associated with DNA methylation in Neuro-
spora, but it is unaffected in dim-2 DNA
methyltransferase mutants (67). Instead,
genes encoding components of the RNAi ma-
chinery are required (68, 69). Our results
would be consistent with these observations,
if histone H3 K9 methylation were the direct
consequence of RNAI, but DNA methylation
is only an indirect consequence.

Thus, our results provide a possible link
between RNAi and DNA methylation.
dsRNA derived from repeated sequences
might trigger RNAi, which would then initi-
ate histone H3 lysine-9 methylation. Histone
modification would then signal DNA meth-
ylation. This mechanism could guide eukary-
otic DNA methyltransferases to specific re-
gions of the genome, such as transposable
elements, even though they have little se-
quence specificity in themselves (4). Such an
arrangement could be reinforced by mainte-
nance methyltransferase activity, as well as
by the deacetylation of histones guided by
methyl DNA binding complexes (70).
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and Recombination from a
BRCA2-DSS1-ssDNA Structure

Haijuan Yang,' Philip D. Jeffrey,? Julie Miller,>?
Elspeth Kinnucan,? Yutong Sun,” Nicolas H. Thom4,?
Ning Zheng,?? Phang-Lang Chen,* Wen-Hwa Lee,*
Nikola P. Pavletich®3**

Mutations in the BRCA2 (breast cancer susceptibility gene 2) tumor suppressor lead
to chromosomal instability due to defects in the repair of double-strand DNA
breaks (DSBs) by homologous recombination, but BRCA2's role in this process has
been unclear. Here, we present the 3.1 angstrom crystal structure of a ~90-
kilodalton BRCA2 domain bound to DSS1, which reveals three oligonucleotide-
binding (OB) folds and a helix-turn-helix (HTH) motif. We also (i) demonstrate that
this BRCA2 domain binds single-stranded DNA, (ji) present its 3.5 angstrom struc-
ture bound to oligo(dT),, (iii) provide data that implicate the HTH motif in dsDNA
binding, and (iv) show that BRCA2 stimulates RAD51-mediated recombination in
vitro. These findings establish that BRCA2 functions directly in homologous re-
combination and provide a structural and biochemical basis for understanding the
loss of recombination-mediated DSB repair in BRCA2-associated cancers.

Germline mutations in BRCA2 are responsi-
ble for a highly penetrant, autosomal domi-
nant predisposition to breast cancer (I-3),
and they also confer increased risk of early-
onset ovarian, prostate, pancreatic, and male
breast cancers (4). In addition, hypomorphic

mutations in BRCA2 have recently been
found in cells from patients in the FANC-B
and FANC-D1 subgroups of Fanconi’s ane-
mia, an autosomal recessive cancer suscepti-
bility syndrome (J).

A role for BRCA2 in the maintenance of
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genomic integrity is well established (6, 7).
BRCA27~ tumor cells and mouse embryo
fibroblasts (MEFs) homozygous for hypo-
morphic Brca2 alleles show increased sensi-
tivity to ultraviolet light, ionizing radiation,
methyl methanesulfonate, and other geno-
toxic agents (8—I8). These cells accumulate
chromosomal abnormalities including breaks,
aberrant chromatid exchanges, translocations,
micronuclei, chromosomal loss, and centro-
some amplification (10, 12, 13). This genom-
ic instability is thought to have a causative
role in BRCA2-associated cancers (/9). In
support of its role in genomic integrity, dele-
tion of Brca2 in mice leads to the induction of
the p53-p21€"*! DNA-damage checkpoint,
proliferative defects, and embryonic lethality
(8-10, 20, 21).

Recent cellular biological studies have
shown that BRCA?2 is needed for the error-
free repair of DNA double-strand breaks
(DSBs) through homologous recombination,
which is a process that maintains chromo-
somal integrity by repairing the break using
the sister chromatid as template (22). Loss of
BRCA2 reduces the efficiency of homolo-
gous recombination-mediated DSB repair, re-
sulting in the repair of the DSB lesions
through error-prone mechanisms such as non-
homologous end joining (NHEJ) or single-
strand annealing (SSA) (15, 16, 23). In divid-
ing cells, these repair mechanisms can lead to
the chromosomal aberrations and loss of ge-
netic information that are characteristic of
BRCA2-null cells and other homologous re-
combination mutants.

A role for BRCA2 in homologous recom-
bination is supported by many lines of evi-
dence. BRCA2 physically interacts with
RADSI1 (8, 24-26), which is a homolog of
the RecA protein. RecA carries out homolo-
gous recombination in Escherichia coli and
has a central role in DNA repair (27-29).
Like RecA, RADS1 can form a nucleoprotein
filament with single-stranded DNA (ssDNA)
and catalyze the pairing and subsequent ex-
change of ssDNA with homologous double-
stranded DNA (dsDNA) (30-32). After DNA
damage, BRCA2 and RADS51 colocalize to
nuclear foci that are thought to be the sites of
damage and repair (33, 34). Rad51-knockout
mice have an embryonic lethal phenotype char-
acterized by proliferation defects very similar
to those of the Brca2-null mice (35, 36).
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BRCA2 binds RADSI1 through a partly
degenerate 40—amino acid motif (BRC re-
peat), eight copies of which are interspersed
throughout the middle ~1000 residues of
BRCA2 (25, 26, 37). Overexpression of a
single BRC repeat in cells leads to decreased
homologous recombination (38), radiation
hypersensitivity, and loss of G,/M check-
point control, presumably because of domi-
nant interference with the function of endog-
enous wild-type alleles (26, 39).

The 3418—amino acid BRCA2 shares no
sequence homology with any other protein
(1, 2). The BRC-repeat region is followed by
an ~1000-residue  COOH-terminal region
that corresponds to the best-conserved por-
tion of BRCA2 across dog, mouse, rat, and
chicken (40) orthologs [68% average identity
for this region, compared with 42% for the
entire protein (Fig. 1A)], as well as in puta-
tive orthologs found in Arabidopsis and rice
(Fig. 1A). The COOH-terminal region also
contains 27% of the tumor-derived missense
mutations in the breast cancer information
core (BIC) database (4/); this indicates that it
has an important role in the tumor-suppressor
function of BRCA2. This region binds the
70-~amino acid DSS1 (deleted in split-hand/
split foot syndrome) protein (42), which was
originally identified as one of three genes that
map to a 1.5-Mb locus deleted in an inherited
developmental malformation syndrome (43).
DSS1 was independently isolated as a protein
that binds BRCA2 in a yeast two-hybrid
screen and in HeLa cells, but the molecular
function of DSS1 and the significance of its
interaction with BRCA2 have been unclear.

Here, we present the 3.1 A crystal struc-
ture of a ~800-residue COOH-terminal do-
main of BRCA2 bound to DSS1. The struc-
ture reveals that BRCA2 contains multiple
domains similar to ssDNA- and dsDNA-
binding motifs. We extend these findings by
showing that this BRCA2 COOH-terminal
domain, which we name BRCA2DBD
(DNA/DSS1-binding domain), binds ssDNA
in vitro and by presenting a 3.5 A crystal
structure of a BRCA2DBD-DSS1-oligo(dT),
complex. Our data indicate a direct role for
BRCA2 in homologous recombination, and
we further develop this concept by showing
that the BRCA2DBD stimulates the RADS1-
mediated strand pairing and exchange reac-
tion in vitro.

