse BRCA121). Notably, most cancer-associated muta-
Proteins containing BRCT domains display a broad range tions in BRCAlaffect the function of (BRCT)(33—35).

of biological activities and functional diversity. They have ) . s
been implicated in transcriptional regulation, DNA repair, _ 1h€ importance of the BRCT repeats is emphasized by

cell-cycle progression, and cancer suppressign2( 8), the identification of binding partners which are integral
as shown for Rad9, XRCC19), 53BP1 (0), TopBP1 components of vital biochemical processes such as DNA
(11-13), MDC1 (4—6), and BRCA1 {4—16). BRCAL1 is repair, replication, recombination and ligation, cell-cycle
involved in transcription-coupled DNA repait7) and the ~ regulation, and tumor suppression. (BREDf BRCA1
upregulation of genes in the apoptotic pathwag)( The interacts with the DNA repair-associated helicase BACH1
tandem BRCT repeats of BRCAL [termed here (BRET) (15), the retinoblastoma suppressor (Rb)-associated protein
are involved in cell-cycle regulatiorl), apoptosis Z0), RbAp46, histone deacetylases HDAC1 and HDAGB)(
cancer suppressior2l), chromatin remodeling2@), and and CtIP, a transcriptional corepressor in the CtBP pathway
regulation of transcription23—26), thereby modifying the (37, 38). The interaction between CtIP and (BRGT$
expression levels of genes involved in breast cancer develop-disrupted upon DNA damage and critical in mediating
ment Q7). (BRCT), of BRCAL is shown to regulate p53- transcriptional regulation of p21 in response to DNA damage
dependent gene expression by stimulating the expression 0{38). Interestingly, the BRCT domains of BRCA1 and
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XRCC1 are shown to bind to ends of double-stranded DNA, inserted into the expression plasmid pGEX-4T-1 (Amersham
a structural feature of DNA strand breald9). In addition, Biosciences). BRCT-c was expressed as a glutathione
BRCAL1 is reported to interact with the universal tumor Stransferase (GST) fusion protein iBscherichia coli
suppressor protein p53 with BRCT-c being sufficient for the BL21[pREP4-groESL/CodonPlusRIL] cells. Coexpression
interaction with the DNA-binding domain of p529, 40). with chaperonins GroEL and GroES encoded on the plasmid
Recent results demonstrate that the BRCT repeats of PTIPpREP4-groESL (Roche) improved the solubility and stability
and BRCAL1 bind specifically to peptides phosphorylated by of BRCT-c. Cells harboring the CodonPlus RIL plasmid
kinases ATM (ataxia telangiectasia-mutated) and ATR (Stratagene) encoding tRNA, tRNA"®, and tRNA®" were
(ataxia telangiectasia- and RAD3-related) in response toused to avoid the problem of reduced expression levels due
y-irradiation @1). In addition, the BRCT repeats of MDC1, to the presence of rare codons in the recombinant gene. Cells
BARD1, and DNA ligase IV were found to bind preferen- were grown at 32C in M9 minimal medium %3) containing
tially to peptides containing phosphoserir®)( (BRCT), 100 mg/L carbenicillin, 30 mg/L kanamycin, and 34 mg/L
of BRCAL interactsin vivo with BACH1 (15). This chloramphenicol and supplemented with 1.3% (wb¥)
interaction depends on the phosphorylation status of BACH1 glucose. Expression was induced by addition of 0.5 mM
and is required for the &M checkpoint control 43). IPTG, and cells were grown for an additionat8 h at 25
Disease-associated BRCA1 mutations P1749R and M1775R°C before they were lysed with a French pressx(2000
and truncated BRCAL1 variants lacking BRCT-c, abolish the bar). The GSTFBRCT-c fusion protein was purified by
capacity to bind phosphorylated BACHA43). Notably, the affinity chromatography on a glutathion&epharose 4B
single BRCT domain of the serine protease Fcpl and column (Amersham Biosciences). The GST moiety was
BRCT-6 of TopBP1 (DNA topoisomerase Il binding protein) cleaved with thrombin (Roche) and separated by size
bind to phosphorylated RNA polymerase Il and transcription exclusion chromatography on a Superdex 75 column (Am-
factor E2F1, respectively). ersham Biosciences) to yield the BRCT-c domain with an
Structural data are available for the BRCT domains of additional N-terminal glycine (110 residues). The integrity
BRCAL (44, 45), 53BP1 @5, 46), XRCC1 @47), DNA ligase of the cleavage product was verified by N-terminal sequenc-
Il (48), and a NAD-dependent DNA ligaset@). However, ing and mass spectrometry. BRCT-c was then purified to
the molecular structure of an isolated BRCT domain that is homogeneity on a MonoQ anion-exchange column (Amer-
normally part of a tandem repeat has never been reportedsham Biosciences). Samples for NMR spectroscopy were
Recent structural studies revealed the molecular interactiondesalted on a FastDesalting column (Amersham Biosciences)
of the tandem BRCT repeats from BRCAL with phospho- and concentrated using Ultrafree concentrators (Millipore).
rylated peptides containing the consensus sequence pSer-XAll chromatography steps were performed &C4 The purity
X-Phe, as found in BACH149—-51). However, the under-  of the samples was estimated from overloaded silver-stained
lying signaling events leading to BRCA1 activation and SDS-PAGEs. Protein concentrations were determined by
tumor suppression in response to DNA damage remainsUV absorption spectra with an extinction coefficienpf
largely unclear. Particularly, the transcriptional activation 22 190 L mol! cm™ at a wavelength of 280 nm.
function of the BRCT repeats is little understood. Mutagen- ~ Uniformly 5N-labeled and®*C-, '*N-labeled BRCT-c
esis studies showed that some cancer-associated mutationsamples were prepared by growigcoli BL21 cells in M9
in BRCT-n abolish the transcriptional activation function of minimal medium $3) containing 0.5 g/l**NH,Cl as the sole
the dual repeat even in the presence of intact BRCZ3¢ ( nitrogen source and either 1.3% (wW/\#¥Q¢]-p-glucose or
24, 30). These findings suggest that BRCT-n may influence 0.5% (w/v) [-*Cg]-D-glucose, respectively, as the sole carbon
the activity of BRCT-c. The two BRCT domains are source. Labeled protein samples were purified as described
intimately connected, sharing a reasonably large and pre-above.
dominantly hydrophobic interface areé4j. This led us to NMR Spectroscopy and Structure Calculatiédl. NMR
the hypothesis that the structural integrity of the interface is experiments were performed at 296 K using Bruker DRX600
crucial for the biological activity of the BRCT tandem and DMX750 spectrometers in standard configuration, with
repeats. To explore this possibility and to gain further insight triple-resonance probes equipped with self-shielded gradient
into BRCT domains in the solution state, we have determined coils. Two samples of BRCT-c at pH 6.8 in a buffer
the NMR structure of the isolated BRCT-c domain from containing 10 mM KHPQ;,, 10 mM K;HPQ,, 5 mM KCl,
human BRCAL1 (residues 1758.863) and further used NMR  and 10 mM fresh fully deuterated DTT were used. A 1.3
to study the dynamics of this domain and investigate binding mM >N-labeled sample in D (containing 7% RO for the
to previously reported interaction partners. The associationlock) was used for three-dimensional (3D) HNHA, HNHB,
behavior of both BRCT-c and the tandem repeat (BRCT) !N-edited NOESY and TOCSY, an#N T, and 15N T,
was analyzed by analytical ultracentrifugation and size relaxation and heteronucledH—N NOE experiments.
exclusion chromatography to address the dimerization prop-Two-dimensional (2D) NOESY, TOCSY, and DQF-COSY
erties of the BRCT region. Together, these data may provide spectra were acquired in both,® (with 7% D,O) and
clues about the structurdunction relationship of the  99.98% (v/v) BO. A 0.7 mM13C-, *N-labeled sample was
individual BRCT subdomains within the tandem repeat of used for 3D CBCA(CO)NNH, CBCANNH, HBHA(CO)-
BRCAL. NNH, and HBHANNH experiments for the backbone and
METHODS side chain assignment (reviewed in re#). 3D HCCH-
TOCSY and'®C-edited NOESY spectra were also acquired.
Recombinant Gene Expression and Protein Purification. NOESY and TOCSY spectra were acquired with mixing
The DNA sequence encoding BRCT-c (residues 175%3 times of 80 ms!N T; andT, relaxation times were extracted
of BRCA1) was amplified by standard PCR methods and from two series of 11 2DH—N correlated spectra with
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Table 1: Restraints and Structural Statistics for the Final BRCA1
BRCT-c Ensemble

