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ABSTRACT

The breast cancer tumor suppressor protein BRCA1
is involved in DNA repair and cell cycle control.
Mutations at the two C-terminal tandem (BRCT)
repeats of BRCA1 detected in breast tumor patients
were identified either to lower the stability of the
BRCT domain and/or to disrupt the interaction of
BRCT with phoshpopeptides. The aim of this study
was to analyze five BRCT pathogenic mutations for
their effect on structural integrity and protein stabil-
ity. For this purpose, the five cancer-associated
BRCT mutants: V1696L, M1775K, M1783T, V1809E,
and P1812A were cloned in suitable prokaryotic pro-
tein production vectors, and the recombinant pro-
teins were purified in soluble and stable form for
further biophysical studies. The biophysical analysis
of the secondary structure and the thermodynamic
stability of the wild-type, wt, and the five mutants
of the BRCT domain were performed by Circular
Dichroism Spectroscopy (CD) and Differential Scan-
ning Microcalorimetry (DSC), respectively. The
binding capacity of the wt and mutant BRCT with
(pPBACH1/BRIP1) and pCtIP were measured by Iso-
thermal Titration Calorimetry (ITC). The experi-
mental results demonstrated that the five mutations
of the BRCT domain: (i) affected the thermal
unfolding temperature as well as the unfolding en-
thalpy of the domain, to a varying degree depending
upon the induced destabilization and (ii) altered
and/or abolished their affinity to synthetic pPBACH1/
BRIP1 and pCtIP phosphopeptides by affecting the
structural integrity of the BRCT active sites. The pre-
sented experimental results are one step towards the
elucidation of the effect of various missense muta-
tions on the structure and function of BRCA1-BRCT.
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INTRODUCTION

The breast cancer susceptibility gene brcal is one of the most
well studied genes in cancer research. The BRCA1 protein, 220
kDa, is a tumor suppressor and is involved in multiple cellular
functions, such as DNA repair, cell-cycle checkpoint control and
transcription. About 5-10% of breast cancer (BC) and ovarian
cancer (OC) are hereditary and 30-50% of these are due to
mutations in the susceptibility genes, BRCAI and BRCA2.1:2
Women who carry BRCAI mutations are particularly susceptible
to the development of breast or ovarian cancer at an age earlier
than 35-40 years old with a probability rate of 45-60% and 20—
40%, respectively. Analogously, women who inherited a BRCA2
mutation present a 25-40% risk of developing breast cancer and
a 10-20% risk of developing ovarian cancer.3=>

The structure of the carboxyl terminal domain of BRCAI is
comprised of two structurally identical BRCT repeats each con-
taining 90 amino acids. The fold of each repeat consists of a par-
allel four-stranded PB-sheet located at the central part of the do-
main surrounded by three a-helices (see Fig. 1). The two BRCT
repeats fold together in a specific head-to-tail manner, giving rise
to the formation of a conserved, almost all-hydrophobic, inter-
repeat interface.® This structural motif is also present in other
proteins, such as 53BP1 and BARD1.”

Most cancer-associated BRCAI mutations, identified so far,
result in the premature translational termination of the protein
and influence BRCA1 integrity and operation.8 A large number
of missense mutations are located in BRCT tandem repeats
of BRCAL? while only few of them may cause loss of the
protein’s function, abolition of protein interactions and protein
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BRCAI-BRCT

Figure 1

Ribbon representation of the BRCA1-BRCT structure. The positions of the selected mutations have been reported with different colours. M1775K and
M1783T are located at the inter-BRCT-repeat interface where the BRCA1-BRCT binding groove for Phe +3 is also located. The exposed V1696L is
located at the N-terminal BRCT structural repeat. V1809F, P1812A are found at the C-terminal BRCT repeat. The positions of missense mutations from
previously published studies are also depicted. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

miss-localization.10-13 However, their role in BRCT struc-
ture and BRCA1 function has not yet been fully elucidated.

The functional and structural integrity of the BRCT
tandem repeats is essential for the molecule’s interaction
with phosphorylated protein targets, such as ACCA, p53,
DNA helicase BACH114-16 and the CtBP-interacting
protein CtIP.17 The binding of the BRCA1 BRCT do-
main to BACH1!8:19 and the transcriptional corepressor
CtIP play an important role in the control of the G2/M
phase checkpoint.20 Furthermore, BRCT domains of the
yeast DNA repair protein Rad9 could bind phosphopep-
tides, suggesting that the BRCT domains represent a class
of ancient phosphopeptide-binding modules.2!