Overall structure of the BRCA2 COOH-
terminal region. BRCA2 COOH-terminal
polypeptides were coexpressed with DSS1 in
HiS5 insect cells by using separate baculoviruses
[Materials and Methods (44)]. Coexpression
with DSS1 was necessary because the BRCA2
that was overexpressed in insect cells in the
absence of DSS1 was largely insoluble. Limited
proteolysis of ~1000-residue human, mouse,
and rat BRCA2 COOH-terminal polypeptides
bound to DSS1 was used to optimize the

domain boundaries for crystallization (Fig.
1, B and C). Crystals were obtained with a
736-residue mouse BRCA2DBD bound to
DSS1 that diffracted to 3.1 A, and with an
816-residue rat BRCA2DBD bound to
DSSI1 that diffracted to 3.4 A and contained
two complexes in the asymmetric unit (Ta-
ble 1). Crystals, diffracting up to 3.5 A
resolution, were also obtainedwith a series
of oligo(dT) ssDNA fragments bound to
either the intact mouse BRCA2DBD-DSS1
complex, or to an engineered BRCA2DBD
containing an internal deletion
(BRCA2DBDATever _DSS1) (Table 1).
The BRCA2DBD has five domains (Fig.
1D). Four of them are arranged in a linear
fashion, packing successively and resulting in
an extended, 115 A-long structure. An addi-
tional domain protrudes from the core structure
by 80 A. The first domain is 190 amino acids
and consists mostly of o helices (helical do-
main, Fig. 1, B and D). This is followed by
three structurally homologous domains that
contain the oligonucleotide/oligosaccharide-
binding (OB) fold (OB1, OB2, and OB3, Fig. 1,
B and D). The ~110-residue OB fold, which is
present in most prokaryotic and eukaryotic
ssDNA binding proteins (SSBs) (45—47), does
not have a well-defined sequence motif associ-
ated with it, and its presence in BRCA2 was not
detected previously. OB2 contains a 130—ami-
no acid insertion that adopts a tower-like struc-
ture (Tower domain) protruding away from the
OB fold (Fig. 1, B and D). The Tower consists
of a pair of long, antiparallel helices (the stem)
that support a three-helix bundle (3HB) at their
end. The 3HB contains the helix-turn-helix
(HTH) motif and is similar to the DNA bind-
ing domains of the bacterial site-specific re-
combinases (48, 49) and of the eukaryotic
Myb (50) and homeodomain transcription
factors (51). The relative orientations of all
the domains are very similar in the structures
of the mouse and the rat orthologs and in the
presence or absence of ssDNA (Fig. 1E).
The 70-residue DSS1 protein binds BRCA2
in an extended conformation interacting with
the helical domain, OB1 and OB2 (Fig. 1D).
The binding is characterized by hydrophobic
interactions and also by a large number of
acidic DSS1 residues interacting with basic
grooves on BRCA2. BRCA2-bound DSS1
does not have a hydrophobic core of its own.
The structure of the BRCA2DBDATower.
DSS1-oligo(dT), complex shows clear elec-
tron density for five thymidine nucleotides
interacting with OB2 and OB3 (Fig. 1E and
fig. S1B). The BRCA2-ssDNA interactions
are very similar to those seen in the structure
of RPA, which is the most abundant eukary-
otic SSB, bound to ssDNA (52, 53).
Tumor-derived missense mutations (4/)
are distributed throughout the five domains,
with 25.0% of the BRCA2DBD mutations
mapping to the helical domain, 25.4% to
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OB, 8.6% to OB2, 8.6% to OB3, and 32.4%
to the Tower (Fig. 1, B and F). They map to
residues with structural roles, to residues with
roles in binding DNA or DSS1, or to residues
on the surface of the Tower, indicating that
all five domains are important for the tumor
suppressor function of BRCA2.

The BRCA2 OB folds. The three BRCA2
OB domains contain structures very similar
to the canonical OB fold (45), which consists
of a highly curved 5-stranded B sheet that
closes on itself to form a B barrel (B1 to B5,
Fig. 2A). OB2 and OB3 each have the pro-
nounced groove that is characteristic of the
ssDNA binding sites of OB folds. The groove
is formed by one face of the curved sheet and
is demarcated by two loops, one between B1
and 2 (L12 loop) and another between 34
and B5 (L45 loop, Fig. 2A). The OB2 L12
loop contains the insertion that makes up the
Tower domain. The Tower contributes an
additional B strand (TB1) to the groove (pair-
ing with OB2B1), and increases the surface
area of the OB2 groove. OB1 has a shallower
groove, due in part to its L12 loop being
disordered, and in part to its L45 loop folding
away from the groove. The disordered OB1
L12 loop is ~20 residues longer than its
average length in OB folds.

The three OB folds of BRCA2 are most
similar to the OB folds of RPA, as deter-
mined by the three-dimensional structural ho-

RESEARCH ARTICLES

mology search program DALI (54), and by
inspection of more than 10 protein structures
that contain OB folds (Fig. 2A and legend).
RPA, which is a heterotrimeric protein, has
two OB folds that bind ssDNA with high
affinity (DBD-A and -B) and two others
(DBD-C and -D) that contribute to its overall
affinity for ssDNA (52, 55-57). The closest
structural homology is between OB2 of
BRCA2 and the DBD-A of RPA. The two
structures can be superimposed with a 1.4 A
root-mean-square deviation (rmsd) in the po-
sitions of 82 out of 109 Ca atoms. The
second closest structural homology is that
between OB3 of BRCA2 and DBD-B of
RPA, with an rmsd of 1.5 A for 84 Ca atoms.
These rmmsds are lower than those in between
the four RPA OB folds. Although OBI1 of
BRCA2 is structurally more divergent, its
closest structural homolog is also one of the
RPA OB folds (DBD-D, 1.9 A for 65 Ca).
The OB folds of the phage T4 gp32 pro-
tein (38) and the RPA DBD-C (56) also
contain L12 loop insertions. Gp32 has a 45-
residue zinc-stabilized helical domain that
extends the surface area of its groove, and
RPA’s DBD-C has a ~30-residue zinc-stabi-
lized ribbon domain that is positioned away
from its groove. The precise functions of
these insertions are not known.
Arrangement of the OB folds. OB2 and
OB3 pack in tandem, with their individual

grooves aligned to create a continuous chan-
nel. This arrangement is similar in the RPA-
ssDNA crystal structure, which consists of
the DBD-A and DBD-B OB folds bound to
an oligo(dC), (RPA-ssDNA) complex (52),
except for two differences. Relative to RPA,
the BRCA2 OB3 is rotated by 65° along an
axis running along the bottom of the channel,
but this does not affect the continuity and
overall dimensions of the OB2-OB3 channel
(Fig. 2B). In addition, whereas in RPA the
two OB folds do not interact in the absence of
ssDNA (59), in BRCA2 OB2 and OB3 pack
extensively in the absence of DNA, and their
arrangement does not change upon ssDNA
binding.

The OB2-OB3 packing involves both hy-
drophobic van der Waals contacts and hydro-
gen bond networks (1261 A? total surface
area buried, Fig. 2C). The residues that form
the interface are highly conserved, account-
ing for 7 of the 26 OB2 and OB3 residues
invariant across species (Fig. 1B and fig. S3).
In addition to their conservation, the interface
residues are also mutated in cancer, with 4%
of tumor-derived BRCA2DBD missense mu-
tations mapping to Val?%2%, Arg?8%3, Glu?*?!,
and Asn®%#? (Fig. 2C). These observations
indicate that the prearrangement of the two
OB folds is important for BRCA2 function.