Restraints
total no. of experimental restraints 1969
total no. of NOE restraints 1828
intraresiduei(=j) 441
sequential|f — j| = 1) 414
medium-range (X |i —j| < 4) 226
long-rangefi —j| > 4) 747
no. of H-bond restraints 33
total no. of dihedral angle restraints 108
experimental (HNHA) 38
predicted (TALOS) 70
average nonintraresidue NOEs per residue 12.6
no. of NOE violations>0.3 A 0
no. of dihedral angles 5° 0
@—1 Space (residués
most favored regions (%) 68.7
additionally allowed regions (%) 23.5
generously allowed regions (%) 55
residues in disallowed regions (%) 2.2
(SA)ensemblg [SSAgcmC
Final Energies
Etotal (kcal/mol) 63.69+ 0.77 63.27
Eponas(kcal/mol) 2.48+0.11 2.34
Eangies(kcal/mol) 33.34+ 0.49 33.87
Eimpropers(kcal/mol) 291+ 0.21 3.28
Evaw (kcal/mol) 21.52+ 0.90 20.11
Enoe (kcal/mol) 3.18+0.39 3.54
rmsd$
deviation from ideal values
bonds (A) 0.0012+ 0.00003 0.0011
angles (deg) 0.2654 0.0019 0.265
impropers (deg) 0.1444 0.0051 0.149
backbone @ atoms (A) 0.322+ 0.0518
non-hydrogen atoms (A) 3.517 0.9545

a Calculated with PROCHECK-NMR7Q). ? (SA)ensemblerepresents
the average rms deviations for the ensemble of 15 structurBé\(dcm
represents the statistics for the structure closest to the ri&maluated
using CNS 58). Residues 617, 24-45, 52-57, and 71+101 of
BRCT-c included in the rmsd calculations.

relaxation delays of 12, 52, 102, 152, 202, 302, 402, 602,
902, 2002, and 5002 ms fdx and 6, 10, 18, 26, 34, 42, 82,
122, 162, 202, and 242 ms fdk. Rates and errors were
fitted as implemented in SPARKY56). All spectra were
acquired essentially as described previousi) (

Data were processed using the XWIN-NMR program
(version 1.3) of Bruker BioSpin GmbH (Rheinstetten,
Germany) and the AZARA program (version 2.1) of W.

