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Abstract: Topoisomerase IIb binding protein 1 (TopBP1) is a major player in the DNA damage
response and interacts with a number of protein partners via its eight BRCA1 carboxy-terminal

(BRCT) domains. In particular, the sixth BRCT domain of TopBP1 has been implicated in binding to

the phosphorylated transcription factor, E2F1, and poly(ADP-ribose) polymerase 1 (PARP-1), where
the latter interaction is responsible for the poly(ADP-ribosyl)ation of TopBP1. To gain a better

understanding of the nature of TopBP1 BRCT6 interactions, we solved the crystal structure of

BRCT6 to 1.34 Å. The crystal structure reveals a degenerate phospho-peptide binding pocket and
lacks conserved hydrophobic residues involved in packing of tandem BRCT repeats, which,

together with results from phospho-peptide binding studies, strongly suggest that TopBP1 BRCT6

independently does not function as a phospho-peptide binding domain. We further provide insight
into poly(ADP-ribose) binding and sites of potential modification by PARP-1.

Keywords: X-ray crystal structure; DNA damage response; BRCT domain; peptide interaction;

ADP-riboyslation

Introduction
DNA damage is an ongoing event that cells must

counteract in order to maintain genomic integrity.

As a result, cells have developed elaborate mecha-

nisms to detect the damage and transduce signals to

ultimately repair the specific lesion encountered. To-

poisomerase IIb binding protein 1 (TopBP1) has

been implicated in a number of processes in

response to DNA damage, including DNA replication

control, DNA repair, and checkpoint control.1 Per-

haps the most characterized function of TopBP1 is

the activation of the ATR (ATM and Rad3-related)

protein kinase, which plays a crucial role in phos-

phorylating a number of key target proteins in

response to replication stress.2

Additional Supporting Information may be found in the online
version of this article.

Grant sponsors: Canadian Cancer Society, Howard Hughes
Medical Institute International Scholar program; Grant sponsor:
National Institutes of Health (NIH); Grant number: CA92584.

*Correspondence to: J. N. Mark Glover, Department of
Biochemistry, University of Alberta, Edmonton, Alberta, Canada.
E-mail: mark.glover@ualberta.ca

162 PROTEIN SCIENCE 2010 VOL 19:162—167 Published by Wiley-Blackwell. VC 2009 The Protein Society



A unique feature of TopBP1 is the eight BRCA1

carboxy-terminal (BRCT) domains spanning the pro-

tein, the most of any BRCT domain-containing pro-

tein. Studies of the BRCT domain in Breast cancer

associated 1 (BRCA1) and other BRCT-containing

proteins indentified its role as a protein–protein bind-

ing module.3,4 For example, the role of the tandem

BRCT repeats of BRCA1 is to specifically recognize

the phosphorylated peptide motif pSer-Pro-Thr-Phe

that is present in various protein partners involved

in the DNA damage response.3–6 Because TopBP1

contains a number of BRCT domains, various protein

partners identified through TopBP1 BRCT-dependent

interactions have emerged. For instance, the activa-

tion of ATR by TopBP1 is dependent on the interac-

tion between TopBP1 BRCT1/2 and phosphorylated

Rad9.7,8 The molecular basis of BRCT interaction has

also been elucidated from crystal structures of com-

plexes involving BRCA1 and Mediator of DNA dam-

age checkpoint 1 (MDC1) tandem BRCT repeats with

their cognate phospho-peptides (BACH1 and c-H2AX,

respectively).9–11 The conserved mode of recognition

revealed by these studies spans both BRCT domains

and involves two key regions: a phospho-serine

(pSer) recognition pocket in the N-terminal BRCT

and a hydrophobic specificity pocket formed at the

interface of both BRCT repeats.

