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In the repair of double-strand breaks of DNA by homologous recombination the recombinase protein RADS1 has its
functions controlled by the breast cancer susceptibility protein BRCA2. BRCA2 can bind to RADS51 via the BRC repeats
BRC1-BRCS8, which are eight conserved sequence motifs in BRCA2 of about 35 amino acids. We have carried out a series
of extensive unrestrained atomistic molecular dynamics (MD) simulations in explicit water for a total time period of 248 ns,
in order to study the dynamical behaviour and conformations of the complexes between the hairpin loop region of the BRC
repeats and RADS1. Our simulations have allowed us to investigate the conformations adopted by the BRC repeats both
while bound to RADS51 and while isolated. These conformations are rationalised through an analysis of the inter- and intra-
molecular backbone and side chain bonding interactions in all the eight human BRC repeats as well as in a single-point
mutation of BRC4. The differences in sequence result in differences in the interactions between the BRC repeats and the
RADS1 protein but these do not appear to disrupt the binding in any of the BRC—RADS51 complexes as there are always a
number of key residues remaining which allow a sufficient number of interactions to stabilise the complexes.

Keywords: molecular dynamics; proteins; BRCA2; RADS1

1. Introduction

The preservation of genomic integrity is an essential part
of successful cell proliferation [1]. DNA double-strand
breaks (DSB) can occur in cells as a result of endogenous
and exogenous sources but cells have evolved repair
processes to repair such lesions. If the resulting lesions are
not repaired this leads to a predisposition to diseases,
including cancer, and for this reason it is vital to
understand mechanisms of repairing DNA damage. The
most important mechanism of DSB repair is the process of
homologous recombination (HR) that uses an intact
homologous DNA molecule as a template for repair of the
broken molecule. Unlike other methods of repair, this
process is error-free and thus is essential for maintaining
genomic integrity [2].

HR is a process conserved in all organisms and the
core proteins involved in HR are similarly conserved. The
key protein in eukaryotic HR is the recombinase RADS51, a
member of the RecA family of recombinases that includes
the RadA protein in archaea. In conjunction with various
accessory and regulatory proteins, RADS51 mediates
homology-directed repair of DSBs [3]. RADS5I is
composed of two globular domains [4]. The C-terminal
core domain (amino acids 98-339 in human RADS51),
accounts for many of its catalytic properties and is

important for oligomerisation and binding to single-
stranded DNA, found at the sites of a DSB. This domain is
homologous to the core domain of Escherichia coli RecA
[5]. The N-terminal domain (amino acids 1-82) is
anchored to the core domain via a flexible linker, and has
putative double-stranded DNA binding ability [6].

The functions of RADS1 in the cell are known to
depend on the interplay with other proteins and in vivo
studies have shown that in many organisms, the BRCA2
protein is the key regulator of RADS51 function [7].
BRCA?2 mutations are associated with a strong predis-
position to breast and ovarian cancer and functionally
correlate with defective HR resulting in a reduced
efficiency and fidelity of DSB repair [1,8]; coupled with
the compensatory use of error-prone pathways of repair,
the result is gross chromosomal instability [2,9]. BRCA2
uses two distinct motifs to interact with RADS51: the BRC
repeat and a motif in the C-terminus of the protein [10].
The BRC repeat is the primary site through which BRCA2
binds RADS51. This 35-40 amino acid motif interacts with
RADS51 and allows BRCA2 to deliver the bound RAD51 to
sites of damaged DNA. It is known that in this form
RADS1 catalyses ATP-dependent HR which includes the
process of pairing and strand exchange for the repair of
DNA [3,11]. Further study of precisely how BRCA2
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directs the loading of RADS51 to DNA is needed to better
understand how the genome is maintained in a stable state
and how defects in these processes lead to cancer
predisposition.

The multi-domain BRCA2 protein has orthologues
in numerous organisms (but not yeast, prokaryotes and
archaea — although all have RADS51 orthologues) and has
little sequence conservation with other proteins [12,13].
A number of distinct conserved domains have been
characterised in these orthologues and have been the
subject of genetic, biochemical and structural study, most
notably the RADS51-interaction motifs [13]. The complex
nature of the interactions between BRCA2 and RADS51 has
prompted a structure-based approach in its analysis.

The core BRC repeat, albeit with significant sequence
variation, is present in all orthologues but interestingly the
number of these repeats varies between organisms from
one in Ustilago maydis and Caenorhabditis elegans to
fifteen in Trypanosoma brucei [12]. Human BRCA2 has
3418 amino acids and contains eight BRC repeats (BRC1—
8). Each core repeat has 35 amino acids (Figure 1).