Boucher (unpublished). Carbon, nitrogen, and proton reso-

Gaiser et al.

backbone chemical shifts using TALOSY]. In addition,

33 hydrogen bond restraints were identified from a2l
HSQC spectrum following exchange into®. The NMR
structure of BRCT-c was determined independently from the
crystal structure of the BRCA1 BRCT repeat region as
described in refl4.

Interaction Mapping with DNA and the DNA-Binding
Domain of p53To define the interaction sites with potential
binding partners, we performed titration experiments with
5N-labeled BRCT-c, the DNA-binding domain of human
p53 (p53-D, residues 949292) and different 5phosphoryl-
ated and unphosphorylated double-stranded DNA oligomers
which were prepared by slow-cool annealing of the self-
complementary DNA oligomers pGCCTAGCTAGGC-3
5-GCCTAGCTAGGC-3 and 3-GCGTACGC-3. The bind-
ing partners were added to 0.2 mM BRCT-c up to a molar
excess of 1.2:1.0. A series of 2BI-'5N HSQC spectra were
acquired and analyzed with respect to chemical shift
perturbations (CSPs) upon addition of the binding partner.
The pH was measured at every titration step to exclude CSPs
caused by pH changes and different protonation states of
histidine side chains.

Analytical UltracentrifugationBoth sedimentation veloc-
ity (SV) and sedimentation equilibrium (SE) experiments
were performed with a Beckman XL-I analytical ultra-
centrifuge (Beckman-Coulter, Fullerton, CA) in a four-hole
AN Ti60 rotor using the'>N-labeled protein. The partial
specific volume ) of BRCT-c was calculated from the
sequencef0, 61) and corrected to account for complete
labeling with'*N by considering the mass ratio of unlabeled
over N-labeled protein:

VisN—labeled — Vunlabele((MWunIabeIeéMWlSN—labelec)

All samples were analyzed in a buffer containing 10 mM
KH2PQ,, 10 mM K;HPQO,, 50 mM KCI, and 5 mM DTT
(pH 6.8). The density of the buffer used was measured with
a DMA 58 densitometer (Anton Paar, Graz, Austria). An
aliquot of buffer in dialysis equilibrium with the protein
solution was used as a reference in all concentration
measurements. SV experiments were performed &€2thd

50 000 rpm in double-sector charcoal-filled Epon center-
pieces with a path length of 12 mm. Scans were recorded at
a single wavelength (295 nm) every 90 s witkAgr (radial
step size) of 0.003 cm with an initial loading concentration
of 0.6, 0.8, or 1.0 mg/mL (0.05, 0.06 or 0.08 mM). Data

nances were assigned by standard assignment procedure¥ere analyzed by direct fitting to the Lamm equatié@-

from CBCA(CO)NNH, CBCANNH, HBHA(CO)NNH, and
HBHANNH spectra. Assignment was carried out on Silicon
Graphics O2 workstations using the interactive program
ANSIG 3.3 67). Structures were calculated from the
restraints listed in Table 1 using XPLOR (version 3.1) and
CNS (version 1.0)%8). Calculations were performed using

65) and by the method of van Holde-Weisch66,67).

SE experiments were performed at@ and 30 000 rpm
in six-sector charcoal-filled Epon centerpieces with loading
concentrations ranging from 0.4 to 1.2 mg/mL (from 0.03
to 0.10 mM) with 0.1 mg/mL increments for the nine
available sectors. Scans were recorded withraof 0.001

a standard simulated annealing protocol starting from random¢m and 30 replicate measurements at every step point, at
coordinates. Distance restraints were classified as strongthree different wavelengths for each sector. The extinction

(2.5 A), medium £3.5 A), weak £5.0 A), and very weak
(6.0 A). Intraresidue NOE distance restraints were omitted.

coefficient of BRCT-c at the required wavelength was
calculated from a UV spectrum, using a theoretical extinction

The 15 lowest-energy structures with no distance violations coefficient as a referenc&g).

greater than 0.3 A and no angle violations greater ttfan 5

After equilibrium had been reached, data were fitted to a

were accepted into the final ensemble. A total of 108 dihedral Single-ideal species model of the form

angle restraints were obtained frdtdyua values extracted
from a series of 2DH—'N J-modulated COSY spectra and

c=cd+06 1)
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with

_ = e’ 1)

F 2RT

(@)

using the general nonlinear least-squares procedures a

described previously6Q) and the extensions of eq 1 for
multiple species in reversibly associating equilibriund)(

taking into account the association constants. The statistical
relevance of the different parameter estimates was tested vi
Monte Carlo simulations using 20 000 iterations for each

model. Data were analyzed using LAMNSS), SedFit 8.3

(63), and UltraScan5.0 (Demeler, University of Texas Health

Sciences Center, San Antonio, TX).
Size Exclusion Chromatographio investigate the dimer-

ization behavior of both the isolated BRCT-c domain and

the tandem repeat (BRCI)(residues 16461863 of

BRCAL), size exclusion chromatography was carried out
using the HiLoad Superdex 75 (26/60) column (Amersham
Biosciences). Several runs were performed at a flow rate of

2.5 mL/min with phosphate buffer in the pH range of-6.8
8.0, 60-150 mM KCI, and 5 mM DTT. The apparent

molecular mass was determined by comparing the elution

volume with the values for BSA (67 kDa), ovalbumin (44
kDa), chymotrypsinogen A (25 kDa), and myoglobulin (17
kDa) used for calibration.