OBl and OB2 also pack extensively
(1271 A2 total surface area buried) through

Table 1. Statistics from the crystallographic analysis. Details of the crystal-
lization and structure determination are provided in the supporting material
(44). R, = 220l — 1 /2,30, ; for the intensity () of i observations of
reflection h. Phasing power = (F, )/E where (F,) is the root-mean-square
heavy atom structure factor and £ is the residual lack of closure error. R_,;,
is the mean residual lack of closure error divided by the dispersive or

are the observed and calculated structure factors, respectively. R-free =
R-factor calculated by using a subset (~5%) of reflection data chosen
randomly and omitted throughout refinement. rmsd, root-mean-square de-
viations from ideal geometry and root-mean-square variation in the B-factor
of covalently bonded atoms (shown only when individual B-factors were
refined). The prefix m before BRCA2DBD-DSS1 indicates mouse, and r, rat

anomalous difference. R-factor = ZIF , —F_, /ZIF,, |, where F,_and F_,_  ortholog.
mBRCA2DBD-DSS1

Complex line . rBRCA2DBD- mBRCA2DBDATower
Data set HgAT Hgr2 Heh3 Native DSS1 Native DSS1-(dT), (5BrdU),
Beam line NSLSX9A NSLSX9A NSLSX9A CHESSA1 CHESSA1 CHESSA1
Wavelength (A) 1.010 1.008 0.992 0.950 0.948 0.950
Resolution (A) 25.0-3.8 250-38 25.0-38 25.0-3.1 25.0-3.4 250-35
Observations 137641 106198 106491 136363 107834 143258
Unique reflections 15429 14941 14914 27074 41234 24950

sy 7.0 7.6 6.8 46 82 6.4
Data completeness (%) 98.9 94.5 98.9 98.2 88.2 99.7
Redundancy 89 7.1 7.1 50 2.6 5.8

MAD analysis
Resolution (A) 20-38 20-38 20-3.8
Phasing power - 0.96 0.90
R uis (dispersive) - 0.84 0.85
R, (anomalous) 0.91 0.87 0.88
Refinement

Resolution (A) 20.0-3.1 8.0-3.4 15-3.5
No. of reflections IFI>0 oF 26000 34394 23073
No. of atoms 5650 10096 5194
R-factor (%) 25.6 24.4 248
R-free (%) 31.0 29.5 280
rmsd bond lengths (A) 0.015 0.008 0.014
rmsd bond angles (°) 1.80 1.55 1.98
rmsd B-factors (A?) 1.56 - -
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van der Waals and hydrogen bond contacts.  folds are still continuous and collinear, as inthe ~ forms a 2-2-2 symmetric homotetramer (60).
However, instead of a tandem arrangement, they =~ OB2-OB3 packing. A twofold symmetric pack-  The OB1-OB2 packing is further stabilized by a
pack head-to-head in a two-fold symmetric  ing, although with a different twofold axis, has  nine-residue segment of DSSI1 that fits like a
manner (Fig. 1D). The grooves of the two OB also been seen with the E. coli SSB, which  wedge between the two OBs, as discussed later.

A C
100
10 20 30 40 50 60
X 40404 0 4004 4
£ human DSS1 1 MSEKKQPVDLGLLEEDDEFEEFPAEDWAGLDEDEDA-HVWEDNWDDDNVEDDE SNQLRAELEKHGYRMETS
= A.thal. Dssl 1 MAATAEVVEMDLFEDDDEFEEFEIEDHLEKEEVKEVSQOWEDDWDDDDVNDDFSRQLRKELEN- - ~-GTDEK
H rice  Dssl 1 MAAKAEAAKMDLLEDDDEFEEFEIDEWDDKEDGDEAIQQWEDDWDDDDVNDDEF SLOLRKELEE- -CNTOKT
3 yeast Seml 1 MSTKNEEINKKSLEEDDEFEDFPI] \VTQTNI WEENWDDVEVDDDFTNELKAELDR - - YKRENQ
ES C-te{. A.thal.:EPKAA o1 p1 X p2
domain rice:AAPADA GETI
20 BRC Repeats (~ 40 aa) (~800aa) NL yeast :DVAAAQAQSKIDLTKK  QGWGKRRRFAAGCVRGRDLRFGRVGLV
0 50 100 o 20 - =0 + BRCA2-contacting residues
Residue Number
B

human 2373 SNLAVSGHPFY( PFKTKSHFHRVE 2 RENRQ
mouse 2321 SSPIVSILPAHDVSATRTERTRHS- - -GKSTKVFVPPFMKSQFHGDEHFSKNVNLEGKNOK -
rat 2335 B8-——===< PFKVKSRFHRDEHF]

chicken 2321 SSGASGLFTPHKAVAKDSEETRSLCKSGKAVKTFVPPFKTKLTLSTGEQD:

mouse: N HDod HDa2

LN —— ) =i i 1 %e o0 1
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1 Human residue # T ahelix s COI| Identical in 2 5 orthologs 1 DNA contacting residues
+ Mouse residue # :> p strand = = = disordered rl:ri:cs;:ﬁ::y"::l:&mgrs—denved e Dss1-contacting residues

Fig. 1. Structures of the conserved BRCA2 COOH-terminal domain residues are the least conserved and are absent in the reported sequences
bound to DSS1 and ssDNA. (A} Graph of smoothed sequence identity  of the Arabidopsis and rice BRCA2-like genes. The eight BRC repeats are
across human, mouse, rat, chicken, Arabidopsis (accession number  indicated in green, the crystallized COOH-terminal domain in red,
NM_120241), and rice (accession number BAB64792) orthologs plotted ~ and reported nuclear localization signals (NLS) in magenta. (B) Se-
as a function of human BRCA2 residues. The ~1000 NH,-terminal  quence conservation across rat (residues 2335 to 3151) and mouse
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Helical domain. The helical domain has a
core structure consisting of a four-helix cluster
(a1, a8, a9, «10) and two successive -hairpins
(B1 to B4). An ~50—amino acid segment that
contains four short helices (a2 to a4), meanders
around the surface of the core structure, forming
an additional layer of structural elements (Fig.
ID). The a9 and al0 helices pack with OBl
through van der Waals contacts involving hydro-

D BRCA2DBD-DSS1
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phobic and aromatic residues, and also through
side-chain and backbone hydrogen bonds.
The portions of the o9 and «10 helices that
pack with OB1 correspond to some of the
best-con-served segments of the entire
BRCA2DBD (Fig. 1B and fig. S3). An
unusual aspect of the helical domain is that
its polypeptide chain is intertwined with
DSSI1, as discussed next.

DSS1-binding sites on BRCA2. DSS1
binds in two segments (residues 7 to 25 and
37 to 63), with an 11-residue middle portion
being disordered in all the crystal forms. The
BRCA2-interacting N and COOH-terminal
segments are highly conserved, whereas the
intervening sequence is not (Fig. 1C), and,
conversely, most of the DSSI-interacting
BRCA2 residues are highly conserved (Fig.

ATower
E BRCA2DBD -DSS1-ssDNA

: : AN HELICAL
OB3 0B2 oB1 ; DOMAIN

Fig. 1 (continued). (residues 2378 to 3114) BRCA2 fragments used in
crystallization. Secondary-structure elements below the sequence are
colored in magenta for the helical domain (HD in Fig. 1B), green for OB1,
red for OB2, hatched-red for the Tower insertion in OB2, and blue for
OB3. Colored dashed lines indicate regions that are disordered in the
crystal structures of both orthologs. Black dashed lines indicate gaps in
the alignment. Insertions in orthologs are dropped below the sequence.
Arabidopsis (Athal. in figure) and rice BRCA2 have no detectable se-
quence homology in the NH,-terminal ~180 residues and are omitted
from this region of the alignment. Human and mouse residues are
marked with a tick at every 10 amino acids and labeled with residue
number at every 50 amino acids in black and orange, respectively.
Residues identical in five or more orthologs are highlighted in yellow
(except where the Arabidopsis and rice sequences do not align), DSS1-
interacting residues are indicated by blue dots, and ssDNA contacting
residues by green arrows. Histogram of 339 tumor-derived missense
mutations (red bars) was obtained from the BIC database (47). Highest
bar represents 45 mutations and lowest bars single mutation. (C) Se-
quence alignment of human, Arabidopsis, and rice DSS1 orthologs, and
the yeast DSS1-like sequence Sem1. Human, mouse, and rat DSS1
orthologs are identical. The BRCA2-contacting residues of DSS1 are
marked by magenta diamonds. (D) Overall view of the mouse
BRCA2DBD-DSS1 structure. The helical domain is colored in magenta,
OB1, OB2, and OB3 in green, red, and blue, respectively; the Tower
domain, which is an insertion within OB, is also shown in red, and DSS1
is in orange. The secondary structure elements of the Tower are labeled.
Dotted lines represent disordered regions. A portion of the Tower (2796
to 2807) is disordered in the rat BRCA2DBD-DSS1 crystal form. Figures
were prepared with the programs BOBSCRIPT (85), GL_RENDER, and
POVRAY. (E) Overall view of the mouse BRCA2DBDATe%er-DSS1-oli-