Potential targets of BRCT domains were identified
through database search and structural analysis. Struc-
tural analysis of BRCAI-BRCT domain predicted con-
served residues that form the phosphopeptide-binding
pocket. Thus, the BRCT repeats are a family of phospho-
peptide-binding domains in DNA damage responses,
highlighting the crucial role for the BRCA1-BRCT do-
main in mediating BRCAl tumor suppressor func-
tion,19-22

The crystal structure of the BRCT complex with the
phosphopeptides containing the sequence pSer-X-X-Phe
(phosphorylation of Ser990 and Ser327 for the pBACH1/
BRIP1 and pCtIP, respectively, and X is for any residue)
revealed that phosphoserine is essential for binding.22_24

The BRCT domain has been shown to interact with
higher affinity to pBACH1/BRIP1 than pCtIPZ> and mis-
sense mutations have been proposed to induce the loss
of BRCT function by directly altering the binding sites
and/or by destabilizing the molecule’s overall fold.20

The purpose of this study was to analyze five BRCA1-
BRCT mutants: V1696L, M1775K, M1783T, V1809F, and
P1812A. They were selected because of their reported
association with cancer development. Specifically, the
study aims at elucidating the influence of those muta-
tions on the domain’s binding properties to pBACH1/
BRIPI and pCtIP and at investigating the effects of those
mutations on the structural integrity and stability of the
BRCT domain.

For this purpose, we cloned and overproduced the
BRCT wild type (BRCT-wt) and the five BRCT variants
in a highly soluble and stable form. Biophysical analysis
of the secondary structure and the thermodynamic stabil-
ity of the wt and BRCT mutants were evaluated by circu-
lar dichroism (CD) and differential scanning microca-
lorimetry (DSC), respectively. The binding affinity of the
wt and BRCT variants with pBACH1/BRIP1 and pCtIP
was studied by Isothermal Titration Calorimetry (ITC).

The results presented here clearly show that the stud-
ied BRCAI1-BRCT mutations (i) influence the thermal
stability of the domain and (ii) influence the binding
affinities with synthetic pPBACH1/BRIP1 and pCtIP pep-
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tides. An extensive comparison with previous studies2>
and structural interpretation of the obtained results is
discussed.

MATERIALS AND VIETHODS
Gene cloning and mutagenesis

The encoding region for human wt, the BRCA1 BRCT-
tan domain (a.a. 1646-1859) was amplified by PCR using
a plasmid kindly provided by Prof. A.N. Monteiro (Cor-
nell University) as template and the following primers:
(i) BRCT (Ndel), ACATATGGTCAACAAAAGAATGTG-
CATGGTG and (i) BRCT (BamHI), AGGATCCT-
CAGGGGATCTGGGGTATCAGG. The primers were
designed to build the Ndel and BamHI restriction sites at
the 5 and 3’ ends of the brct gene fragment (bp 5055—
5697 of the brcal gene), respectively. The resulting 750
bp PCR product was ligated into the pCR2.1 cloning vec-
tor and then transformed into the E. coli INVaF' cells
according to the manufacturer’s instructions (Invitrogen).
The generation of M1783T, M1775K, V1696L, P1812A,
and V1809F mutants was carried out using the pCR2.1
cloning vector containing the BRCT coding region of
human BRCAL1 as the template. The mutations were pre-
pared using the QuickChange site-directed mutagenesis
kit (Stratagene) and the primers used are listed in Sup-
porting Information Table 1. Briefly, the PCR products
carrying the mutation were digested with Dpnl and
transformed into the Novablue competent cells
(Novagen). Automated DNA sequencing was employed
to identify positive clones. The positive clones were
digested with Ndel and BamHI, and the DNA fragment
was then cloned into the pET-3a expression vector
(Novagen) and subsequently transformed into the
Novablue competent cells. The plasmids isolated from
the positive clones were introduced into the E. coli
BLR(DE3)pLysS expression strain (Novagen).

Protein expression and purification

The BRCT variants PI1812A, V1809F, M1783T,
M1775K, and V1696L cloned into the pET-3a expression
vector were introduced into the E. coli BLR(DE3)pLysS
strain and were grown at 37°C in LB medium containing
50 mM ampicillin and 50 mM chloramphenicol to an
ODgoo nm 0f 0.7. Protein overproduction was induced at
24°C for the BRCT-M1783T, BRCT-P1812A mutants,
and at 18°C for the BRCT-V1809F, BRCT-M1775K, and
BRCT-V1696L mutants, with 0.5 mM isopropyl -D-thio-
galactoside (IPTG) for 4—6 h. The bacteria were usually
reached the ODgpp nm Of 1.6-1.8 and were then harvested
by low speed centrifugation in a Sorvall SLA-1500 rotor
at 8,000 rpm for 10 min and washed once with ice-cold
PBS buffer (10 mM Na,HPO,, 1.8 mM KH,PO,, 140
mM NaCl, 2.7 mM KCI). All further procedures were car-
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Table |