RESULTS

Solution NMR Structure of the BRCT-c Domain from
Human BRCA1The structure of BRCT-c was determined

a

assigned for the N-terminal glycine residues 1755 (2*), 1774
(21%), 1819 (66%*), and the C-terminal residues 186363
(107-110%). The rotational correlation timed) was 9.9 ns.
Dynamics of BRCT-c from NMR Measuremeiitsassess
the degree of internal mobility of BRCT-c, we performed
N T, and T relaxation andH—*N heteronuclear NOE

%xperiments (Figure 3). These data showed that residues

1755-1758 (+-5*) at the N-terminus and residues 1856
1863 (103-110*) at the C-terminus were flexible. In
addition, the relaxation data show elevaféd T; and T,
values and more negativeN—'H heteronuclear NOEs for
residues in loops -3, indicating internal mobility of these
regions. The loops are characterized by only very few
medium- and long-range NOEs (Figure 4A) and higher-than-
average rmsd values for thex@toms in the corresponding
NMR structures (Figure 4B). This is in agreement with the
crystal structure44) which showed these loop regions to
have increase®-factors (Figure 4C). In loop 3, most side
chains were poorly defined by the electron density map and
no model was built for residues 1811819 (64-66%),
indicating a high degree of disorder and increased mobility
of these residues in the crystal. Superposition of the NMR
ensemble onto the crystal structure of BRCT-c is shown in
Figure 2C.

Consered Residues and Cancer-Associated Mutations.
Most of the conserved residues in BRCT domains are located
in the centra|s-sheet where they mediate important hydro-
phobic interactions. In BRCT-c, these are Leul764 (L11%),
[1e1766 (113*), Cys1767 (C14*), and Cys1768 (C15*)if,
Vall791 (V38*) in 32, 1le1807 (154*), Vall808 (V55%),
Vall1809 (V56%*), and Vall1810 (V57*) i33, and Val1832

using triple-resonance, multidimensional NMR spectroscopy (V79*) and Val1833 (V80*) inf4. Additional conserved

on 1.3 mM®*N-labeled and 0.7 mNFC-, 1°N-labeled protein

residues are found in helices anda3 (Figure 1B).al is

samples. The final ensemble of structures was calculatedanchored to the core through Val1784 (V31*) which contacts

from the restraints listed in Table 1.

Vall791 (V38*) from 32 and llel766 (113*) fromp1.

BRCT-c is defined well by an average of 12.6 inter-residue Leul780 (L27*) interacts with Cys1768 (C15*) frofii and
NOE distance restraints per residue. The ensemble consisting/al1838 (V85*) froma3. Met1783 (M30*) fromal contacts
of the 15 lowest-energy structures has a mean backbone rm&/al1842 (V89*) from a3. Helix a3 harbors the most

deviation (rmsd) of 0.311 A for the well-structured regions
(residues 17591770, 17771798, 1805-1810, and 1824
1854 of BRCA1, corresponding to positions-67*, 24—
45* 52—-57* and 71101*, respectively, in our BRCT-c
construct). The backbone rmsd over the residues 1894
(6—101*) is 0.696 A. BRCT-c consists of four parallgt
strands surrounded by threehelices with51a15243025403
topology (Figure 2). Thes-sheet displays a left-handed
B-twist (known from otherj-proteins) and is stabilized
mostly by hydrophobic interactions involving residues
llel766-Cys1768 (113-C15*) of 51 and 1le1807Val1810
(154—V57*) of 3. Strand$32 andp4 form the outside of
the 5-sheet. Helixa2 comprises residues lle182Met1827
(I72—M74*) and is located at the end of loop 3 [residues
1812-1823 (59-70%)]. The signals in thé®N-edited NOE-

conserved residue within the BRCT family, Trp1837 (W84%),
which is deeply buried within the hydrophobic core and
crucial for the stabilization of the BRCT fold. The stability
of (BRCT), is greatly reduced by the missense mutations
Trpl837Arg (W84R*) and Trpl837Gly (W84G*)3().
Trp1837 (W84*) makes direct contact with Leu1764 (L11*)
and 11e1766 (113*) fromy31, Val1808 (V55*) and Val1810
(V57%) from f3, and Val1833 (V80*) fromB34 as well as
Vall784 (V31*) from ol. In addition, Trp1837 (W84%*)
interacts with Leul850 (L97*) and two highly conserved
aromatic residues, Phel761 (F8*) and Tyr1853 (Y100%), at
either end of the BRCT-c sequence (Figures 1B and 2A).
Phel761 (F8*) makes additional contacts with Leul764
(L11*) and 111766 (113*) fromp1, with Vall784 (V31*)
from al, and with Val1838 (V85*) fronn3 and also with