Interestingly, single BRCT domains have also

been implicated in phospho-peptide binding.4 In par-

ticular, there is evidence that the sixth BRCT of

TopBP1 interacts with the phosphorylated transcrip-

tion factor, E2F1, to repress E2F1 activity in

response to DNA damage.4,12 However, the molecular

mechanism of interaction initiated by a single BRCT

domain remains unclear. Besides phospho-peptide

binding activity, TopBP1 BRCT6 is also a target for

poly(ADP-ribosyl)ation by poly(ADP-ribose) polymer-

ase 1 (PARP-1)13 and it also contains a consensus

PAR binding sequence that has been shown in other

proteins to bind poly(ADP-ribose) (PAR) chains.14

To gain a better understanding of TopBP1

BRCT6 in phospho-peptide and PAR binding, we

solved the crystal structure of TopBP1 BRCT6 to

1.34 Å resolution. The structure reveals a canonical

BRCT fold containing a degenerate pSer binding

pocket. TopBP1 BRCT6 also lacks the hydrophobic

surface that is required for packing of two tandem

repeats, suggesting TopBP1 BRCT6 independently

does not interact with a phospho-peptide. The struc-

ture also provides insight into a consensus PAR

binding motif in TopBP1 BRCT6 that likely does not

bind PAR, as well as common Glu residues that may

be poly(ADP-ribosyl)ated by PARP-1.

Results and Discussion

Overall structure of TopBP1 BRCT6

The crystal structure of TopBP1 BRCT6 was deter-

mined and refined to 1.34 Å resolution. TopBP1

BRCT6 both purified and crystallized as a monomer,

with one BRCT6 molecule present in the asymmetric

unit. Like other BRCT domains, the overall fold of

TopBP1 BRCT6 consists of a central four-stranded

parallel b-sheet flanked on one side by a single helix

(a2) and on the opposite side by a pair of helices (a1
and a3) [Fig. 1(A)]. Structural alignment of the

BRCT domain with the N-terminal BRCT domains

of BRCA1 and MDC1 also confirm a conserved core

involving the b-sheet packed against the a-helices
[Fig. 1(B)]. In contrast, both the length and orienta-

tion of the connecting loops, particularly the b1-a1
and b3-a2 loops, show less conservation. Unique to

the TopBP1 BRCT6 structure is the incorporation of

a 310-helix, which replaces the majority of the b1-a1
loop found in other BRCT domains.

TopBP1 BRCT6 contains a degenerate

phospho-peptide binding pocket

Contrary to previous reports,4 we were unable to

observe binding of an E2F1 phospho-peptide

(RLLDSpSQIVI) to TopBP1 BRCT6. To further

investigate the interaction between TopBP1 BRCT6

and E2F1, we performed binding experiments using

isothermal titration calorimetry and fluorescence

polarization.15 Although we were able to detect ro-

bust binding between the BRCA1 BRCT repeats and

its phopho-peptide target derived from BACH1, we

were unable to detect interactions between TopBP1

BRCT6 and E2F1 in either of these assays (Support-

ing Information Fig. S1).

The crystal structures of BRCA1 and MDC1

tandem BRCT repeats in complex with their phos-

pho-peptides (BACH1 and c-H2AX, respectively)

have provided key insights into the mechanism by

which the BRCT repeat is selective for a phospho-

peptide.9,10 In both BRCA1 and MDC1 structures,

the pSer of the bound phospho-peptide is recognized

by three structurally conserved residues (Ser1655/

Thr1898, Gly1656/Gly1899, and Lys1702/Lys1936 in

BRCA1/MDC1, respectively) in the N-terminal

BRCT domain [Fig. 2(A)]. These residues make three

essential hydrogen bonds with the phosphate moiety

and form the phosphate recognition pocket in the

BRCT domain. In addition, a conserved Thr1700/

Thr1934 residue on the a2 helix makes a hydrogen

bond with Ser1655/Thr1898 of BRCA1/MDC1 in

order to provide the correct orientation for interac-

tion with the phosphate oxygen. Surprisingly, only

Ser1655/Thr1898 is conserved in TopBP1 BRCT6

(Ser913) [Fig. 2(A.B)]. Structural alignment of the

phosphate binding pocket of BRCA1 with TopBP1

BRCT6 also supports the lack of conservation. The

conserved Ser913 of TopBP1 BRCT6 points away

from the solvent as a result of the additional 310-he-

lix between the b1 strand and a1 helix. In addition,

the substitution of the conserved Gly1656/Gly1899 of

BRCA1/MDC1 to Lys914 on the 310-helix in TopBP1
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BRCT6 alters the orientation of the main chain NH