Calorimetric Parameters from the DSC Thermograms of BRCT-wt and
Mutants M1775K, P1812A, M1783T, V1809E, V1696L, at pH 9.0 (Buffer
D) for DSC Heating at a Scan Rate u = 1.5 K/min and Various Protein
Concentrations C,

Mutants Ct (mg/mL) T (°C) AH (kcal/mol)
BRCT-wt 0.2 483 +£ 0.5 87.1 £ 64
0.3 483 + 05 81.0 £ 6.5
M1775K 0.3 421 £ 05 853 £ 5.0
0.4 421 £ 05 89.2 £ 5.0
P1812A 0.2 437 £ 05 70.0 £ 49
0.3 439 + 05 68.0 + 4.9
0.4 440 £ 05 66.9 = 4.9
M1783T 0.3 403 £ 05 524 + 4.4
0.4 40.6 = 05 52.8 + 4.4
V1809F 0.2 419 £ 05 694 + 4.9
0.3 421 £ 05 71.0 £ 5.0
V1696L 0.2 46.9 + 0.5 66.2 + 5.0
0.3 475 + 05 64.0 + 5.0
M1775R* 0.2 36.7 = 0.4 434 4+ 4.2
0.3 36.3 £ 04 440 £ 4.2
R1699W* 0.2 409 £ 05 51.9 £ 45
0.3 40.7 £ 05 478 £ 44
V1833M* 0.3 435 + 05 74.0 £ 5.3
0.4 437 £ 05 735 £ 5.1

The previously gublished results of M1775R, R1699W, V1833M are also presented
for comparison. >

ried out at 4°C, unless otherwise specified. The bacterial
paste was suspended in 10 mL/g buffer A (20 mM Na-
phosphate pH 6.0, 75 mM NaCl, 1 mM EDTA, 1 mM
phenylmethylsulfonyl fluoride (PMSF), 0.5% (w/v) Triton
X-100, and 1 mM B-mercaptoethanol). The cells were
disrupted by sonication (UP200S HIELSCHER ultra-
sound homogenizer). The extract was centrifuged at
15,000¢ for 25 min, and the soluble protein fraction was
applied on a 5 mL SP-Sepharose Fast Flow, previously
equilibrated in buffer B (20 mM Na-phosphate buffer pH
6.0, 50 mM NaCl, 1 mM EDTA, 1 mM PMSF).

Bound proteins were eluted between 100 and 350 mM
NaCl of a linear ascending gradient of 50 mL total vol-
ume, and 2 mL fractions were collected. Fractions highly
enriched in BRCT variants were combined, adjusted to
pH 9.0 with buffer C, with fivefold dilution, and applied
on a 2 mL Q-Sepharose High Performance column equili-
brated in buffer C (5 mM Na-borate pH 9.0). Bound pro-
teins were eluted between 100 and 350 mM of a linear
ascending gradient of 25 mL total volume, and 1 mL frac-
tions were collected. In both cases, the collected fractions
were analyzed by 0.1% SDS-15% PAGE Laemmli,2” using
as marker the broad range prestained protein marker
(Molecular Probes). The purified mutated BRCT domains
are presented in Supporting Information Figure 1.

Protein detection and verification

Protein analysis was carried out in 0.1% SDS-15%
PAGE as described by Laemmli.27 Protein concentration
was determined either by the Bradford me‘[hod,28 or
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from the molar extinction coefficient at 280 nm. The
molar extinction coefficient of BRCT-wt and variants
were calculated, from their primary structure, to be
36,440 M ! cm™ 129,30

Gel filtration chromatography

Gel filtration chromatography was carried out on a
Superosel2 HR 10/30 column (Amersham Biosciences).
The column was run with an FPLC system at a flow rate
of 0.4 mL/min in buffer D (5 mM Na-borate pH 9.0, 200
mM NaCl). The sample volume loaded each time was 0.2
mL. The absorption (A) of the samples was monitored at
280 nm. All the samples were in the monomer state
(Supporting Information Figure 2).

Circular dichroism spectroscopy (CD)

CD measurements were conducted using a JASCO-715
spectropolarimeter equipped with a Peltier type cell holder
(PTC-348WI), for temperature control. Wavelength scans
in the far (190-260 nm) and near UV region (250-320
nm) were performed in Quartz SUPRASIL (HELLMA)
precision cells of 0.1 cm and 1 ¢cm path length, respec-
tively. Each spectrum was obtained by averaging five to
eight successive accumulations with a wavelength step of
0.2 nm at a rate of 20 nm/min, response time 1 s and
band width 1 nm. Thermal CD experiments were carried
out from 20 to 50°C, at 222 nm and heating scan rate 1.5
K/min. In all cases, protein concentrations within the
range of 0.5 and 1 mg/mL were used in buffer D.