SY spectra from residues in loop 3 were consistently weak, Cys1787 (C34%*), Alal789 (A36*), and Cys1847 (C94*).
indicating that magnetization in these regions is rapidly lost Although in the immediate vicinity of Trp1837 (W84*),
by relaxation or exchange processes. Consequently, thisTyrl853 (Y100*) is only partially embedded in the hydro-

region of the molecule is very poorly restrained in the NMR
structure. Similarly, loop 1 [residues 1773777 (20-24%)],
which connect$l andal, and loop 2 [residues 1799804
(46—51*)], which precedess3, have few experimental

phobic core. Other important core interactions are with
Vall1833 (V80*) from 4 and Leul850 (L97*) located in
the turn at the end of helig3. Several conserved Gly and
Ala residues at specific positions are particularly important.

restraints and display more conformational variation in the One of the most conserved residues in BRCT domains is
ensemble (Figure 2A). No inter-residue NOEs could be Gly1788 (G35*) which is located in the turn connectind)
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(A)

(B)

Loop-1

ol

Ficure 2: Solution NMR structure of BRCT-c. (A) Superposition of the backbone (&,&d C) atoms for the 15 lowest-energy structures

of the BRCA1 BRCT-c domain, residues 1758855 (6-102*) (stereoview)s-Strands §1—£4) ando-helices (t1—a3) are colored light

brown and blue, respectively. Loop regions are labeled as Loop-1, Loop-2, and Loop-3. The three most conserved aromatic core residues,
Phel761 (F8*), Tyr1853 (Y100*), and Trp1837 (W84*), are shown in magenta and red, respectively. The structural statistics are given in
Table 1. (B) Ribbon diagram of the BRCT-c structure closest to the mean (scm). The hydrophobic core is formed by the-sleettal

with highly conserved aromatic residues. (C) Superposition of the NMR ensemble (backbone atoms of the 15 lowest-energy structures) and
the crystal structure of BRCT-c). The latter is colored according to the crystallograpBivalues: blue £30 A?), green 40 A?),

yellow (~50 A2), and red £60 A?). Figures were created using MolMd14).



Solution Structure of the Second BRCT Domain from Human BRCA1 Biochemistry, Vol. 43, No. 51, 200415989

(A)

1.0 - LA L2 3 .,
Ty a
Q £ ! 5! - H
= % ® =
L 90 ?? %, _IE* 1 ” TE:_-E T|| .
E |l I TR T B
% '
z (It 2R o
- = 1 ] P
0.6 -
] ol @ fix] @ B4 od
0.4
10" 20 30 "40 so "0 70 90 100 110
Residue
(B) ..
0.4 4
vg- &
— 03
™
[
=
e 024
L4 L2 _ L3 &
0.1 L. <"\ ;:
ol S ® . = & - - -
N ety g e 0
] *u m pa 0 B ood
0.0 '
10" 20 30 "40 S50 "0 70 0 90 100 110
Residue
(C) 0 20 30 40 50 60 70 @80 90 100 110
u.o L 1 1 L L I‘* L L L
- e ag iy ke oy b
e e A o o ey A At ™
E 054 = - S =
8 1= *
L1 L-2 L-3
g 4.0 - == - =
=
[
w
w 1.5 =
(v} i
z ]
I 20
Y
=
w a
- 25

Ficure 3: Dynamics from NMR data. (AN T, relaxation data. (B}°N T, relaxation data. (C)H—5N heteronuclear NOE data. Slowly
relaxing, flexible loop regions are marked with E-L-3. 5-Strands andx-helices are indicated schematically.

and 32 (Figure 1B). The structure of BRCT-c reveals that
only Gly fits into the limited space available in this area.
This applies also to the subsequent position, Alal789 (A36*),
and to a lesser extent to Glyl763 (G10*) and Gly1770
(G17%). Substitution of these small residues with larger side
chains would be likely to result in destabilization or
misfolding. Consistently, the mutation Gly1788Val (G35V*)
renders (BRCT)highly sensitive to proteolytic degradation
(31). Additional missense mutations are lle1766Ser (113S*),
Met1783Thr (M30T*), Val1804Asp (V51D*), Val1l809Phe
(V56F*), and Tyr1853Cys (Y100C*). Most of these substi-
tutions destabilize the BRCT fold by interfering with BRCT