Mutation Frequency

m 0%

m 1-4.5%
M 4.5-13%

75 residues in the BRCA2DBD are mutated). Mutated residues are

go(dT), ternary complex structure. The five nucleotides that are
ordered are in green (also see fig. S1B), BRCA2 in gray, and DSS1 in
orange. (F) The 339 tumor-derived missense mutations in the BIC
database are mapped onto the mouse BRCA2DBD structure (a total of
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color coded by their mutational frequency, which is indicated as a
percentage of all BRCA2DBD missense mutations, and the seven most
frequently mutated residues are labeled. DSS1 is omitted for clarity.
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IB and fig. S3). The NH,-terminal DSS]
segment tunnels through the helical domain
structure, traverses the helical domain-OB1
interface, and ends up packing with OBI1
(Fig. 3A). The COOH-terminal segment first
packs with the OB1-OB?2 interface, then with
OB, and ends at the OBl-helical domain
interface (Fig. 1D). Two DSSI1 B strands (1
and B2) pair with OB1 (B6 and B5, Fig. 3A).

The unusual binding of the NH,-terminal
DSS1 segment to the helical domain is mediated
by both hydrophobic and charged residues (Fig.
3A). The DSSI1 sequence Val®-Asp®-Leu'’-
Gly'!-Leu'?-Leu'?, which forms a short 3,, he-
lix, is. sandwiched between hydrophobic resi-
dues from the helical domain core structure (9
and a10) on one side, and from the meandering
helical domain segment on the other (Fig. 3, A
and B). Immediately after the hydrophobic res-
idues, five consecutive acidic DSS1 residues (14
to 18), all highly conserved, make salt bridges
with the helical domain and OBI1 residues, some
of these interactions being entirely buried (Figs.
1C, and Fig. 3, A and B, and legend for inter-
acting residues).

The rest of DSS1 recapitulates the theme
of clusters of acidic residues with inter-
spersed hydrophobic and aromatic residues
interacting with BRCA2 (Fig. 3, B and C; see
legend for list of interactions). Overall, the
two DSS1 segments appear to follow the path
of a long, winding groove on the helical
domain and OB1 surface that is rich in basic,
aromatic and hydrophobic residues (Fig. 3, B
and C). This DSS1-binding groove and the
canonical OB-fold groove of OB1 are rough-
ly on opposite sides of OB1 (Fig. 1D).

Tower structure and similarity to DNA
binding domains. The stem of the Tower
consists of two long helices (Tal and TaS5)
that pack antiparallel without any coiling.
They are anchored on OB2 through a Tower
B strand (TR1) forming a three-stranded B
sheet with OB2B1 and OB2f32, as well as
through van der Waals contacts and hydrogen
bond networks involving four invariant resi-
dues [fig. S2A and (44)].

Tal and TS5 pack through interdigitated hy-
drophobic side chains, many of which are partially
exposed to the solvent. The solvent-exposed por-
tions of these hydrophobic residues segregate to
one side of the helix-helix interface, where there
are several additional exposed hydrophobic and
aromatic residues [see (44) for list]. In the crystals
of the mouse BRCA2, this patch of exposed hy-
drophobic residues mediates the formation of a
crystallographic dimer, where two pairs of helices
pack at a ~145° angle (fig. S2B). We have not
been able to detect a stable BRCA2DBD dimer in
solution, but we cannot rule out the possibil-
ity that a dimer may form on the DNA or in
the context of full-length BRCA2. It is also
possible that the patch of exposed hydropho-
bic residues is an interaction site for other
parts of BRCA2 or other macromolecules.
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The 3HB domain (helices Ta2, Ta3, and
Tad) is supported by TasS, the NH,-terminal
portion of which is incorporated into the hydro-
phobic core of the 3HB. A 12—amino acid seg-
ment between Tal and the start of 3HB is
disordered (Fig. 1D). The structure of the 3HB
is most similar to the 3HB DNA binding do-
mains of the site-specific recombinase family
exemplified by the Salmonella Hin recombinase
(48) and the E. coli ¥ resolvase (49) in the
SCOPE database (6/). The entire 35-residue

A

BRCAZ2 3HB can be superimposed on 35 of the
36 residues of the Hin recombinase 3HB with a
Ca rmsd of 2.1 A (Fig. 4). The two 3HBs have
very similar hydrophobic core packings and, in
fact, their structural alignment produces 18%
sequence identity, most of which maps to struc-
tural residues. The differences between the two
structures are primarily due to the Ta3 helix,
which is positioned further away from the 3HB
hydrophobic core to make space for its interac-
tions with Ta5 (Fig. 4). Alignments with the

B

mE BRCA2 OBt
BRCA2 OB2
BRCA2 OB3
RPA DBD-A

binding

Fig. 2. BRCA2 contains
three oligonucleotide/oli-
gosaccharide-binding (OB)
folds. (A) The three OB
folds of BRCA2, colored as
in Fig. 1D, are superim-
posed on the OB fold of
RPA’s DBD-A, colored in
gray. The five 3 strands of
the OB fold, which align
the best, are emphasized
by thick coils. The loops
connecting the ( strands
are shown as thinner coils.
The oligonucleotide-bind-
ing groove of RPA’s DBD-A
is outlined by dashed lines.
The three OB folds of
BRCAZ2 are most similar to
those of RPA, compared
with the OB folds of the
SSBs from E. coli [1EYG
(60)], phage T4 [1GPC
(58)], Pf3 [1PFS (86)], and
adenovirus [1ADT (87)],
and compared with the
OB folds of the Oxytrichia
nova telomere-binding pro-
tein [10TC (88)], of Asp
tRNA-synthase [1ASY (89)], of RecG [1GM5 (90)], and of staphyloccocal nuclease [1SNC (97)]. (B) The
structure of the BRCA2 OB2-OB3 region was aligned with the structure of the RPA fragment
consisting of DBD-A (red) and DBD-B (blue) bound to DNA (green) (52), by superimposing OB2 on
DBD-A (shown by dashed lines). Although not used in the superposition, DBD-B of RPA ends up in
a position very similar to that of OB3 of BRCA2, except for an ~65° rotation about an axis roughly
collinear with the bound DNA. The chain direction is indicated by the labels N and C. (C) OB2 and
OB3 pack across an extensive interface, involving hydrophobic residues and hydrogen bond
networks (white dotted lines). Many of the interface residues are highly conserved, and several have
been found mutated in cancer (indicated by the letter M).

0OB2-0B3 Interface

Tumor-derived
mutations
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3HB domains of ¥d resolvase (49), Myb (50),
and engrailed homeodomain (57) give Ca
msds of 2.1 A for 31 residues, 1.6 A for 27
residues, and 2.1 A for 29 residues, respectively.

The 3HBs of the Hin recombinase, yd
resolvase, Myb, and homeodomains bind the
major groove of dsDNA. Although they all
bind to DNA with sequence specificity, the
Myb motif is closely related to the SANT
motif, which has been proposed to be a non-
specific dsDNA binding motif on the basis of
its occurrence in the SWI-SNF family of
chromatin remodeling proteins, in N-CoR
and in TFIIIB (62).