The crystal structure of the human RADS51 C-terminal
core domain, in complex with BRC repeat 4 (BRC4) is
shown in Figure 2 [14]. This structure, ata 1.7 A resolution
shows that BRC4 makes contact with the core domain of
RADS51. The binding of BRC4 to RADS51 extends the core
parallel 3-sheet structure of RADS1 by two short anti-
parallel strands and also packs an amphipathic a-helix
(amino acids 1536-1542) against the RADS51 exterior.
This continuous contact between BRC4 and RADS1 is
brought about by a strip of 28 amino acids (1521 —1548) of
BRC4 which include hydrophobic contacts as well as a
number of charge—charge interactions along the interface
[12,14]. The crystal structure of the human BRC4-
RADS51 complex provides a starting point for our study of
the interactions between the different BRC repeats and
RADSI.

BRC1 1002-NHSFGGSFRTASNKEIKLSEHNIKKSKMFFKDIEE-1036
BRC2 1212-NEVGFRGFYSAHGTKLNVSTEALQKAVKLFSDIEN-1246
BRC3 1421-FETSDTFFQTASGKNISVAKESFNKIVNFFDQKPE-1455
BRC4 1517-KEPTLLGFHTASGKKVKIAKESLDKVKNLFDEKEQ-1551
BRC5 1664-IENSALAFYTSCSRKTSVSQTSLLEAKKWLREGIF-1698
BRC6 1837-FEVGPPAFRIASGKIVCVSHETIKKVKDIFTDSFS-1871
BRC7 1971-SANTCGIFSTASGKSVQVSDASLQONARQVFSEIED-2005
BRC8 2051-NSSAFSGFSTASGKQVSILESSLHKVKGVLEEFDL-2085
BRC4TA 1517-KEPTLLGFHAASGKKVKIAKESLDKVKNLFDEKEQ-1551
P . P .

Figure 1. Sequence alignment of the eight human BRC repeats
and a BRCATA mutation. The core 35 amino acid sequence is
shown with the B-hairpin loop region used in our MD simulations
(see Section 2) highlighted in red and the FX;X,;A motif
underlined. The alignment was generated with ClustalW. The
symbols on the bottom row denote the degree of conservation
observed in each column: ‘*’ denotes that the residues or
nucleotides in that column are identical in all sequences in the
alignment, ‘> denotes that conserved substitutions have been
observed and ‘. denotes that semi-conserved substitutions are
observed.

Figure 2. The crystal structure of the human BRC4-RADS51
complex. (a) Cartoon diagram illustrating the secondary structure
elements with RADS51 in blue and the BRC4 repeat in red. The
BRC4 extends the core (3-pleated sheet, and forms an orthogonal
clamp on RADS51. (b) Hydrophobic interactions between RAD51
and the B-hairpin loop of BRC4. The side chains of F1524 and
A1527 (shown in orange) of BRC4 are inserted into separate
hydrophobic pockets.

The crystal structure of the BRC4—RADS51 complex
provided the first mechanistic insight into how a BRC
repeat binds RADS51 and subsequently can regulate its
function. Within BRC4 the highly conserved BRC motif
denoted by the consensus FX;X,A (1524-FHTA-1527)
was shown to bind to the oligomerisation surface of
RADS1 (strongly conserved in many RecA orthologues)
[7,14,15]. The FHTA motif in BRC4 appears stabilised
within the context of a -hairpin loop when bound to
RADS1. F1524 and A1527 bind into two hydrophobic
pockets in the core domain of RAD51. BRC repeats in
BRCAZ2 have clearly evolved to mimic the interaction seen
between RADS51 protomers in a sequence-specific manner
(human RADS51 uses the motif 86-FTTA-89 in its inter-
domain flexible linker to bind to a neighbouring RADS51)
and structural mutations in the FX;X,A consensus
abrogate binding to RADS1 [7,16].

In vitro studies suggest that the eight human BRC
repeats are non-equivalent in their ability to bind to
RADSI1 [13,16]. The BRC repeats BRCS and BRC6 are
known to be inefficient binders whereas BRC3 and BRC4
are good at binding RADS51 [10]. With the determination
of the atomic structure of BRC4 in a complex with the
catalytic core of RADSI, it has been possible to expand
our knowledge of the molecular features of the binding and
identify the key residues for the interaction between
BRCA2 and RADS51. However, crystal structures of the
other BRC repeats either bound or unbound are still
unavailable, considerably limiting efforts to increase our
understanding of the interactions and the conformational
changes which control binding.

In order to advance further our understanding of the
conformations and BRCA2-RADS!1 interactions in the
region of the hairpin loop of the different repeats in
solution and ambient temperature we have carried out
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a series of molecular dynamics (MD) simulations. We
have studied each of the eight BRC repeats of human
BRCAZ2 both while bound to the core domain of RADS51
and while unbound in solution and focusing on the region
of strong sequence conservation and functional import-
ance — the hairpin loop. We have also studied a structural
point mutation in BRC4 (T1526A) which has been
predicted to weaken the binding of BRC4 to RADS51 [16].
In addition to the residues involved in direct inter-
molecular interactions between the BRCA2 and RADS1,
we also investigated the residues responsible for stabilis-
ing the observed conformations of the BRC peptides
through intra-molecular bonding. In Section 2, we describe
the methods and procedures used for setting up and
running the simulations. In Section 3, we present and
discuss our results including a detailed analysis of the
various inter- and intra-molecular interactions for the
complex and the isolated BRC repeats. Finally, our
conclusions are presented in Section 4.