substructures or altering the BRCTFBRCT-c interface 1)
and are therefore very likely to be functionally deleterious.
The solution structure of BRCT-c overlays well with the
crystal structure of the second domain from the BRCT
tandem repeat of BRCAM{) but shows subtle differences
at the BRCT-r-BRCT-c interface and in three flexible loop
regions (Figure 2C). The overall backbone rmsd is 0.967 A
for the well-structured regions, residues 173970 (6-17%),
17771798 (24-45*), 1805-1810 (52-57*), and 1824
1854 (71-101%). The interface of the tandem BRCT repeats
is predominantly hydrophobic and involves residues from
helicesal, a2-n (helix o2 in BRCT-n), and, to a lesser
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BRCT-c domain, Met1775 (M22*) loses contact with all
other interface residues and becomes solvent-exposed by
moving its side chain to the opposite direction. The NMR
relaxation data, especially the values fby and *H—1°N
heteronuclear NOE enhancement (Figure 3), point at an
increased internal flexibility of this residue in solution. This
is reflected in the fact that no long-range NOEs could be
assigned for Met1775 (M22*) and the rmsd value of its C
atom with respect to the mean position in the ensemble is
substantially increased (Figure 4). The structure of (BRCT)
harboring the cancer-predisposing mutation Met1775Arg
(M22R*) is similar to the wild type but shows rearrangement
of the BRCT-r-BRCT-c interface and destabilization of the
domain {1). As shown by our NMR study, the structural
effects are even more pronounced in the case of the complete
absence of BRCT-n. This indicates that BRCT-n may cause
BRCT-c to adopt a biologically active conformation by
forming a compact BRCT-ABRCT-c interface.

Analysis of the hydrophobic surface potential of BRCT-c
revealed two solvent-accessible, hydrophobic channels bounded
by more flexible sections of the molecule. One region
involves the exposed side chains of Tyrl769 (Y16%),
Met1827 (M74*), and partially Trp1815 (W62*) which
reside in a cleft lined by charged residues Glul1794 (E41%)
and Glu1817 (E64*) from loop 2 and loop 3, respectively
(Figure 5A,C). The second area is located opposite the
BRCT-n—BRCT-c interface (Figure 5B,D). It is character-
ized by mostly hydrophobic residues frgid, 53, 4, and
the region C-terminal tax3, including Leul764 (L11%),
le1807 (154*), Prol812 (P59*), Phel821 (F68*), Pro1831
(P78%), Cys1847 (C94*), and Leul850 (L97*). This array
is flanked by Leu1800 (L47*) from loop 2, His1805 (H52%)
and His1822 (H69*) fron3 and loop 3, respectively, and
Glul849 (E96*). Interestingly, 11e1807 (154*) in BRCA1
BRCT-c is replaced with a conserved His in many other
BRCT domains (Figure 1B) and thereby occupies a position
in space adjacent to His1805 (H52*) ¢#8. These two
solvent-exposed, hydrophobic regions appear to be good
candidates for putative interfaces with BRCT-c binding

sequential, medium-range, and long-range NOE distance restraintspartners.

per residuef-Strands andx-helices are indicated schematically.
Loop regions are marked with L-1.-3. (B) rmsd values of @
atoms for residues-6101* of BRCT-c (residues 17591854 in
BRCAL1). The 15 lowest-energy structures are consideredB(C)
factors for G@u atoms of residues 1759854 of BRCAL as
determined by X-ray crystallography at 2.5 A resolutiat)(
Residues 18171819 (residues 6466* of BRCT-c) are missing
in the crystal structure.

extent,a3. In the absence of BRCT-n, residues of BRCT-c

Interaction Mapping with DNA and the DNA-Binding
Domain of p53A series of'>N—H chemical shift titration
experiments were performed with DNA oligomers and p53-D
as potential binding partners. Chemical shift perturbations
(CSPs) were monitored by 2BN-edited HSQC spectra as
described in Methods. Previous studies reported a physical
interaction between BRCT-c and the DNA-binding domain
of p53 as determined from GST pull down assag£8).(

located at the interface become solvent-exposed and underg®espite these reports, we did not detect a direct molecular

conformational changes. This affects the orientatiombf

interaction between BRCT-c and p53-D. This result cor-

anda3 with respect to each other. The changes in this region relates with more recent work which show the molecular

of BRCT-c can be attributed to the absence of the intra-
molecular tandem partner BRCT-n in our NMR study. Most
striking is the reorientation of Met1775 (M22*) near the end
of loop 1, which is correlated with the tumor suppressor
function of BRCA1L. In the presence of BRCT-n, the side
chain of Metl775 (M22*) extends into the BRCTF-n
BRCT-c interface and contributes to the Ph&f binding
pocket 60—-52), the second major binding epitope for

interaction between p53-D and the BRCT repeats of 53BP1
to be mediated exclusively by the N-terminal domain
BRCT-n and the inter-repeat linked%, 46). In addition,
BRCT-c did not exhibit CSPs in the presence of the DNA
oligomers that were investigated, although BRCT-c is
reported to be sufficient for DNA binding, albeit with
reduced activity compared to that of (BRGT39).
Association Behaor of BRCT-c: Analytical Ultracentri-

phosphoserine containing BACH1 peptides, thereby forming fugation Experiments and Size Exclusion Chromatography.

a hydrophobic contact with Met1783 (M30%{), Leu1839
(L86*) (a3), and Leul7012-n), whereas in the isolated

The crystal structure of the second BRCT domain of XRCC1
shows a BRCT homodimer in the asymmetric uditf)( This
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(A) Glu1817 (E64) (B)
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¥
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’ ( : Glu1828 (E76)
Asp1851 (D98)
Lys1759 (K8B)
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Arg1758 (R5)

Arg1762 (R9) Arg1762 (R9) Arg1758 (R5)

(C) (D)

Pro1812 (P58)

1le1807 (154) -
Pro1806 (P53) <
Leu1800 (L47)