such that it is unlikely to form a hydrogen bond

with a bound phosphate oxygen. Instead, both

Lys914 and Lys915 side chains protrude from the

putative pSer binding pocket and are predicted to

clash with a putative phospho-peptide. Substitution

of the conserved Lys to Glu (Glu957) on a2 helix

would also repel the negative charge of the phos-

phate group. Overall, the degenerate phospho-pep-

tide binding pocket in TopBP1 BRCT6 would likely

perturb any phospho-peptide interaction.

TopBP1 BRCT6 likely does not form a tandem

BRCT repeat

Another requirement of phospho-peptide binding by

the tandem BRCT repeats of BRCA1 and MDC1 is

the hydrophobic packing of the two BRCT repeats in

order to form the specificity pocket for the þ3 posi-

tion of the phospho-peptide. This is facilitated by

conserved hydrophobic residues on a2 helix of the

N-terminal BRCT and a1 and a3 helices of the C-ter-

minal BRCT. Although TopBP1 BRCT6 purified and

crystallized as a monomer, we investigated whether

TopBP1 BRCT6 might pack with another BRCT

repeat in a similar manner. Interestingly, many of

the conserved hydrophobic residues that are

involved in packing of the tandem BRCTs in BRCA1

and MDC1 are not present in TopBP1 BRCT6 and

are replaced by charged residues [Fig. 2(A,C)]. Crys-

tal packing of TopBP1 BRCT6 also did not provide

evidence of a related packing between symmetry

molecules. Therefore, it is unlikely that TopBP1

BRCT6 can pack in a dimer analogous to the tandem

BRCT repeats in BRCA1 and MDC1. Liu et al. previ-

ously suggested that TopBP1 oligomerization could

potentially bring two TopBP1 BRCT6 molecules to-

gether in a fashion similar to tandem BRCT repeats

in order to foster stable phospho-E2F1 recognition.16

Our structural data supports the need for other

regions of TopBP1 to interact in order for BRCT6 to

form a putative higher order functional unit.

Implications for TopBP1 BRCT6 PAR binding

and PARP-1 modification
Pleschke et al. previously identified a consensus

PAR binding motif (hxbxhhxbhhb, where h is hydro-

phobic, b is basic and x is any residue) present in a

number of proteins.14 As TopBP1 BRCT6 contains a

similar sequence from residues Val908 to Lys918, we

wondered if TopBP1 BRCT6 could bind to PAR

chains. We were unable to detect any binding to

PAR chains in vitro using a PAR binding assay as

Figure 1. Conserved BRCT fold of TopBP1 BRCT6. (A) Ribbon model of TopBP1 BRCT6 in stereoview. Secondary structure

elements are labeled. (B) Superposition of TopBP1 BRCT6 (blue) with the N-terminal BRCT domains of BRCA1 (pink) and

MDC1 (yellow) in stereoview.
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described by Panzeter et al.17 (data not shown).

Mapping of the consensus PAR-binding motif on the

BRCT6 structure reveals a region that is partially

buried in the core of the BRCT fold [Fig. 3(A)]. We

hypothesize that TopBP1 BRCT6 is unlikely to bind

to PAR chains. We have also previously shown that

TopBP1 BRCT6 can interact with PARP-1 and can

be poly-ADP(ribosyl)ated by PARP-1 in vitro.13

TopBP1 BRCT6 interacts with the N-terminal region

of PARP-1 that is comprised of a zinc-finger DNA

binding domain and an auto-modification domain.