2. Methods
2.1 Initial structures

Proteins with the sequences of the eight human BRC
repeats and the single-point mutation BRC4TA were
modelled starting from the crystal structure of the BRC4—
RADS1 complex [14] (Protein Data Bank, PDB; code:
InOw). The BRC4-RADS1 crystal structure was used as
the starting point for generating the structures of the other
complexes. This was done with the IC PARA command in
CHARMM [17] that replaced the residues for the different
sequences (as shown in Figure 1) based on the BRC4
backbone structure after editing the residue names in the
original PDB file according to each repeat. The models for
the simulations of the unbound BRC repeats were also
built from the same crystal structure of the BRC4-RADS51
[14] complex by removing the residues corresponding to
RADS1. The BRC repeat sequence was truncated in each
case to the minimal structure which contained the hairpin

\

» Simulation region
\ (Newtonian dynamics)

— =« Buffer region (Langevin dynamics)

Molecular Simulation 751

loop. For BRC4 this included the 17 residues from
PROI1519toILE1535, as shown in the sequences of Figure 1,
where the 16 residue sequences for all of the repeats are
highlighted. The backbone positions of the eight BRC
repeats were built by interpolations between the closest
known residue positions from the crystal structure of
BRC4. The unknown side-chain heavy atom coordinates
were built using the generate seg setup and ic build
modules of CHARMM. Hydrogen atom coordinates were
constructed using the HBUILD module of CHARMM
[18], followed by a short geometry optimisation with the
heavy atom coordinates kept fixed. Then, a full structural
relaxation of all the newly replaced residues was carried
out, while the coordinates of the residues which were the
same as those in the crystal structure of BRC4 were kept
fixed.

2.2 Simulation set-up and equilibration

To allow a realistic description of the solvent, all our
simulations were carried out in explicit water described by
the TIP3P model [19]. To avoid the high computational
cost of simulations in periodic boundary conditions with
explicit solvent, a stochastic boundary approach was used
to confine the water in a sphere centred at the protein—
protein interface. This approach does not have a charge
neutrality requirement as in the case of calculations with
periodic boundary conditions. In our calculations, we
assumed that all Asp and Glu residues were negatively
charged while Lys and Arg residues were positive. The His
residues were represented in their neutral form. To prepare
each simulation, each protein was first immersed in a 25 A
radius sphere of pre-equilibrated water and any water
molecules overlapping with the protein were deleted. This
resulted in about 4000 water molecules being included in
the simulation when the initial Protein Structure file (PSF)
file was created. The sphere was then divided into two
regions (Figure 3): an inner 23 A radius reaction region
where Newtonian dynamics apply and an outer spherical

(b)

« Stochastic boundary

Figure 3. (a) The human BRC4-RADS51 complex (cyan) inside the water sphere (yellow) which is divided into two regions; an inner
reaction region (red broken line) and an outer buffer region (blue solid line). Outside the buffer region the atoms are fixed. (b) An isolated

BRC repeat (cyan) in the water sphere (red and white).
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shell defined by radii from 23 to 25 A which acted as the
buffer region where the MD follows Langevin’s equation
of motion. A spherical boundary potential was employed
to maintain the correct average distribution of water
molecules and to prevent water from escaping into the
vacuum. All the atoms in the reservoir region outside of
the boundary potential were fixed as the system was
partitioned. Before each simulation, the entire system
(protein plus water) within the sphere was relaxed to
remove bad contacts. An initial dynamics run was
performed to shake-up the waters with the protein fixed,
at 1000K for 2.5ps followed by an equilibration
simulation of the whole system at 300K for 5ps. A new
pre-equilibrated water sphere was then overlayed on the
system to fill any holes that might have been created
during the shake-up. A final equilibration dynamics run
was performed with the protein fixed for 2.5 ps at 300K
and then on the whole system at 300K for 112.5 ps. Then
the production runs followed, which were carried out at
300K. All the simulations were performed using the
CHARMM [18] package with the version-22 force fields
[17] and a time step of 1 fs.

2.3 Production runs

We carried out 12 ns of MD simulations in total for each of
the nine BRC—RADS51 complexes and for each of the nine
isolated BRC proteins, using the following procedure: first
one 2 ns simulation was performed (except in the cases of
isolated BRC4, BRCA4TA and their complexes with
RADS51 where this first simulation was run for 10 ns)
and then five further simulations of 2 ns duration were run
starting from snapshots taken at 400, 800, 1200, 1600 and
1900 ps intervals of the first simulation. This procedure
is summarised in the diagram of Figure 4 from which

it can be seen that none of the simulations were run as
continuations of the first simulation but they were instead
first equilibrated according to the procedure we described
in the previous section.