Leu1800 (L47)

Ficure 5: Surface potentials of BRCT-c. (A) Electrostatic potential of the solvent-accessible surface of BRCT-c [residue$85658
(5—103*) shown]. Negative potential is shown in red and positive potential in blue. The orientation of the molecules is as in Figure 2. (B)
Electrostatic potential with BRCT-c rotated around ¥handZ axes. (C) Hydrophobic (yellow) and hydrophilic (green) regions of BRCT-

c. The orientation is the same as that in panel A. (D) Hydrophobic (yellow) and hydrophilic (green) regions. The orientation is the same
as that in panel C. Figures were created using SYBYL (version 6.9.1, Tripos Inc., 2003).

suggested that BRCT domains in general might form 6). The dissociation constariy) of 3.7 (+6.3/~2.2) mM
homodimers or heterodimers with homologous BRCT do- as derived from Iy (8.2 £ 0.5 M) from the plot in Figure
mains. To investigate the self-association behavior of BRCA1 6B suggests a fairly weak self-association of BRCT-c in
BRCT-c, we performed analytical ultracentrifugation experi- solution. This is consistent with the observation that BRCT-c
ments. Experiments were carried out in 50 mM KCl and 5 shows a tendency toward (unspecific) self-association in
mM DTT at pH 6.8 and 20C. high-salt solutions at protein concentrations in the millimolar
As a first diagnostic of mass-driven self-association, we range. Monte Carlo distributions of the estimated parameter
performed SV experiments at different concentrations to values for the apparent molecular mass and the dissociation
reveal concentration-dependent heterogeneity in the sedi-constant are shown in Figure 6B, together with best fits to
mentation behavior of BRCT-c. A cumulative van Holde- a Gaussian distribution, from which the standard deviations
Weischet plot of the boundaries indicated only weak were obtained. In addition to analytical ultracentrifugation,
association. Direct fitting of the sedimentograms to the Lamm we used size exclusion chromatography to investigate the
equation yielded apparent molecular masses close to theassociation behavior of (i) the isolated BRCT-c domain and
theoretical molecular mass for theN-labeled monomeric (i) the tandem repeat (BRCT)25.2 kDa). In agreement
BRCT-c domain (12.5 kDa), thus indicating very little with our ultracentrifugation results, both BRCT-c and the
multimerization. To obtain absolute values for the apparent double repeat (BRC7F)eluted as monomers with apparent
molecular mass in solution, we performed a global fit on molecular masses of 10.3 and 24.3 kDa, respectively.
equilibrium gradients to eq 1, which converged to a molec-
ulcllr mass gf 16.5+ 0.1 cIlDa. This result gexcluded the DISCUSSION
possibilities of either a pure dimer or a pure monomer. A comparison of the different BRCT structures determined
Deconvoluting the data using a monomeéimer self- to date shows that all these domains possess a common fold
association model resulted in a molecular mass for the consisting of a central four-stranded pargfiedheet flanked
monomeric species of 122 0.8 kDa, which is in very good by threea-helices. Helicesx1 anda3 are more conserved
agreement with the theoretical value of 12.5 kDa (Figure in sequence and length and provide intramolecular interaction
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FiGure 6: Analytical ultracentrifugation. (A) Global fit of the

equilibrium gradients obtained with 0.4, 0.8, and 1.2 mg/mL (0.03,
0.06, and 0.1 mM, respectively) loading concentrations to the
monometr-dimer model. Solid lines represent the best fits. Corre-
sponding residuals are shown at the top. (B) Monte Carlo

distributions (gray) of the molecular mass parameter and the

Gaiser et al.

(F8*), and Tyr1853 (Y100%*), aliphatic residues Leul780
(L27*) and Val1784 (V31*) which ancharl to the central
p-sheet, Vall838 (V85*) and Vall842 (V89*) frormn3
which contactal through hydrophobic interactions with
Leul780 (L27*) and Met1783 (M30*), respectively, and a
number of additional hydrophobic residues mostly from the
extended centrg-strands51 andf3. BRCA1 variants with
mutations in these conserved regions of BRCT-c are cor-
related with an increased risk for the development of breast
and ovarian cancer, highlighting the importance of an intact
BRCT-c domain for the biological function of BRCA1. One

of the most striking cancer-predisposing mutations in BRCA1
is the nonsense mutation Tyrl853stop (Y100X*) which
truncates the protein by 11 residues and renders the BRCT
tandem repeat sensitive to proteolytic degradatBi 44).

This may point to an important role in stabilization by means
of hydrophobic interactions which is supported by the fact
that Tyr1853 (Y100*) contacts the central invariant Trp1837
(W84*). For a substantial number of BRCAL1 mutations, the
link to cancer is unclear because of a lack of distinctive
segregation analysis data for affected families of patients
(35). Using a combination of mutagenesis data and the three-
dimensional structure of isolated BRCT-c and the tandem
repeats, it may be possible to improve the assessment of
cancer risks associated with previously uncharacterized
mutations. The use of NMR as a method provides resonance
assignments which may be monitored in chemical shift
mapping experiments to identify new interaction partners and
the specific residues involved in binding them.