Differential scanning
microcalorimetry (DSC)

Calorimetric measurements were performed on a VP-
DSC microcalorimeter (MicroCal) at a heating rate of
1.5 K/min using protein concentrations within the range
of 0.2-0.4 mg/mL for P1812A, 0.2, and 0.3 mg/mL for
BRCT-wt, VI1809E, V1696L, and between 0.3 and 0.4 mg/
mL for M1783T, M1775K. All samples were degassed
before use and four to five thermal scans, with buffer-
filled cells to ensure baseline reproducibility, preceded
each sample run. The samples were dissolved in buffer D
and were measured twice. A typical DSC experiment con-
sisted of a heating scan at a programmed heating rate
followed by a second heating scan to probe the irreversi-
bility of the transitions under study. The difference in the
heat capacity between the initial and final states was
modeled by a sigmoid chemical baseline.

Isothermal titration calorimetry (ITC)

The interaction of BRCT-wt and the five variants with
the BACHI1/BRIP1 phosphopeptide ISRSTpSPTFNKQ
and the CtIP phosphopeptide PTRVpSSPVFGAT was
studied at 20°C in buffer D, using a MCS-ITC calorime-
ter (Microcal, Northampton). The protein concentration

used for the experiments was 0.019 £+ 0.003 mM and the
ligand concentration was 0.21 £+ 0.02 mM. All ITC
experiments were designed as a series of 24 injections,
each 10 pL, with 300 s intervals at constant stirring of
400 rpm From the raw exothermic heat pulse data from
each injection, the instrumental baseline was subtracted
before obtaining normalized integrated heat versus molar
ratio data from which the corresponding dilution heat,
measured separately for each phosphopeptide, was also
subtracted. The ITC experimental data were analyzed via
nonlinear least-squares fits of the integrated heat versus
molar ratio to single site binding model using ORIGIN.
The built-in functions for a single-site binding model
providing values for the stoichiometry N, the binding
constant K, and the enthalpy change AH. All the ITC
control experiments run were repeated at least twice.

Methods in silico

The 1Y98, 1T29, 1JNX, and 1T15 structures and the
models of the selected mutants were visualized using the
PYMOL software (DelLano Scientific LLC, Palo Alto,
CA). Furthermore, the changes of the intermolecular and
intramolecular interactions of the mutated residues were
analyzed using WHATIF suite (http://swift.cmbi.ru.nl/).

RESULTS

Protein overproduction kinetics
for each mutant

The five BRCT variants were prepared and cloned as
described in the materials and methods. Protein overpro-
duction kinetic experiments were performed to optimize
the culture conditions concerning induction length,
growth temperature and solubility of the recombinant
proteins. Briefly, the E. coli clones containing the
M1783T, P1812A BRCT mutants were induced with 0.5
mM IPTG at 24°C for 4 h, while the V1809F, M1775K,
and V1696L mutants were induced with 0.5 mM IPTG at
18°C for 6 h. In all cases, the resulting proteins exhibit
high solubility and correct folding compared to the
BRCT-wt recombinant protein (see Fig. 2).

Protein purification

A fast and quite reproducible protein purification
scheme was developed based on the BRCT-wt purifica-
tion scheme previously described by our group.25 After
extraction of the recombinant protein and under the
mild conditions described in the materials and methods,
the soluble protein fraction at low salt conditions was
highly enriched in BRCT mutants. A small amount of
BRCT was lost due to insolubility.

The purification scheme for all five BRCT mutants
was, in principle, the same for each mutant and resulted
in an overall yield of about 18 mg of highly purified
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Normalized far-UV CD spectra of BRCT-wt (O), M1775K (@), V1696L
(+), P1812A (X), M1783T (--), V1809F (A) at 25°C. All spectra were
carried out at 5 mM Na-borate buffer, 200 mM NaCl. The missense
mutations of the BRCT do not seem to influence the secondary
structure of the domain.

BRCT mutant protein (more than 99% pure) from 4 L of
bacterial cultures. All purified proteins were verified by
Western Blot, using rabbit polyclonal antibody raised
against BRCT-wt. Regarding solubility, the purified re-
combinant proteins BRCT-wt as well as the five mutants
of this study are highly soluble and structurally stable for
several days at the pH range between 5.5 and 9.5 at 4°C.