We have followed this procedure in order to enhance
our sampling of conformational space and to examine how
the different BRC repeats may evolve away from their
starting structures. All our simulations were performed
in pure water and therefore our observations will not
be directly relevant for the interpretation of any salt
concentration-dependent effects.

Also, the simulation techniques and the subsequent
analysis employed in this work are only suitable for
examining the bonding interactions and conformational
flexibility of the isolated BRC repeats and of their
complexes with RADS1, and are not suitable for drawing
(even qualitative) conclusions about the relative binding
affinities of the BRC repeats. Other types of approaches
can be used in order to address this issue, and this is the
focus of ongoing work on which we intend to report in
the future.

3. Results and discussion

In this section, we present an analysis of the conformations,
bonding and flexibility of the proteins during the
simulations. We focus on the similarities, and importantly
differences, in the hairpin loops of the BRC repeats as they
all use a conserved sequence motif that mimics the
oligomerisation of RADS51. The section is divided into two
subsections. In the first subsection, we discuss and analyse
the simulations of the isolated repeats and in the second
subsection we discuss the simulations of the complexes
where we also observe the effect that the complex formation
has on the rigidity of the repeats. The insights obtained are

400ps 800ps 1200p5 1600ps 1900p5

simulation 1 . |

Q////

simulation 2

simulation 3

simulation4 \

\ 4

simulation 5 .

v

- . ~
simulation 6 . >

Figure 4. Schematic representation of the simulations we have carried out for each protein. The horizontal arrows represent production
simulations of 2 ns while the red dots at the beginning of each arrow represent the set-up and equilibration procedure described in Section
2.2. The initial structures for simulation 1 were generated using the methods described in Section 2.1 while the initial structures for
simulations 2—6 were provided from snapshots extracted from simulation 1 at the time intervals indicated.
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Ala 1527 Ser 1528

His 1525

Lys 1531

BRC4

Figure 5. Structure of the backbone of the BRC4 motif around
its 3-hairpin loop, showing the two hydrogen bonds (black lines)
between backbone atoms that stabilise the loop (NA—Oc,
between Thr1526-Lys1530 and O,—Ng between Thrl1526-
Gly1529).

important, more so as to our knowledge no experimental
results [e.g. from NMR (15N-HSQC) or CD data] into the
motions and flexibility of the repeats are available.

3.1 Isolated BRC repeats

The hairpin loop of the BRC repeats is stabilised by two
intramolecular hydrogen bonds between its backbone
atoms, as shown in Figure 5.

The hydrogen bonds form between the backbones of
residues marked as A—C in Figure 5. As only backbone
atoms are involved, we expect these interactions to be
conserved in all of the repeats, however they will differ in
length and strength as a result of the different side chains
in the 16-amino acid sequence that is not conserved

Molecular Simulation 753

throughout the BRC repeats. For example, in the case of
BRC4 the hydrogen bonding occurs between the residues
Thr1526 (A) Gly1529 (B) and Lys1530 (C), while in
BRC2 the hydrogen bonding occurs between Ser1221 (A),
Gly1224 (B) and Thr1225 (C). Table 1 shows the average
bond distances from all the simulations (the six
simulations described in Figure 4) for each BRC repeat,
according to the labelling scheme of Figure 5. Note that in
the case of BRC4TA there are three sets of values, as three
distinct conformations (‘states’ 1-3 in the Table) were
observed in the simulations.

Throughout the simulations for BRC3-BRCS, the
O,—Ng and N,y—Oc distances correspond to stable
hydrogen bonds and are maintained with only small
fluctuations. In contrast, in BRC1, BRC2 and BRC4TA
(single-point mutation of Thr1526 by Ala, see Figure 1)
these interactions appear to be weaker as the O,—Ng and
Na—Oc distances are longer by about 1A or more. It is
particularly interesting to compare the behaviour of BRC4
and BRC4TA as a function of time. We observe that the
lengths of the O,—Np and N5—O¢ hydrogen bonds for
BRC4 (Figure 6) remain almost constant, while in the case
of BRCATA there is increased flexibility and variation in
both hydrogen bond distances. We can divide the
BRCA4TA simulation into three stages: The first stage is
during the first 3ns where both bond distances are
relatively well-maintained and are similar to those of
BRC4. The second stage is from 3 to 6ns where the
O,—Ngp distance increases to about 6 A and the NA—Oc¢
distance gradually increases to about 5 A. Finally, during
the third stage from 6 ns onwards the O,—Npg and No—O¢
distances do not vary on average but do fluctuate
considerably around their average values.

Further insight into the differences in flexibility and
the backbone conformations of the BRC repeats can be
gained by examining the structures and by following the
torsion angles of the residues that constitute the [3-hairpin
loop. An analysis of the rotational freedom about the ¢ and
¢ angles using Ramachandran plots shows that despite

Table 1. Residues in positions A—C for each of the BRC repeats, and the average bond distances (in A) for the intra-molecular backbone

interactions.