The self-association behavior of BRCT-c, analyzed by
means of analytical ultracentrifugation experiments, showed
BRCT-c to be essentially monomeric with only a minor
fraction of dimer. The results exclude the possibility that
BRCT-c forms permanent homodimers in solution under
near-physiological conditions. The observed slight tendency
of BRCT-c to form dimers could be due to the interaction
of solvent-exposed hydrophobic residues frath anda3,
which are located at the BRCT-BRCT-c interface in the
complete BRCT tandem repeat4j. This is also reflected
in the molecular correlation time{= 9.9 ns) measured by
NMR, which is somewhat higher than values normally
expected for proteins of this size (12.5 kDa).

Dynamics of BRCT-c from NMR and Biological Implica-

dissociation constant parameter together with the best fit to a tions. The most prominent differences between the various

Gaussian distribution of the data (solid line for the monomer

dimer model; dotted line for the single-ideal species model). One
asterisk and two asterisks indicate the theoretical molecular mass

of the monomer and dimer, respectively.

sites to BRCT-n domains within tandem BRCT arrays. Loop
3 and helixa2 are the most variable sequence regions. In
the tandem repeat,2 of BRCT-n @2-n) interacts witho 1
ando3 of BRCT-c to form the BRCT-rBRCT-c interface,
whereas in BRCT-ax2 has no such interaction witkl and

a3 from an adjacent BRCT domain2 can be as short as
one turn, as in BRCT-c of BRCAL, or extended to three

BRCT domains are the lengths of loop 1, loop 2, and the
region comprising loop 3 and heli®2 (Figure 1B).*N
relaxation experiments showed the loop regions to be
genuinely flexible in solution. This is also reflected by the
small number of medium- and long-range NOEs observed
for these residues (Figure 4A) and the higher rmsd values
of their Ca. atoms from the mean structure of the ensemble
(Figure 4B). Interestingly, the crystal packing of (BRGT)
showed that loop 3 and2 of BRCT-c interact withol and

o3 of BRCT-n from neighboring BRCT repeats in a head-
to-tail orientation 44). This intermolecular interaction of

helical turns as seen in the second BRCT domain from a-helices resembles the intramolecular interaction between

XRCC1 @7). Loop 1 (which connect81 with a1) and loop
2 (preceding3) both allow sequence insertions with striking
differences in length (Figure 1B).

A small number of key residues appear to be essential for

the stabilization of the BRCT fold. These include the highly

BRCT-n and BRCT-c mediated ly2-n from BRCT-n and
ol anda3 from BRCT-c and might point to a more general
interaction mode of multiple BRCT domains.

Further variations between different BRCT domains are
observed in their surface potentials. Notably, the BRCT

conserved aromatic core residues Trp1837 (W84*), Phel761domains differ with respect to the electrostatic and hydro-
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phobic surface properties in two solvent-accessible channelsthe structural and functional properties associated with dual
which could provide binding sites for target effector mol- or multiple BRCT repeats.
ecules (Figure 5). These differences may account for the BRCT domains have been shown to be important players
broad range of biological functions associated with BRCT in numerous multicomponent networks, thereby implicating
domains. This is supported by the existence of shortenedthem in a substantial number of different cellular functions
BRCT variants, as found in the BRCAL1-binding protein (72). The emerging picture is that BRCT domains have
BARD1 and some DNA-modifying enzymes such as evolved with the capacity to perform a broad range of
eukaryotic DNA ligase I, bacterial DNA ligase, and the  biological functions, with only a small number of conserved
DNA polymerase ll¢ from Clostridium acetobutylicum  residues being essential for the formation and stabilization
(Figure 1B), which lack the C-terminal hydrophobic cluster of the BRCT fold. The variable regions of BRCT sequences
consisting of Tyrl853 (Y100*), Leul854 (L101*), and account for the functional diversity associated with BRCT
l1e1855 (1102*) present in BRCAL. In contrast, the BRCAL1 domains from different families of proteins, and allow a
variant Tyr1853stop (Y100X*) confers a very high risk for precise fine-tuning of structure and function. Consistent with
breast and ovarian cancer, underlining the particular impor- this high diversity, no BRCT domain has been shown to be
tance of this residue for the biological activity of BRCAL. capable of rescuing the function of a homologous BRCT
In BRCAL, BRCT-n and BRCT-c are intimately connected domainin vivo.
with each other by mostly hydrophobic interactions, and the
tandem repeat (BRCT}lisplays a very strong resistance to ACKNOWLEDGMENT

protecyic cegradton (4 Unpublshie ). Lo Vie hank Drs. Abrecht Ot and Eva-Chyistng b
S . . or protein sequencing and mass spectrometry.

to two individual domains. Nevertheless, the isolated BRCT-c P q 9 P y

domain is well-structured in solution..The NMR solutioln SUPPORTING INFORMATION AVAILABLE

structure demonstrates that BRCT-c is capable of folding .

independently in the absence of its homologous intra- Assigned *H—*"N HSQC spectrum of BRCT-c from

molecular counterpart BRCT-n. Such an ability to fold human BRCAL (residues 1753863) recorded at 296 K

independently either in the presence or in the absence of &N @ Bruker DMX 750 spectrometer. This material is

complementary BRCT domain makes the BRCT domain a available free of charge via the Internet at http:/pubs.acs.org.
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