Gel filtration chromatography

The monomeric state of the BRCT variants was also
verified by high performance gel filtration chromatogra-
phy in buffer D at 4°C. The results are presented in Sup-
porting Information Figure 2.

Structural features of the six BRCT
variants

The five BRCT variants are shown in Figure 1. Both
the M1775K and M1783T mutations are located at the
hydrophobic interface between the two BRCT repeats
formed by the packing of three a-helices. The V1696L
mutant is located at the first BRCT repeat, while the
V1809E, P1812A are found at the second BRCT repeat.

We investigated the intramolecular interactions of
BRCT-wt based on the previously determined® crystal
structure and the changes caused by the individual muta-
tions, as described in the materials and methods. Gener-
ally, it should be noted that only minor changes were
identified at the level of H-bonds and ion-pairs.

Probing the thermal unfolding of BRCT
variants by CD spectroscopy

Early CD spectroscopy studies on the thermal unfolding
of BRCT-wt at various pH and buffer conditions provided
evidence that the thermally denatured state of BRCT-wt
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retains most of the structural features of the native state.2>
Our current results with the five BRCAI variants studied
here are illustrated in Figure 2. From all it is clear that all
the CD far-UV spectra of all variants perfectly overlap
with the corresponding spectra of the BRCT-wt.

Comparing the spectra of the native and denatured
states, it appears that the heat-induced alterations of the
secondary structure elements in the native states are
small (less than 6% loss in helical structure). Even if all
the variants affect the thermal stability of BRCT, the sec-
ondary structure did not appear significantly influenced.
In addition, the near-UV CD spectra of all the denatured
states for the five BRCT variants were also determined
and are identical to those of the BRCT-wt.

At various temperatures higher than the denaturation
temperature, no changes in the CD spectra the five mutants
are observed. These results are significant, since no CD-de-
tectable protein aggregation takes place at pH 9.0.

Probing the thermal unfolding of the BRCT
variants by DSC

Two important factors limit the thermodynamic inves-
tigation of heat-induced denaturation of BRCT-wt3l: a)
the pH-dependent aggregation in the thermally denatured
state can severely distort the shape of the DSC thermal
unfolding peaks that show nonreversibility, and b) the
oligomerization of BRCT-wt in the native state is buffer-
sensitive. Both factors may complicate the calorimetric
result analysis.2>3!1 A pH and buffer screening was per-
formed to optimize the quality of the experimental data
and to carry out the measurements of the BRCT variants
studied. The suitable experimental conditions for the
thermal unfolding of BRCT and its variants are 5 mM
Na-borate pH 9.0, 200 mM NaCl (buffer D). High per-
formance gel filtration chromatography experiments
reveal that in this buffer, BRCT-wt and the five variants
are all in a monomeric native state, as described in 3.3. A
feature of this buffer is that its capacity is relatively tem-
perature-independent, allowing for a direct comparison
of the calorimetric results without incorporating unpre-
dictable effects induced by pH variations.

The high-accuracy DSC results for BRCT-wt and var-
iants under these conditions are presented in Table I.
The heat capacity (<ACp>) versus temperature (T) pro-
files for the thermal denaturation of BRCT-wt are
described by a single endothermic, irreversible peak (see
Fig. 3) at T, = 48.3 £ 0.5°C, measured at a heating
scan rate u = 1.5 K/min. The DSC profile is irreversible,
and rate-dependent measurements reveal that the denatu-
ration process is characterized by a slow irreversible step.
Thus, the data obtained at the highest possible DSC scan
rates are likely to exhibit limited kinetic distortion. In
agreement with the gel filtration chromatography results,
there is no dependence between T, and the concentra-
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DSC profiles for the thermally induced denaturation of BRCT-wt and
of five missense variants V1809F, M1783T, M1775K, P1812A, and
V1696L. All profiles were obtained at pH 9.0, 5 mM Na-borate buffer,
200 mM NaCl and DSC heating rate # = 1.5 K/min. The concentration
for all DSC thermograms was C, = 0.3 mg/mL.

tion C, confirming that native BRCT-wt as well as the
five mutants are in a monomeric state.

The BRCT mutants V1696L, M1775K, M1783T,
V1809F, and P1812A were investigated according the con-
ditions established for the BRCT-wt. In all cases, the DSC
thermograms for the heat denaturation were obtained at u
= 1.5 K/min in buffer D. For the five mutants studied, the
thermal denaturation of the BRCT variants was irreversi-
ble and adequately free from aggregation-induced distor-
tions. Calorimetric results obtained for different C, values
are presented in Table I. For the protein concentrations C;
= 0.3 and 0.4 mg/mL used, the calorimetrically-measured
thermal unfolding enthalpy (AH).y and T, values were
found to be independent of C..