Repeat A OA*NB NA*OC B C
BRCl1 THR 4.58 = 0.21 5.36 = 0.23 ASN LYS
BRC2 SER 4.46 £ 0.10 4.67 = 0.12 GLY THR
BRC3 THR 3.84 = 0.21 2.96 = 0.30 GLY LYS
BRC4 THR 3.62 = 0.19 2.87 £0.12 GLY LYS
BRC5 THR 3.23 £0.12 3.00 = 0.16 SER ARG
BRC6 ILE 3.12 = 0.08 3.02 = 0.21 GLY LYS
BRC7 THR 3.90 = 0.14 3.09 = 0.09 GLY LYS
BRCS THR 4.04 = 0.05 3.06 = 0.32 GLY LYS
BRCA4TA (state 1) ALA 3.26 = 0.22 2.89 + 0.23 GLY LYS
BRC4TA (state 2) ALA 6.75 = 0.09 3.35 +0.28 GLY LYS
BRCA4TA (state 3) ALA 6.76 = 0.10 5.19 £ 0.21 GLY LYS
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Figure 6. The two backbone hydrogen bond distances (in A) as
functions of time from the simulations of isolated BRC4 (bonds
between O, —Ngiy and Ny, —Oy ) and BRC4 (bonds between
OAla*Noly and NAla*OLys)-

having the same three amino acids (Alal1527, Ser1528 and
Gly1529) in their B-hairpin loops BRC4TA and BRC4
behave rather differently as BRC4TA displays a more
diffuse distribution of angles than BRC4 (Figure 7).

For some of the conformations of BRC4TA, the angle
distributions for Gly1529 are identical to those of BRC4
as can be seen from the Ramachandran plots in Figures 7
and also in Figure 8 where during the first 3ns of the
simulations the two BRC repeats show a similar
distribution. However from then onwards the BRC4TA
distribution of angles becomes more diffuse and the plots

BRC4

180
120 +

60 +

psi

-180 -120 60 120 180

¢Ala ¢Ser ¢Gly

g0 L
phi

of Figure 8 indicate that it is exchanging between two
conformations. The first conformation of BRC4TA is
similar to that of BRC4 with ¢ = 60 * 30, ¢y = 150 = 30
while the second one has undergone a 60° rotation about
the ¢ angle ¢ = 60 = 30, =90 % 30 which is still
within the allowed region for the left-handed helix. This
increased flexibility is a consequence of the replacement of
Thr by Ala in BRC4TA as this leads to loss of the
stabilisation of the loop by the Thr side chain.

The left-handed helix region of the Ramachandran
plots is normally only allowed for Gly, and as expected, it
is mainly Gly that occupies this position in the BRC
repeats. However, non-Gly residues are found in this
position for BRC1 and BRC5. BRC1 exhibits increased
flexibility and has the longest average No—O¢ distance
out of all the BRC repeats. For BRC5 the conformation
required to form the loop and the strain placed on the non-
Gly residue Ser, appears to be compensated by the rest of
the loop as the backbone—backbone hydrogen bonds do
not become elongated.

The Ser Ramachandran plots of both BRC4 and
BRCATA lie predominantly as expected in the [3-sheet
region ¢ =90 * 40, y = —90 = 20 and show a similar
distribution from 4 ns onwards. They differ in the first 4 ns
of the simulation, where the distribution of BRC4TA is
more diffuse switching between two conformations in the
¢ =60 £ 20, y = — 60 = 20 region. The Ala Ramachan-
dran plots show two distinctly different conformations for
the two BRC repeats after the first 3 ns of simulation. Both
BRC4 and BRC4TA for the Ala plot are distributed in
the «-helix region and start from the same location
¢ =—30 =20, y=—60 £ 20. However, after 3ns
BRCA4TA has adopted a ¢ = —60 £ 40, y = — 100 £ 20
conformation, while BRC4 has adopted a conformation in
the ¢ = — 120 = 20, y = —60 = 20 region. It is therefore
clear that the conformation of the (3-hairpin loop changes
during the simulation of BRC4TA. In the BRC4TA Alal527
and Gly1529 adopt new conformations (Figure 6), while
Ser1528 remains close to that found in BRC4, despite

BRCATA

T|®Ala ®Ser ¢Gly

-180 -~
phi

Figure 7. Ramachandran plots for the BRC4 and BRC4TA isolated repeats showing the ¢ and ¢ torsion angles of the three residues that

form their -hairpin loops.
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Blue 0-3ns

Yellow 3-6ns

Red 6-10ns

Figure 8. (a) Ramachandran plots for the BRC4 and BRC4TA isolated repeats showing the ¢ and i torsion angles of the protein
backbone, for three time intervals of the simulation. (b) The backbone configurations of the hairpin loop residues in BRC4 and BRC4TA.
Top: snapshot of BRC4 at 5ns. Bottom: Snapshots of BRC4TA in the starting configuration (blue), at 4 ns (yellow) and at 9ns (red),

showing the evolution of conformations.

showing initial differences. As a result BRC4TA switches to
a new more ‘open’ conformation from the one it started
while BRC4 retains its initial conformation.