The Tower contains four of the seven
most frequently mutated BRCA2DBD resi-
dues. Ala?®7? and 11e?%%° mediate Tal-Ta5

A
IDSS1-BRCA2
| Interface

M Tumor-derived
mutations

‘

Fig. 3. DSS1 binds BRCA2 in an extended conformation, interacting with basic
grooves on the helical domain, OB1 and OB2 domains. (A) The NH,-terminal
segment of DSS1 (orange) tunnels through the helical domain (magenta) and
also contacts OB1 (green). View is rotated ~180° about the horizontal axis
relative to Fig. 1D. In addition to the contacts discussed in the text, Glu' of
DSS1 interacts with Lys?”'2 of OB1, Glu' with GIn®578, Asp'® with Lys®577,
Asp'7 with Lys?>57, and Glu'® with Lys23> and Arg2**'. In addition, Asp'®
forms a salt bridge with Arg>’, located on the COOH-terminal DSS1 segment
that binds on the opposite side of BRCA2. (B) Surface representation of the
helical domain-OB1 region that binds the NH,-terminal segment of DSS1, in
an orientation similar to that of (A). The surface is colored according to the
electrostatic potential (-30 kT to +30 kT), calculated in the absence of DSS1
with the program GRASP (92). The backbone traces of the NH,-terminal and
part of the COOH-terminal DSS1 segments are shown as white coils, and the
side chains, in yellow. The white-dotted line indicates the 11-residue disor-
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2777 2871

packing, and Glu and Lys are solvent
exposed on the stem of the Tower (Fig. 1, B
and F). This, coupled to the conservation of
residues at the base of the Tower and the 3HB
(Fig. 1B and fig. S3), indicates that the Tower
has an important role in the tumor suppressor
function of BRCA2.

DNA binding activity of the BRCA2DBD.
Using the native gel electrophoretic mobility-
shift assay (EMSA) with end-labeled DNA
probes, we found that the BRCA2DBD-DSS1
complex has affinity for oligo(dT), oligo(dC),
and mixed sequence ssDNA but not for
dsDNA [Fig. 5A and (63)]. As has been
reported for other SSB proteins, the
BRCA2DBD had negligible affinity for oli-
go(dA) and oligo(dG), presumably because

HELICAL
DOMAIN

Surface Potential

DSS1-C-segment

Surface Potential

of their high propensity to form secondary
structures (53, 64).

To investigate the optimal size of ssDNA
for binding, we used oligo(dT) ranging in
size from 8 to 36 nt in 4-nt increments, and a
60-nt oligo(dT). As shown in Fig. 5B, we
observed three shifted bands as a function of
oligonucleotide size and BRCA2DBD-DSS1
concentration (0.1, 0.3, 0.6, 1.0, 3.0, 6.0, and
10.0 pM). We refer to the band with the
slowest mobility as SC (slow-complex), the
band with the fastest mobility as FC1 (fast
complex 1), and the band with an intermedi-
ate mobility as FC2 (fast complex 2). SC
could be observed with all sizes of oligo(dT),
but its stability increased significantly with
increasing size. It was barely observable with

30kT

DSS1-N-
N Segment

(G11) b
Lzt »

-30KkT

156
*=N54

#

D51

4
~ D50
+«—DSS1-C-segment

q(] Elﬂ \}SB

; Ry *~DS$1-N-segment

dered segment between the NH,- and COOH-terminal segments of DSS1. DSS1 residues that are entirely buried below the surface of BRCA2 are
indicated in parenthesis. The side “chains for residues 46 to 49 of the COOH-terminal segment have poor electron density and are omitted. (C) Surface
representation of the helical domain-OB1-OB2 region that binds the COOH-terminal segment of DSS1, in an orientation rotated ~90° about the
vertical axis relative to (B). Hydrophobic interactions include the DSS1 Phe'®, Trp39, Trp*3, which pack with Trp?4¢, Phe?722, and with an opening in

Glu
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, Asp#1, and Asp*4, which are near Arg?7%8, Lys?898, and Lys?
the NH -termlnal segment in (B)] which are near Lys?7"2, Arg2717 Arg

590 and Ly52595

the mydrophoblc core of OB1, respectively. In addition, the majorlt of the acidic DSS1 residues are near clusters of basic BRCA2 residues. These include
55, AS£5° and Asp>’, which are near Arg27°® and Arg?*>"; and Glu?® and Glu?" [from
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oligo(dT), (T8 in Fig. 5B), which exhibited
unstable binding characterized by smeared
migration of DNA. With T36 and T60, SC
was observable at 0.3 uM protein concentra-
tion (Fig. 5B). FC1 first appeared as a minor
band with T24. Its stability also increased
with longer oligonucleotides, reaching a pla-
teau with T36 (Fig. 5B). Based on this, we
estimate that FC1 requires approximately 32-
to 36-nt oligo(dT) for optimal binding. FC2
first appeared with T36, but it was not as
stable as FC1 until T60 (Fig. 5B). On the
basis of its relative mobility, we presume that
FC2 represents two FC1-like complexes on a
single oligonucleotide. The apparent dissoci-
ation constant for the BRCA2DBD-DSSI1
bound T60 is ~0.25 uM. All of the shifted
bands disappeared when the reactions were
deproteinased with Proteinase K and SDS,
confirming that the shifted bands are not the
result of changes in secondary structure or
covalent modification of the DNA.

The nature of the SC species is not clear. Its
mobility did not vary with the length of oli-
go(dT) and, in fact, was indistinguishable from
that of the free protein as seen with Coomassie
staining (63). In addition, most of the FC com-
plexes were converted to the SC complex at
high protein concentrations (compare lanes 3
and 8 of T36 and of T60 in Fig. 5B).

We next explored the binding of the
BRCA2DBD to DNA containing both single-
stranded and double-stranded regions, as these
DNA structures share common aspects with the
substrates and intermediates of homologous re-
combination (/9). We found that 20-nt 3’ or 5’
overhanging ssDNA, and 10- or 20-nt ssDNA
gaps produced both the SC and FC1 and, to a
lesser extent, FC2 complexes (Fig. 5C). This
finding, together with the fact that the ssDNA
regions in these fragments are too short to
produce the FC complexes by themselves (Fig.
5B), suggests that dsDNA, in the context of
ssDNA, may contribute to the formation of the
FC complexes. The same pattern of bands was
obtained irrespective of which strand was la-
beled, ruling out the possibility that the
BRCA2DBBD dissociates the DNA duplex (63).

Tower is necessary for the formation of
the FC complexes. To investigate whether
the Tower contributes to the DNA binding
activity, we constructed a BRCA2DBD
mutant lacking the 3HB and the 3HB-proxi-
mal portions of the Tal and TaS helices
(BRCA2DBDATower) The crystal structure
of BRCA2DBDAT%<r.DSS1 complex con-
firmed that the deletion did not affect
the rest of the BRCA2DBD-DSSI structure
(Fig. 1E). Figure 5D shows that
BRCA2DBDAT*¥*".DSS1 binds T20, T36,
and T60 with overall affinities comparable
to those of the intact BRCA2DBD-DSSI.
However, the BRCA2DBDATowe.DSS1
produces only a single shifted band, even
with T60. The shifted band migrates to the
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same position as the free protein, irrespec-
tive of the size of the ssDNA; it has mo-
bility similar to that of the SC species
produced by BRCA2DBD-DSS1, and we
conclude that it represents a complex qual-
itatively similar to the SC complex. These
findings indicate that the formation of the
FC complexes requires the 3HB.

The isolated helical domain-OB1 frag-
ment binds DNA weakly. We tested a trun-
cated BRCA2DBD containing only the heli-
cal and OB1 domains (BRCA2DBDACB2-OB3),
coexpressed with DSS1, and found that it pro-
duced a single shifted band with ssDNA (T20
and T60, Fig. 5E). The shifted band was evident
at 6 M BRCA2DBDACB2OB3.DSS] with
T60, and at 10 pM with T20. We estimate that
it forms with an apparent affinity about 1/100th
that of the intact BRCA2DBD-DSS1. We did
not determine whether this weak DNA bind-
ing activity is due to OB1 or the helical do-
main, or both, as out of a series of truncated
BRCA2DBD constructs, this was the only one
that could be expressed in a soluble form.

Structure of the BRCA2-ssDNA com-
plex. The best crystals, diffracting to 3.5 A,
were obtained with the BRCA2DBDATower.
DSS1 complex bound to an oligo(dT), ssDNA.
We also obtained crystals of intact
BRCA2DBD-DSS1-ssDNA complexes, but
these crystals diffracted only to ~4.0 A (44,
63). In initial model-phased difference Fourier
maps, both crystal forms showed clear density
for five complete nucleotides (fig. S1B).