Intriguingly, this auto-modification domain consists

largely of a BRCT domain that shows a relatively

high sequence identity to TopBP1 BRCT6 (25%

sequence identity).18 In particular, some putative

auto-modification Glu residues in PARP-1 are con-

served in TopBP1 BRCT6 and are surface exposed

(Fig. 3). Because TopBP1 binds to a number of pro-

teins in the DNA damage response, Glu922, Glu963,

Glu971, and Glu986 of TopBP1 may serve as poten-

tial sites of PARP-1 poly(ADP-ribosyl)ation as an im-

portant way of regulating the activities of both

Figure 2. Comparison of TopBP1 BRCT6 to phospho-peptide binding tandem BRCT repeats. (A) Sequence alignment of

TopBP1 BRCT6 with N-terminal BRCT domains of BRCA1, MDC1, and BARD1. Residues are shaded based on levels of

conservation. Secondary structure elements are plotted above the sequences. Conserved residues involved in pSer binding

are shown as purple squares. Conserved residues involved in BRCT repeat packing are shown as green circles. (B) Structural

alignment of the pSer binding pocket of BRCA1 (pink) with TopBP1 BRCT6 (blue). The BACH1 phospho-peptide is shown in

red. Hydrogen bonding is designated as dotted lines. Hydrogen bonding residues in BRCA1 (below) aligned with TopBP1

(above) are displayed. (C) Structural alignment of the a2 helix of BRCA1 (pink) and TopBP1 BRCT6 (blue) packed against the

C-terminal BRCT of BRCA1 (represented as electrostatic surface). Equivalent residues of TopBP1 BRCT6 (above) and BRCA1

(below) are shown.

Figure 3. Mapping of putative PAR binding and PARP-1

modification residues in TopBP1 BRCT6. Consensus PAR-

binding motif residues are shown in orange. Putative PARP-

1 auto-modification Glu residues common in TopBP1

BRCT6 are indicated in red.
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TopBP1 and its protein partners. Further studies

will be needed to determine if these specific Glu resi-

dues in TopBP1 are indeed modified by PARP-1.

Interestingly, TopBP1 BRCT6 also displays high

sequence identity to the first BRCT domain of

XRCC1 (30% sequence identity), which also exists as

a single BRCT domain and has been shown to inter-

act with the N-terminal region of PARP-1.19 This

may suggest a conserved regulatory interaction

between PARP-1 and targeting proteins containing

single BRCT domains in the DNA damage response.

Materials and Methods

Expression and purification

TopBP1 BRCT6 (893–996) was cloned into the

pGEX-6P-1 vector (GE Healthcare) encoding an N-

terminal GST tag. The resultant GST-tag fusion pro-

tein was expressed in E. coli BL21-Gold cells and

purified using glutathione affinity chromatography.

TopBP1 BRCT6 was then cleaved from GST with

Prescission protease, and the C-terminal TopBP1

BRCT6 polypeptide was purified from GST by gel fil-

tration chromatography on a Superdex 75 column.

Crystallization
Purified TopBP1 BRCT6 was concentrated to 10 mg/

mL in protein buffer (150 mM NaCl, 1 mM DTT and

10 mM Tris-HCl, pH 8) for crystallization. Crystals

were grown at 4�C using hanging drop vapor diffu-

sion by mixing 1 lL of protein with 2 lL of reservoir

containing 0.1M Tris-HCl, pH 6.8 and 16% PEG

2000 MME. After 2 weeks, crystals were flash-cooled

in a cryo-protectant supplemented with 20%

glycerol.