Overall, BRC1, BRC2 and BRC4TA display the
greatest degree of flexibility in their conformation during
the simulations. The behaviour of BRC1 is a result of the
loss of Gly in the third position of the B-hairpin loop,
whereas while BRC2 and BRC4TA both retain the Gly
in this position they incur the loss of Thr1526, by its
replacement by Ser and Ala respectively, and this results in
the loss of side chain intramolecular bonds as we will see
next. The BRC repeats 3—8 appear to be the most rigid,
maintaining their original conformation via a network of
intra-molecular bonds.

In addition to the backbone—backbone interactions that
we examined above, there are also a number of intra-BRC
hydrogen bonds that form between side chains of residues
of the hairpin loop. These side chain interactions, which are
shown in Figure 9 for the case of BRC4, and are tabulated in
Table 2 for all the repeats, play an important role in keeping
the two sides of the loop poised for binding to RADS51.

Some of the BRC repeats contain residues that are not
capable of making intramolecular hydrogen bonds with

Figure 9.  Side chain hydrogen bonds for an isolated BRC repeat,
between Z—Y and Z—X (in BRC4 Z, Thr; X, Ser; and Y, Lys).
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Table 2. The residues in positions X—Z of the BRC repeats (Figure 9) and the average bond distance (A) for the Z—Y and Z—X bonds.

Repeat X Y zZ Z—Y(BB) 7Z—X
BRCI SER LYS THR 6.95 * 0.09 8.66 = 0.09
BRC2 HIS THR SER 6.59 = 0.18 10.62 = 0.06
BRC3 SER LYS THR 3.06 = 0.10 327 *0.19
BRC4 SER LYS THR 6.66 = 0.12 8.45 + 0.09
BRCS CYS ARG THR 3.03 = 0.14 5.63 + 0.13
BRC6 SER LYS ILE

BRC7 SER LYS THR 3.02 = 0.18 3.69 + 0.10
BRCS SER LYS THR 3.07 = 0.07 347 +0.12
BRCATA SER LYS ALA

their side chains, and in these cases the side chains are
oriented to point towards the bulk solvent. The point
mutation in BRC4TA (replacement of Thr with Ala) is
such an example and has a profound effect on the rigidity
of the chain as in this case both of the hydrogen bonds
shown in Figure 9 are disrupted.

We can see from Table 2 that BRC repeats 3, 5, 7 and 8
form intramolecular hydrogen bonds. The side chains at
position Z in the cases of BRC6 and BRCATA are
hydrophobic and thus do not contain atoms capable of
forming an intramolecular hydrogen bond network.

3.2 BRC-RADS51 complexes

The BRC repeat motif that we studied here contains two
hydrophobic residues that make contact with RADS51: (1)
Phe which is present in all eight of the BRC repeats
(Phel524 in BRC4) and in the single-point mutation
BRCATA and (2) Ala which is present in seven out of the
eight BRC repeats (Alal527 in BRC4). There are also
some polar contacts along the interface with RADS51 and
the combination of these interactions is responsible for the
binding between RADS51 and the BRC repeats.

We first examine the two intra-BRC backbone
hydrogen bonds that we saw in the previous section,

as they are also present in the case of the BRC—RADS1
complex. The hydrogen bonds in question form between
the residues in positions A—C as shown in Figure 10.

In the case of the complex, these two intra-BRC
backbone—backbone hydrogen bonds are maintained
throughout the simulations for all the BRC repeats, as
can be seen in Table 3. This is in contrast with the
simulations of the unbound BRC repeats where BRCI, 2
and 4TA showed partial disruption of the No—O¢ bond as
the simulation progressed with BRC4TA adopting a new
conformation for its 3-hairpin loop.

The second bond bridging the B-hairpin loop between
O,—Ng also remains rather rigid during the simulation
for all the BRC repeats and appears much tighter than in the
unbound case: Only BRCATA demonstrates some degree of
fluctuation (Figure 11) which is caused by the fact that the
Oxygen of the Ala is less restrained. These observations
support the view that when bound to RADS5I1, the BRC
repeat sequences can vary widely without significant
changes to their backbone conformation.

The BRC backbone also forms two hydrogen bonds
directly with the backbone of RADS51 through the FX;X,A
sequence, which is conserved in 7 out of the 8 BRC
repeats, and the FX;X,S sequence in the case of BRCS.
Here, X, and X, signify residues that are not necessarily

Figure 10. The backbone structure of BRC4 bound to RADS51 (truncated in this picture to only include the section of RADS1 interacting
directly with BRC). The intra-BRC hydrogen bonding backbone interactions are shown by black lines (A—C between Thr1526-Lys1530

and A-B between Thr1526-Gly1529 for BRC4).
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Table 3. The residues in positions A—C for each of the BRC
repeats, and the average bond distance (A) for the intra-BRC
backbone interactions when bound to RADS51.