Comparing the calorimetric results of M1775K and
V1809F to those for BRCT-wt, it can readily be deduced
that (AH).y and T, are affected. (AH)., is lower than
the corresponding enthalpic content for the denaturation
of BRCT-wt, and T, exhibits a very significant decrease,
by almost 6°C.

In contrast, (AH)., obtained for V1696L is compara-
ble with BRCT-wt, while the T;, are also very similar.

Of particular interest is the mutant P1812A. Compari-
son of the calorimetric results of P1812A mutant with
BRCT-wt and other studied BRCT mutations, leads to
the conclusion that (AH).; and Ty, are restrictly affected.
(AH)y is lower than the corresponding enthalpic content
for the denaturation of BRCT-wt, and T,, exhibits a
downward shift by almost 4°C. Finally, the (AH)cal and
T, of MI1783T are considerably lower compared to
BRCT-wt.

In vitro interactions of BRCT-wt and variants
with the phosphorylated binding sites of
BACH1/BRIP1 (pBACH1/BRIP 1) and CtIP
(pCtIP) as determined by ITC

The interaction parameters of the BRCT-wt and the
five missense variants with pBACHI1/BRIP1 and pCtIP

were determined by employing ITC, as described in the
materials and methods. The ITC experimental data were
analyzed via nonlinear least square fits of the integrated
heat per injection versus molar ratio to a single-site bind-
ing model. The fitting results of the binding experiments
for the affinity of the interaction (K,) and the measurable
heat as enthalpy (AH) of BRCT-wt and the five mutants,
for pBACH1/BRIP1 and pCtIP, respectively, are summar-
ized in Table II. For comparison, the Table also includes
three previously published?5 mutants, marked with (*).

From the data presented in Table II and the ITC
graphs illustrated in Figure 4, the following conclusions
can be drawn: (a) BRCT-wt binds to both pBACHI1/
BRIP1 and pCtIP, with binding parameters identical to
those previously published, (b) in all cases thermally
denatured proteins showed no binding, (c) the mutants
M1783T and P1812A were found to bind to both phos-
phopeptides analogously to what was found for the pre-
viously published V1833M mutant, (d) the mutant
V1696L binds only to pBACHI1/BRIP1, albeit with a
binding affinity ~10 times lower than the corresponding
for BRCT-wt, (e) the mutants M1775K and V1809F do
not show binding to either pBACH1/BRIP1 or to pCtIP,
as previously reported?> for the missense variants
M1775R and R1699W.

Structural properties of BRCT-wt and
mutants in complex with pBACH1/BRIP1
and pCtIP

The atomic interactions of BRCT with phosphopepti-

des, pBACHI/BRIP1 and pCtIP, were analyzed by
Table I
Binding Parameters of BRCT-wt and Mutants
Mutants N K, (x105M7) AH (kcal/mol)
Binding to BACHI/BRIP1 (a)
BRCT-wt 0.96 5.89 + 0.53 172 £ 04
V1696L 1.10 0.48 + 0.08 129 + 03
M1775K No Binding
M1783T 0.90 4.10 + 0.40 134 + 0.2
V1809F No Binding
P1812A 1.14 1.38 + 0.20 174 + 04
M1775R* No Binding
R1699W* No Binding
V1833M* 0.94 372 +£0.50 16 +£ 0.3
Denatured molecules No Binding
Binding to CtIP (b)
BRCT-wt 0.96 0.76 + 0.13 10.90 4+ 0.3
V1696L No Binding
M1775K No Binding
M1783T 0.90 0.67 + 0.04 11.8 £ 03
V1809F No Binding
P1812A 1.10 0.40 + 0.04 1475 + 0.4
M1775R* No Binding
R1699W* No Binding
V1833M* 1.04 143 + 0.17 116 + 0.3
Denatured molecules No Binding

(a) pBACHI/BRIP1 and (b) pCtIP phosphopeptides.
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Table 11l

Residues of BRCA1-BRCT Involving Inter-Atomic Interactions with
pBACHI1/BRIP1, pCtIP and the Selected Mutations with Potential
Hydrophobic Effect on the Protein Complexes