Data collection and structure determination

Data was collected at the CMCF-1 beamline at the

Canadian Light Source (CLS, Saskatoon). Intensity

data were scaled and reduced using the HKL-2000

package.20 Crystals of a TopBP1 BRCT6 variant

(W936R), which was identified in the original con-

struct, belonged to the space group C2 with unit cell

parameters a ¼ 120.59, b ¼ 88.88, c ¼ 43.31 Å. The

Rosetta comparative modeling methodology21 was

used to generate models for TopBP1 using 2d8m as

a starting template. The crystal structure TopBP1

BRCT6 variant was solved using molecular replace-

ment by the program Phaser22 with the Rosetta-

built model, placing three molecules in the asymmet-

ric unit. Automated model building with flex-warp23

was used to build 263 of 270 residues, resulting in

an initial Rwork and Rfree of 18.7% and 23.7%,

respectively.

Wildtype TopBP1 BRCT6 crystals were obtained

in similar crystallization conditions and in the space

group P212121 with unit cell dimensions a ¼ 35.77,

b ¼ 51.82, c ¼ 62.09 Å (Table I). The partially

refined BRCT6 variant was used as a search model

for molecular replacement with Phaser to find a so-

lution. The final structure was refined at 1.34 Å re-

solution to an Rwork and Rfree of 17.2% and 19.4%,

respectively, using TLS refinement in REFMAC.24,25

Further TLS and anisotropic B-factor refinement

yielded an Rwork of 15.8% and Rfree of 17.3%. The

final model contains 818 protein atoms and 153

waters. We were unable to model residues 893–900

from the N-terminus and residue 996 of the C-termi-

nus, which are presumed to be disordered in the

crystals. All model building was carried in COOT.26

The Ramachandran plot contained 90.5% of all resi-

dues in most favored regions, and 9.5% of residues

in additionally allowed regions. The model was vali-

dated with PROCHECK.27

Coordinates
Coordinates for TopBP1 BRCT6 have been deposited

in Protein Data Bank with the accession code 3JVE.

Fluorescence polarization

FP measurements were carried out using an Envi-

sion multilabel plate reader (Perkin Elmer). Each

Table 1. Data Collection and Refinement Statistics

TopBP1 BRCT6

Data Collection
Space group P212121
Unit-cell parameters (Å) a ¼ 35.77, b ¼ 51.82,

c ¼ 62.09
Resolution range (Å) 50–1.34 (1.39–1.34)
No. of reflections 173,010
Unique reflections 26,433 (2396)
Rsym

a (%) 4.3 (32.6)
I/r(I) 30.2 (2.1)
Completeness (%) 99.0 (91.6)
Redundancy 6.5 (3.3)

Refinement
Resolution (Å) 39.78–1.34
No. of reflections 25,049 (1644)
Rwork/Rfree (%)b 15.8/17.3
No. of atoms
Overall 971
Protein 818
Waters 153

Average B factor (Å2)
Overall 12.11
Protein 9.97
Waters 23.57

R.m.s. deviations
Bonds (Å) 0.009
Angles (�) 1.208

Ramachandran
Most favored (%) 90.5
Additionally allowed (%) 9.5
Generously allowed (%) 0

a Rsym ¼ S|I�hIi|2/S|I2|
b R ¼ S||Fo|�|Fc||/S|Fo|, Rfree was calculated from 5% of
the data excluded from refinement.
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well consisted of 100 nM FITC-labeled phospho-pep-

tide and various protein concentrations in assay

buffer (10 mM Tris-HCl pH 7.5, 400 mM NaCl, 1

mM DTT, 0.5% Tween-20). Binding assays were

incubated for 15 min at room temperature before

taking FP measurements. FITC-labeled phopsho-

peptide for E2F1 (FITC-RLLDSpSQIVIKK-NH2) and

BACH1 (FITC-GGSRSTpSPTFNK-NH2) were used

for FP (Biomatik).

Isothermal titration calorimetry
The Micro Calorimetry System (Microcal) was used

to perform ITC measurements. GST-BRCT6 and

E2F1 phospho-peptide (Ac-RLLDSpSQIVI-NH2)

were prepared in 10 mM Tris-HCl pH 7.5, 150 mM

NaCl, 0.05% BME and titration data was measured

at 22�C. Data was analyzed using ORIGIN software

(Microcal).
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