Repeat A OA—Ng NA—Oc¢ B C

BRC1 THR 3.16 £0.12 3.17 £0.10 ASN LYS
BRC2 SER 349 £0.06 292*0.14 GLY THR
BRC3 THR 381 *0.13 3.09*0.06 GLY LYS
BRC4 THR 371 £0.12 3.17 009 GLY LYS
BRC5 THR 3.06 =0.15 289 *0.12 SER ARG
BRC6 ILE 348 £0.09 298 +0.15 GLY LYS
BRC7 THR 378 =0.11 330*0.08 GLY LYS
BRC8 THR 393 *021 310*x009 GLY LYS
BRC4ATA ALA 413 *0.18 286 *0.13 GLY LYS

conserved between the different repeats. These two
hydrogen bonds contribute to the stabilisation of the
complex, in conjunction with the two hydrophobic
interactions by the sidegroups of F and A. The FX;X,A
sequence is also encountered in the N-terminal domain of
the RecA-like recombinase of many organisms and is
believed to be responsible for the binding of the RADS51
proteins with each other in the multimerisation of RADS51
that occurs during filament formation [20]. The BRC
residue at position X; (His1525 in the case of BRC4)
forms hydrogen bonds with the backbone of the Tyr191 of
RADS1 (through its peptidic amine and carbonyl groups),
which strengthen the contact between BRC and RADS51 as
shown in Figure 12.

Irrespective of the nature of the residue in position X
in the sequence FX X,A, or FX;X,S in the case of BRCS,
the observed distances (see Table 4 and Figure 12) suggest
that the two hydrogen bonds are well-maintained for all of
the BRC repeats throughout the simulations.

Our observations so far support the view that the
presence of RADS1 in a complex with BRC does also
affect the intra-molecular interactions in the BRC repeats.
In particular, it appears that the participation of a BRC
repeat in a complex with RADS1 results in the repeat being
much more rigid with a decreased level of fluctuation from

BRCATA
10

Distance (A)

%.O 2.0 4.0 6.0 8.0 10.0
Time (ns)

Figure 11. Bond distances (in A) as a function of time between
the Oala—Ngiy (A-B) and Njj,—Oprys (A-C) atoms in the
backbone of the BRC4TA repeat when bound to RADS1.
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Figure 12. Diagram showing the two intermolecular
backbone—backbone hydrogen bonds between a BRC repeat
and RADS5I1: (1) peptidic amine of the BRC4 (His 1525)
interacting with the carbonyl oxygen of Tyr on RADS1 and (2)
the carbonyl oxygen of the BRC interacting with the amine of the
same Tyr of RADSI.

its preferred conformation. This trend also carries over to
the side chains of the repeats. In the simulations of the
complexes, the repeats whose side chains are capable of
forming intra-molecular hydrogen bonds, as shown in
Figure 13, appear more rigid that in simulations where the
same repeats are isolated. Average distances for the intra-
BRC side chain bonds are shown in Table 5. In contrast
with Table 2 we can observe that in all the repeats with
side chains capable of forming hydrogen bonds the
distances remain within the lengths expected for hydrogen
bonds, with BRC2 being the only exception.

The FX;X,A domain of the BRC repeats plays a
prominent role in maintaining the contact to RADSI1
by forming an anti-parallel two-strand extension of its

Table 4.  Residue in position X; of the BRC repeats and their
average hydrogen bond distances (A) from the Tyr in the
backbone of RADS1.

Repeat X4 1 2

BRC1 ARG 2.90 + 0.08 2.83 = 0.03
BRC2 TYR 2.88 £ 0.10 2.82 £0.07
BRC3 GLN 2.95 = 0.03 2.82 = 0.09
BRC4 HIS 2.99 = 0.06 295 +0.12
BRCS5 TYR 2.87 £0.07 279 = 0.14
BRC6 ARG 2.90 = 0.04 2.79 = 0.06
BRC7 SER 2.84 +0.07 2.80 = 0.04
BRCS8 SER 2.89 £ 0.11 2.80 = 0.07
BRC4TA HIS 3.06 = 0.08 2.78 = 0.09
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Figure 13. The network of intra-BRC side chain hydrogen
bonding interactions in the complex with RAD51 (in BRC4 Z,
Thr; Y, Lys; and X, Ser).

B-sheet. This is stabilised by two hydrophobic inter-
actions, firstly with the Phe whose side group is buried
within a distinct pocket in RADS51, and secondly through
the Ala which is buried within a small cavity formed by the
side chains of residues Phel66, Pro168, Leul71, Leul86
and Vall89 of RADSI.