BRCT-pBACH1/BRIP1 Complex

Mutations with

BRCA1-BRCT pBACH1/BRIP1 residues potential hydrophobic
residues (ISRSTpSPTFNKQ) effect
Glu1698 llel V1696L
Ser2
Lys1702 pSer6 R1699W,V1696L
Thr1700 Thr8 V1696L,R1699W
Met1775 Phe9 M1775K,V1809F,M1775R
Val1740 V1696L
Arg1699 V1696L,R1699W
Val1741 Asn10 M1775K,M1775R
Asp1813 GIn12 P1812A
BRCT-pCtIP Complex
BRCA1-BRCT pCtIP residues Mutations with potential
residues (PTRVSpSPVFGAT) hydrophobic effect
Lys1702 pSer6 R1699W, V1696L
Met1775 M1775K,V1809F,M1775R
Val1740 Phe9 V1696L
Arg1699 V1696L,R1699W

employing the WHATIF and PYMOL protein analysis
programs previously described. We used these data to
explore the influence of the five individual mutations
of BRCT and these interactions to interpret our experi-
mental data. The obtained results are summarized in
Table III.

Currently published structural studies of BRCT wt or
other mutants reveal the crucial role of specific residues
on the protein’s interaction. Serl655, Glyl656, and
Lys1702 interact with pSer6 of both pBACHI1/BRIP and
pCtIP proteins. 101723 Furthermore, hydrophobic inter-
molecular interactions were confirmed between Met1775
and Val1740 as well as between the hydrogen bonds of
Argl699 with Phe9 of both pBACHI/BRIP and
pCtIp.16,17

Briefly, the BRCT-pBACH1 complex shows over 25
interatomic interactions. These interactions involve Ser4,
pSer6, Thr8, Phe9, and AsnlO residues of pBACHI/
BRIP1 and Leul657, Ser1655, Thr1700, Vall741 of
BRCT.16

The side chain of Phe9 of pBACHI/BRIPI interacts
with methyl groups of Leul839 and the aromatic ring of
Phel1704, and the methyl group of Leul839 is crucial for
both interactions. Furthermore, the Ser4, pSer6, Thrs,
Phe9, and Asnl0 amino acids of pBACHI1 interact with
Leul657, Ser1655, Thr1700, Vall741 of BRCT, and the
Thr8, Thr1700 contact may specify the contribution of
both residues and the specific role of Thr8 (pSer +2) on
molecular interactions, based on protein structure data-
base. Stabilizing hydrogen bonds are reported for
Lys1698, Aspl1813 with Ser2, GInl2, and Glyl1656 with
Arg3, Ser4 of phosphopeptide (see Fig. 5).16

Based on the crystal structure of the BRCT-pCtIP
complex, hydrophobic interactions between V1740 and
M1775 have been found, in addition to the hydrogen
bond network between Serl1655, Glyl1656, Lys1702 and
pSer and between R1699 and Phe9. Furthermore, weak
Van der Waals forces between Vall4, Pro7, and Glyl0 of
pCtIP and BRCT residues have also been described.1”

A direct comparison of the residues involved in the
interatomic interactions of both peptides reveals the dif-
ferences in binding affinities of BRCT-pBACH1/BRIP1 in
contrast with those of pCtIP. The Ser4 of pBACHI/
BRIP1 interact via hydrogen bonds with Glyl656 in con-
trast with Val4 of pCtIP, which interact by hydrophobic
interactions with Leul657 by removing the phosphopep-
tide from the binding pocket. In addition, the hydrogen
bonds of Asnl0 and GInl2 with Argl699, Asp1813 and
salt bridges of Lys11 with Glul863 and Asp1840 are cru-
cial for the interaction of BRCT-pBACHI1/BRIP1 and do
not appear in the BRCT-pCtIP complex.16’17

The selected studied mutations are structurally located
near those BRCT residues crucial for the interatomic inter-
actions of both phosphopeptides, such as Glul698,
Argl699, and V1740 (close to V1696), Asp1813 (close to
P1812), L1780 (close to V1809F), or are involved in
hydrophobic interactions and hydrogen bonds such as
M1775, R1699. Moreover, M1783T and V1833M seem to
be less involved in interatomic interacting rearrangements.

DISCUSSION

Based on worldwide genetic screening data, missense
mutations at the BRCT domain of human BRCAI, which
have been argued to be associated with predisposition to
hereditary breast/ovarian cancer, were selected for
extended protein analysis. These mutants are M1775K,
V1809F, P1812A, M1783T, and V1696L. The five BRCT
variants carrying the respective single amino acid muta-
tions have been selected here for extended protein analy-
sis. They were produced as recombinant proteins in E.
coli, prepared in high purity and characterized for their
structural integrity, thermal stability and binding capacity
to the BACHI1/BRIP1 and CtIP phosphopeptides, by
employing CD, high-accuracy DSC and ITC respectively.
The mutation-induced structural alterations have been
modeled based on the published X-ray structure of
BRCAI-BRCT as well as on the structures of BRCAI-
BRCT complexes with pBACH1/BRIP1 and pCtIP. The
potential intra- and intermolecular changes caused by the
point mutations are summarized in Table III in the
“Results” section.