The ssDNA binds in the OB2-OB3 channel
in a uniform conformation (Figs. 1E and 6).
The edges of the bases bind at the bottom of the
channel, and the phosphodiester backbone
forms a ridge that extends along the surface of
the channel. The first three nucleotides (Thy!
through Thy®) interact with OB2, the fourth
(Thy*) with both OB2 and OB3 and the fifth
(Thy®) with OB3. The 5’ phosphate group of a
sixth base (Thy®) interacts with OB3, but its
sugar and base groups are disordered. Like
other SSBs (52, 58, 60), the BRCA2 OB-
ssDNA contacts involve stacking interactions
between the bases and aromatic residues, hy-
drogen bond interactions between the edges of
the bases and polar residues lining the bottom
and sides of the channel, and basic residues or
backbone amide groups interacting with phos-
phate groups (Fig. 6).

OB2 makes the most extensive contacts, and
these are qualitatively similar to those in the
RPA-ssDNA complex (52). For example,
Trp?®® stacks with the Thy? base in parallel and
with the Thy? base edge-on, being sandwiched
between the two (Fig. 6), and this is very similar
to the Cyt!-Phe®8-Cyt? stacking in RPA. The
majority of DNA binding OB folds contain an
aromatic residue at this position, and BRCA2
Trp?®% is invariant across species (Fig. 1B).

The rest of the contacts also follow the
paradigm of RPA (Fig. 6 and legend for list

of contacts). One difference between OB2
and RPA is the involvement of the residues
from the base of the Tower (TB1), where
Phe?752 stacks with the base of Thy® and
Tyr?7¢° packs with the sugar group of Thy2.

The phosphate group of Thy® is clearly
visible in our electron density maps, interact-
ing with the backbone amide of Ala*°%7 from
the OB3L12 loop, but the base is disordered.
The rest of the OB3 groove is not available
for DNA binding, as it is involved in crystal
packing contacts in both crystal forms. We do
not know whether OB3 has the capacity to
interact with additional bases.

Three of the OB2 residues that contact DNA
(Lys*”4, GIn**%, and Ser**°’) but have no
structural roles have been found mutated in
cancer; this underscores the importance ssSDNA
binding for BRCA2 function.

The BRCA2DBD stimulates RAD51-
mediated recombination. We used an in
vitro assay involving incubation of circular
$X174 ssDNA with RADS1, followed by the
addition of RPA, and then by the addition of
linearized $X174 RFI (replication form I)
dsDNA (65). Strand pairing and exchange
result in the formation of joint molecule in-
termediates (JM in Fig. 7), nicked circular
dsDNA (NC in Fig. 7), and displaced linear
ssDNA products. In this assay, strand pairing
and exchange are strongly dependent on RPA
(31, 65-67), and it has been suggested that
this is due to the ability of RPA to remove
secondary structure from ssDNA, helping
RADS51 form a more continuous ssDNA-

B BRCA23HB
B Hin Recombinase 3HB

Fig. 4. BRCA2 contains a three-helix bundle
(3HB) similar to the helix-turn-helix dsDNA bind-
ing motif. The 35-residue BRCA2 3HB is superim-
posed on the 36-residue 3HB domain of the Hin
recombinase DNA binding domain (48). The 35
residues correspond to the entire 3HB, starting
with the NH,-terminus of Ta2 and ending at the
COOH-terminus of Ta4. There is only one residue
insertion between H2 and H3 of the Hin recom-
binase 3HB in the alignment.
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RADS5]1 nucleoprotein filament (68). Because
of the similarities between the BRCA2DBD
and RPA, we first tested if the BRCA2DBD
can substitute for RPA in this assay. In the
absence of RPA, we were unable to detect
any appreciable stimulation of RADS1 over a
60-fold range of BRCA2DBD-DSS1 concen-
tration (44), but we cannot rule out the pos-
sibilities that full-length BRCA2 or different
experimental conditions may be needed.
Although RPA is required for this
RADS51-mediated in vitro recombination re-
action, RPA’s stimulatory effects are mini-

A Cc
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mal if it is given access to ssDNA before
RADSI (66, 69). This is thought to be due to
RPA competing with RADS51 for the ssDNA
substrate, as it binds ssDNA ~100 times as
tightly as RADS1 (53, 70). It has been sug-
gested that accessory factors, termed media-
tors, may be required to remove RPA from
ssDNA in vivo (7). Several proteins of the
RADS?2 epistasis group have been shown to
have mediator activity in vitro (72-75).

We thus tested whether the BRCA2DBD-
DSS1 complex can stimulate the RPA-depen-
dent recombination activity of RADS51 using

D

assay conditions similar to those used to dem-
onstrate a mediator activity for RADS52 (72—
74, 76). As described previously, we found
that the reaction efficiency, measured as the
amount of JM and NC produced, was less
when RPA and RADS51 were added to
ssDNA simultaneously (7.4 = 2.0%, lane 3
in Fig. 7) compared with when RPA was
added after RADS1 (12.8 = 3.0 %, lane 9).
When we added BRCA2DBD-DSSI1 at the
same time as RPA and RADS1, we observed
a stimulation of the reaction as a function of
the amount of BRCA2DBD-DSS1 added.

E

BRCA2DBD-DSS1

BRCA2DBD-DSS1

Tower
BRCA2DBD . -DSS1

AOB2-0B3
BRCA2DBD -DSS1

R el | (S ot Nt (o | RO |

BRCA2-DNA

complex i sc sc
Fc2. BFC2. § Fe2
iFCI FC1

free DNA
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& & T20 T36 T60 T20 T60
(<} (<]
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s
B BRCA2DBD-DSS1
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Fig. 5. BRCA2DBD binds ssDNA in vitro, forming two distinct protein-
DNA complexes. (A) Native gel electrophoretic mobility-shift assay with
32p end-labeled DNA probes (5 nM) incubated with 10 uM of mouse
BRCA2DBD-DSS1 where indicated with a (+). dsDNA is a 40-bp random-
sequence duplex DNA, A36 is oligo(dA),,, G36 is oligo(dG),,, C36 is
oligo(dC),,, and T36 is oligo(dT),,. (B) Oligo(dT) ranging in size from 8
to 36 nt (T8 to T36) and oligo(dT),, (T60), each at 5 nM concentration,
were incubated with the following mouse BRCA2DBD-DSS1 concentra-
tions: 0.0 (lane 1), 0.1 uM (lane 2), 0.3 uM (lane 3), 0.6 LM (lane 4), 1.0
pM (lane 5), 3.0 uM (lane 6), 6.0 uM (lane 7), and 10.0 uM (lane 8). All
gels were run at 200 V for 220 min. The three bands with different
shifted mobilities are labeled SC, FC1, and FC2. The identification of the
fastest mobility band in T36 as FC1 is based on extrapolating from the
mobility of FC1 in T24, T28, and T32, which increased linearly as a
function of oligo(dT) size. (C) DNA probes containing both single-
stranded and double-stranded DNA regions can produce the FC1 com-
plex even with a single-stranded region as short as 10 nt. DNA probes,
each at 5 nM concentration, were incubated with 10 uM mouse
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T24

12345678

sC
FC2

FC1

T28 T32 T36 T60
BRCA2DBD-DSS1 complex where indicated with a (+). The 5'- and
3'-overhang probes both contain a 20-nt mixed-sequence, single-strand-
ed region, and a 20-bp mixed-sequence duplex DNA. Gap probes contain
either a 10- or 20-nt oligo(dT) flanked by 20 bp of mixed-sequence
duplex DNA (44). (D) Deletion of the Tower abolishes the formation of
the FC complexes. Oligo(dT),,, oligo(dT),, and oligo(dT),, probes, each
at 5 nM_concentration, were incubated with the mouse
BRCA2DBDATewer-DSS 1 complex at the same protein concentrations and
separated under the same electrophoretic conditions as in (B). Only a
single shifted band, with the properties of the SC complex in (B) is
observable, even after prolonged exposure of the gels. (E) Deletion of the
OB2, OB3, and Tower domains eliminates most but not all of BRCA2's
affinity for ssDNA. Oligo(dT),, and oligo(dT), probes, each at 5 nM
concentration, were incubated with the mouse BRCA2DBDA®82-0B3. psS1
complex at the same protein concentrations and separated under the
same electrophoretic conditions as in (B). About half of the oligo(dT),
probe is bound at 10 uM of mouse BRCA2DBDA©B2-CB3_DSS1 complex.
Oligo(dT),,, probe has a substantially lower affinity.
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BRCA2-ssDNA Interface