The BRC—RADS51 complex is further stabilised by
two side chain inter-protein polar interactions involving
BRC residues not directly in backbone contact with
RADS1. As shown in Figure 14, one of these contacts is
formed by the opposite charges between the side chains of
Aspl187 of RADS1 and a Lys, shown as position ‘Y’
(which is Lys1530 for the case of BRC4) which is present
in BRC repeats 1, 3, 4, 6, 7, 8 and BRC4ATA. The same
repeats also form a second contact with RADS1 in the
form of a hydrogen bond, also between Asp187 and a Ser,
which is shown as position ‘X’ in Figure 14 and is Ser
1527 in the case of BRC4. In the case of BRC2 there is a
Thr in position ‘Y’ which is unable to reach an orientation
that allows for interaction with the Asp of RADS1. In the
case of BRCS the residue in position ‘Y’ is Arg whose side
chain has the correct length and chemical functionality to
interact with the Asp of RADS51. However, this is not

Table 5. The residues in positions X—Z and the average bond
distance (A) for the Z—Y and Z—X bonds in the BRC-RADS51
complex.

Figure 14. Side chain hydrogen bonding between two residues
of the BRC repeats (in BRC4 ‘X’ = Ser1527 and ‘Y’ = Lys1530)
and the Asp187 of RADS1.

observed because the interaction is only possible if Asp
adopts a suitable orientation through hydrogen bonding with
the side chain of the residue at position ‘X’ (Figure 14) in the
BRC repeats but BRC5 has a Cys in this position which is
not capable of bonding with the RAD51 Asp. Distances for
these interactions are given in Table 6.

It is interesting to note that even though all our
simulations were performed in explicit water, we did not
observe any insertion of water molecules at the interface
between RADS51 and each of the BRC repeats. This
indicates that the RADS1 and the BRC repeats are flexible
enough to rapidly adopt and retain overall conformations
that closely follow the shape of each other.

4. Conclusions

We have studied the complex of the human recombinase
enzyme RADS51 with the hairpin loop region of the BRC
repeat motifs of the cancer susceptibility protein BRCA2,

Table 6. Residues in positions X and Y of the BRC repeats and
average bond distances (A) for their polar interactions with the
Asp of RADSI.

Repeat X Y zZ Z—Y(BB) 7Z—X Repeat X X-ASP Y Y-ASP
BRC1 SER LYS THR 293 £0.08 277 =*0.09 BRC1 SER 2.66 * 0.06 LYS 2.77 = 0.07
BRC2 HIS THR SER 340=*=0.19 6.77 £0.21 BRC2 HIS 6.10 = 0.13 THR

BRC3 SER LYS THR 296 =*0.22 277 =*0.11 BRC3 SER 297 £0.23 LYS 2.85 = 0.20
BRC4 SER LYS THR 291 =*0.13 279 *0.05 BRC4 SER 2.63 =0.18 LYS 274 = 0.12
BRCS5 CYS ARG THR 3.15=*0.18 429 =*0.12 BRCS5 CYs 5.94 = 0.10 ARG 6.02 = 0.14
BRC6 SER LYS ILE BRC6 SER 3.78 £0.21 LYS 5.70 = 0.19
BRC7 SER LYS THR 292=*0.09 2.76=0.09 BRC7 SER 2.63 £0.12 LYS 2.74 = 0.13
BRCS SER LYS THR 292+0.08 276=*0.10 BRCS SER 3.22 £0.07 LYS 2.90 = 0.10
BRC4TA SER LYS ALA BRC4TA SER 2.67 £0.19 LYS 2.99 = 0.12
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using MD simulations in explicit water, at room
temperature. All eight BRC repeats (BRC1-BRCS) that
are present in BRCA2 were investigated as well as the
repeat BRC4TA which is produced by a mutation of the
BRC4 repeat Thr1526 to Ala. Our simulations have
enabled us to observe the dynamical behaviour of the
complex and of the isolated BRC repeat proteins and to
carry out a systematic analysis of its conformations and of
the interactions that are responsible for their stabilisation.
The differences in conformations between the BRC
repeats are caused by differences in both intra and inter-
protein hydrogen bonds and affect the shape and rigidity of
the hairpin loop. The high degree of conservation of the
ASG sequence which is needed for the formation of the
hairpin loop and the ability of the BRC repeat side chains
to form intra-molecular hydrogen bonds have also as a
consequence the orientation of key side chains in a way
that allows them to interact favourably with RADSI1. In
simulations of the isolated repeats, BRC1, BRC2 and
BRC4TA show the most flexibility and adopt new
conformations; in contrast BRC repeats 3—8 are more
rigid and retain a conformation similar to that of BRC4 in
the crystal structure of the BRCA2-RADS51 complex.
In the complex, the repeats appear much more rigid due to
several hydrophobic, charge—charge and hydrogen bonding
interactions with RADS51 which reinforce their confor-
mational stability.
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