Tumor-derived
mutations

H3060

3006
\ / A3007

KBy
B2

Q3046 Q2945

p1

Fig. 6. The OB2 and OB3 domains interact with five nucleotides in the structures of the mouse
BRCA2DBD-DSS1-oligo(dT) ternary complexes. The best crystals were obtained with
BRCA2DBDATe¥¢"-DSS1 bound to oligo(dT), containing either four 5-bromo-uracil or four 5-iodo-
uracil substitutions (at positions 2, 4, 6, and 8). Crystals were also obtained with the intact mouse
BRCA2DBD-DSS1 complex bound to oligo(dT) ranging in size from 9 to 24 nt, but these typically
diffracted to worse than ~4.0 A. Irrespective of the length of oligonucleotide and BRCA2DBD
construct used in the cocrystallization, most data sets showed clear difference electron density for
five complete nucleotides and the phosphate group of a sixth one. The anomalous dispersion signal
from the data set containing 5-iodo-uracil was used to confirm the building of the DNA (44). This
figure shows the interactions between OB2 (red), OB3 (blue), and oligo(dT) (green) from the 3.5
A refined structure of the BRCA2DBDAT*"*"-DSS1 bound to 5-bromo-uracil containing oligo(dT),,.
The green dashed line indicates the disordered thymidine of Thy®. The side chain of Lys?”>* has high
temperature factors, and its interaction with the Thy' phosphate group is not shown. The rest of
the BRCAZ side chains that are shown are all involved in DNA contacts, except for Val®°°?, Leu3°%3,
and Lys3923 of OB3, which are located in positions used by other OB folds to bind DNA, but are
involved in crystal-packing contacts instead.

Fig. 7. The BRCA2DBD-DSS1 com-
plex (BRCAZ on figure) stimulates
RAD51-mediated homologous DNA
pairing and strand exchange in vitro.

RADS1, BRCA2 and RPA RPA
added together added 2°

The proteins included in each reac- B e
tion are indicated above the lanes. e e L by o8| i
BRCA2: | - - - 052 8 16 32| - 8

Reactions contained $X174 ssDNA
(30 wM nt), linearized dsDNA (30 3
WM nt), human RAD51 (7.5 pM),
heterotrimeric human RPA (4.0 M),
and the BRCA2DBD-DSS1 complex
(BRCAZ in figure) at the micromolar
concentrations indicated. In lanes 1
to 8, RADS1, RPA, and BRCA2DBD-
DSS1 were mixed together before
they were added to ssDNA. In lanes
9 and 10, RAD51 and BRCA2DBD-
DSS1 were first incubated together,
then with ssDNA, before RPA was
added. In these assays, the RPA con-
centration is 2 times (4 pM) what
has been described as the optimum
(2 wM), which still stimulates the
reaction, but not as much, presum-
ably because of a partial competi-
tion with RAD51 for ssDNA. The DNA substrates (DS for dsDNA, SS for ssDNA), intermediates (JM
for joint molecules), and products (NC for nicked circular) are shown schematically and their
positions on the gel are indicated by arrows.

4 5 6 7 8 10

T Orv\

Adding as little as 0.5 .M BRCA2DBD-
DSS1, which corresponds to 1/15th of the
RADS5]1 concentration, resulted in a 2.4-fold
stimulation of the reaction (17.8 = 5.4%
compared with 7.4 *£ 2.0%, lanes 4 and 3,
respectively). The extent of stimulation
reached a plateau at 4.5-fold with 8.0 uM
BRCA2DBD-DSS1 (33.6 £ 3.7%, lane 6).
The BRCA2DBD-DSS1 complex stimulated
the reaction when RPA was added after
RADS51 and ssDNA, which corresponds to
the optimal order of addition, although the
amount of stimulation was less (by a factor of
1.9, compare lanes 9 and 10).

Role of DSS1 in the BRCA2 pathway. The
function of DSS1 and its role in the BRCA2
pathway are unknown. In HeLa cells, approx-
imately half of the endogenous BRCA2 co-
immunoprecipitates with DSS1, and the ma-
jority of DSS1 coimmunoprecipitates with
BRCA2 (42). A cellular role for the DSS1-
BRCA?2 interaction is supported by the fol-
lowing observations: (i) The portions of
DSS1 that are involved in BRCA2 binding
are highly conserved, whereas the regions not
involved in BRCA2-binding are not (Fig.
1C). (ii) The DSS1-interacting BRCA2 resi-
dues are conserved (Fig. 1B and fig. S3). And
(iii), two DSSI-interacting BRCA2 residues
(Ala?5%* and Arg?3%°) are mutated in cancer
(Fig. 1B). One model about the function of
DSS1, suggested by its 37% acidic-residue
(-21 charge at pH 7.0) and 13% aromatic-
residue content (Fig. 1C), is that it mimics
oligonucleotides, possibly regulating the ac-
cessibility of a subset of the putative DNA
binding sites on the helical and OBI
domains.

DNA binding activities of BRCA2. Our
biochemical data show that the BRCA2DBD-
DSS1 can produce two distinct types of pro-
tein-DNA complexes. The FC complex re-
quires the Tower, forms avidly with 0.3 pM
BRCA2DBD-DSS1, and requires a 32- to
36-nt oligo(dT). In contrast, the SC complex
can form even with 8 to 12 nt, it is not
affected by the deletion of the Tower, and it
forms stably only at = 3.0 uM.

Two binding modes have also been
demonstrated for RPA (52, 53, 55-57, 77).
One mode requires only the DBD-A and
DBD-B OB folds, as seen in the RPA-
ssDNA crystal structure; it has low affinity
but high cooperativity, and it has a binding
site of 8 nt [8-nt mode (55-57)]. It is
thought that the crystal structure; of the
RPA-ssDNA complex represents this
mode. The other mode requires all four
DBDs (A/B/C/D) of RPA, as demonstrated
by deletion, mutagenesis and cross-linking
studies, it has high affinity but low coop-
erativity, and it involves an occluded size
of ~30 nt (30-nt mode).

On the basis of the analogies between the
8-nt binding mode of RPA and the SC com-
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plex, it is likely that the binding of OB2 and
OB3 to the 5 nt that we observe in our
BRCA2DBDAT**-DSS1-0ligo(dT), crystal
structure represents the SC or a closely related
complex. The FC-type complexes could then
involve the engagement of additional regions
of BRCA2 in DNA binding. Our observation
that a BRCA2 fragment containing only the
helical domain and OBI still has DNA bind-
ing activity, albeit much weaker than the in-
tact DBD, indicates that this region contains
at least some of the additional DNA binding
domains. The weak DNA-affinity of the iso-
lated helical domain-OB1 is again reminiscent
of RPA, where the isolated DBD-C/D com-
plex has a DNA affinity about 1/100th that of
the DBD-A/B fragment (78-80).

In addition, our data implicating the Tow-
er 3HB in the formation of the FC complexes
point to a fourth DNA-interacting region
within the BRCA2DBD. It is not yet clear
whether the Tower is recognizing ssDNA or
dsDNA, but most of the helix-turn-helix con-
taining three helix bundle domains recognize
dsDNA. The FC complexes can be produced
by DNA substrates that contain short ssSDNA
in the context of dsDNA (Fig. 5D); this sug-
gests that the 3HB interacts with dsDNA or
dsDNA-like structures [see SOM text for ad-
ditional discussion]. Although in our binding
experiments in Fig. 5B we used ssDNA, the
adoption of secondary structure by the
ssDNA, which would be more avid with
longer oligonucleotides, could result in
dsDNA-like structures.

Finally, the highly basic nature and high
aromatic-residue content of the DSS1-binding
BRCA2 pgroove raise the possibility that
it may interact with ssDNA in the absence of
DSS1. Dissociation of all or part of DSS1 could
happen as a result of competition with DNA or
after a modification in either DSS1 or BRCA2.
It is interesting that RPA’s DBD-D domain has
cryptic DNA binding activity that is observable
only when a 40-residue NH,-terminal region
that contains the majority of the regulatory phos-
phorylation sites is deleted (79).

Role of BRCA2 in RAD51-mediated ho-
mologous recombination. The DNA bind-
ing activities of the BRCA2DBD, in conjunc-
tion with the RADS51-binding activities of the
eight BRC repeats can, in principle, have a
direct role in facilitating several steps of
RADS51-mediated homologous recombination.
These steps could include the recruitment of
RADS1 to sites of processed DSBs, the dis-
placement of RPA, the formation of the
RAD51-ssDNA nucleoprotein filament, or the
pairing and exchange of the ssDNA with
dsDNA. The model of BRCA?2 facilitating the
recruitment of RADS1 to DSBs, in particular,
could explain several observations. In the cell,
DSBs are typically ressected to produce long
stretches of ssDNA (79). A role for BRCA2 in
recognizing aspects of the ssDNA/dsDNA hy-
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brid structures of processed DSBs could ex-
plain our observations implicating the Tower in
interactions with dsDNA-like structures in the
context of the OB folds recognizing ssDNA,
possibly with contributions from the DSSI-
binding regions. A role for BRCA2 in recruit-
ing RADS1 to DSBs could also explain
RADS1’s lack of specificity for ssDNA over
dsDNA (27, 31, 32, 81), which is one of the
features that distinguish it from the prokaryotic
RecA homolog. RecA has a strong preference
for ssDNA (82), and this property allows it to
overcome the inhibitory effects of dsDNA and
may be part of the mechanism of properly
localizing RecA to DSBs (83). With the more
complex eukaryotic genomes, RAD51 might
have evolved to rely on BRCA2 for its local-
ization to processed DSBs or to specific DNA
structures within them, and its lack of prefer-
ence for ssSDNA over dsDNA may reflect this.

The model of BRCA2 recruiting RADS1
to processed DSBs could also be consistent
with the observation that isolated BRC-
repeat peptides interfere with RAD51’s abil-
ity to bind both ssDNA and dsDNA in vitro
(84). In principle, a mechanism that confers
specificity for DSBs through a recruitment
component could be complemented by an
inhibitory component that prevents RADS51
from interacting with inappropriate DNA
substrates, especially as RAD51 has similar
affinities for dsSDNA and ssDNA. After it is
recruited to sites within processed DSBs,
the recruited RADS51 may dissociate from
the BRC repeats and partition onto ssDNA.
This aspect of the model may also explain
why some of the eight BRC repeats have
widely different affinities for RAD51 (26,
39). The weakly bound RAD51 molecules
could be first to partition onto the DNA,
whereupon the cooperativity of nucleopro-
tein filament formation could drive even
the relatively tightly bound RADS51 mole-
cules to partition onto the RAD51-ssDNA
nucleoprotein filament.

This model does not exclude a need for
RPA to bind the ssDNA ahead of time to
remove secondary structure and to facilitate
ssDNA-RADS51 nucleoprotein filament for-
mation. The full-length BRCA2-RADS51
complex may have a high enough cooperative
affinity for ssDNA to displace RPA, or
BRCA2 may displace RPA through the me-
diator mechanism proposed for RAD52 and
several other proteins [(72-76), and see ad-
ditional discussion in SOM text]. A medi-
ator-like activity is supported by our in
vitro data, which show stimulation of the
RPA-dependent recombination activity of
RADS1 by the BRCA2DBD.

Our crystallographic, biochemical, and mu-
tational data thus establish a new molecular
function for the BRCA2 tumor suppressor in
binding DNA and provide a framework for
understanding the loss of homologous recom-

bination-mediated DSB repair in BRCA2-asso-
ciated cancers.
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A Proton Buffering Role for
Silica in Diatoms

Allen J. Milligan and Frangois M. M. Morel*

For 40 million years, diatoms have dominated the reverse weathering of silica
on Earth. These photosynthetic protists take up dissolved silicic acid from the
water and precipitate opaline silica to form their cell wall. We show that the
biosilica of diatoms is an effective pH buffer, enabling the enzymatic conversion
of bicarbonate to CO,, an important step in inorganic carbon acquisition by
these organisms. Because diatoms are responsible for one-quarter of global
primary production and for a large fraction of the carbon exported to the deep
sea, the global cycles of Si and C may be linked mechanistically.

Aquatic protists of the class Bacillari-
ophyceae (diatoms) have an absolute re-
quirement for the element Si from which
the cell wall, known as a frustule, is pro-
duced (/). Silicic acid is taken up by a
specific transporter (2) and polymerized
intracellularly within a specialized vesicle
onto an organic matrix consisting of cation-
ic polypeptides (3). After polymerization,
the amorphous hydrated silica with a gen-
eral formula of Si O,  (OH), (where n
and x are whole numbers) is moved to the
exterior of the cell (/). Diatoms often dom-
inate the phytoplankton assemblage in re-
gions of high productivity where algal nu-
trients, including Si, are available. These
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nutrients are brought to surface waters by
rivers, strong vertical mixing, or upwelling
and allow diatoms to “bloom” because of
their high intrinsic growth rates. Thus, it
has been hypothesized that the precipitation
of silica must somehow provide an ecolog-
ical advantage to diatoms. Suggested func-
tions for the siliceous cell wall include serv-
ing as an ultraviolet (UV) filter (4), as armor
to protect against grazing by zooplankton (5),
and as ballast to control water column posi-
tion (6). It has also been suggested that it is
energetically cheaper to construct a cell wall
with silica rather than with organic carbon
(7). But to date there has been no experimen-
tal demonstration of an actual physiological
function for silica in diatoms or of its sup-
posed advantage in cell wall formation.
Whereas dissolved nutrients in upwelled
water are at concentrations that do not limit
growth rates, the concentration of CO, in
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these waters is not necessarily saturating to
photosynthesis (8). This is due to the poor
affinity and specificity of the main carboxy-
lating enzyme, ribulose-1,5-bisphosphate car-
boxylase-oxygenase (RubisCO), which, at
the CO, and O, concentrations of seawater, is
much undersaturated with CO, and catalyzes
the oxygenation as well as the carboxylation
of ribulose-1,5-bisphosphate (Rubp) (9).
Many photosynthetic protists have overcome
this limitation by using a carbon concentrat-
ing mechanism (CCM) that augments the
CO, concentration in the vicinity of RubisCO
(10). As part of their CCM, diatoms, like
several other microalgae, possess an extracel-
lular carbonic anhydrase (CA) that catalyzes
the slow reaction (uncatalyzed half-life ~30
s) between bicarbonate (HCO,") and CO, at
their surface (/7). The expression of this CA
is regulated, increasing at low ambient CO,
concentrations (/2). Although the mechanism
of the CCM of diatoms is not completely
understood, there is general agreement that
the activity of the external CA is an important
part of it (/3).

Forms of CA that have high catalytic rates
(kw > 10* s~1) require a pH buffer to either
provide or receive the proton involved in the
reaction between HCO,~ and CO, because pro-
ton exchange with water is relatively slow (/4,
15). The proton transfer reaction between the
pH buffer and the active site has been shown to
be the rate-limiting step in catalysis (/6). In
seawater the principal natural buffers are, in
order of importance, bicarbonate, borate, and
silicate. The bicarbonate-carbonate system has
been shown to be an effective buffer for some
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