Based on their location, the selected mutations cover
the crucial regions of the BRCT domain. One mutation
is located at the N-terminal BRCT repeat (V1696L),
another two, M1783T and M1775K, are at the inter-
repeat interface region directly affecting the BACHI/
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BRCT-pBACHI complex

Figure 5

Intermolecular interaction of BRCA1-BRCT with phosphopeptides pPBACH1/BRIP1 and pCtIP. The position of the selected mutants and the
residues participating at interatomic interactions can be observed. Ser1655, Gly1656, and Lys1702 interact with pSer6. Hydrophobic intermolecular
interactions between Met1775 and Val1740 and hydrogen bonds of Argl1699 with Phe9 of both pBACH1 and pCtIP were determined. 117 In the
case of BRCT-pBACH1/BRIP1, complex interatomic interactions were specified involving the Ser4, pSer6, Thr8, Phe9, and Asnl0 residues of
pBACHI1/BRIP1. These residues also interact with Leul657, Ser1655, Thr1700, Val1741 of BRCT, and the Thr8, Thr1700 contact may specify the
contribution of both residues and the specific role of Thr8 (pSer +2) on the molecular interactions. In the previous1 published interactions of
Ser1655, Gly1656, Lys1702 with pSer6, the hydrogen bonds of R1699 with Phe9 and the hydrophobic of V1740 and M1775 between BRCA1-BRCT
and both phosphopeptides, further Van der Waals forces between Val4, Pro7, Glyl0 of pCtIP and BRCT residues have also been described.1” [Color
figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

BRIP1 and CtIP phosphopeptide binding pocket, and the
last two V1809F and P1812A are located at the C-termi-
nal BRCT repeat. In accordance with previously reported
findings, the calorimetric results reported here support
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the scenario that thermal unfolding mechanisms mainly
involve the hydrophobic inter-BRCT-repeat interface,
while CD-based structural comparisons do not reveal
structural alterations in the secondary or tertiary struc-
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ture of the mutants.3! The obtained results comprise a
framework, combining thermodynamic, structural and
binding affinity data, for comparative studies of the vari-
ous mutants in an attempt to elucidate the role of patho-
genic mutations on function mechanisms and tumorigen-
esis. A discussion of the effects of each individual muta-
tion studied here follows.

Met1775 to Lys mutation

M1775K is a rare breast cancer-linked mutation. It has
been identified only in two unrelated families of Euro-
pean ancestry with a history of breast cancer.3! Met1775
is located at the inter-BRCT-repeat interface and is well
conserved among the currently available BRCA1-BRCT
domain orthologs.26 Met1775 is strongly involved in the
phosphopeptide-binding pocket of the BRCT domain.
Another mutation of Metl775, namely the mutation
M1775R, is much more frequent worldwide among
patients with hereditary breast/ovarian cancer, its associa-
tion with the disease is epidemiologically established and
was first characterized to be linked to cancer.1,32:33 The
mutant M1775R has already been thoroughly studied
structurally26 as well as biophysically3%2> and no inter-
action with either pBACHI1/BRIP1 or pCtIP has been
shown.

Direct comparisons between the crystal structures of
the BRCT-pBACH1 and BRCT-pCtIP complexes and the
structure of variant M1775R demonstrated that the
replacement of Metl775 with Arg blocks access of the
peptide- Phe9 (Phe993 for pPBACH1 and Phe330 for
pCtIP) to the hydrophobic inter-BRCT-repeat groove.
Moreover, since Met1775 is part of the hydrophobic con-
tact surface between the two BRCT repeats and is packed
within a predominantly hydrophobic pocket near the
edge of the inter-repeat interface, substitution of this res-
idue with an Arg would extrude the mutated side-chain
form the hydrophobic core, inducing charge—charge
repulsion and the rearrangement of the hydrogen-bond
network at the inter-BRCT interface, eventually destabi-
lizing the native fold.20 This has been evidenced experi-
mentally by reported stability measurements via thermal
and chemical denaturation.2534

The M1775K missense variant fails to bind to either
pBACHI1/BRIP1 or pCtIP.35 Structural analysis of the
interatomic interactions of Lys1775 show a direct clash of
its side chain with Phe +3 of either phosphopeptide, a
result arising from the disruption of the BRCT-phospho-
peptide binding pocket. From the calorimetric results
reported here it becomes obvious that M1775K also
affects stability, albeit not as severely as M1775R does.
The differences can be attributed to the different length
and charge of the Arg and Leu side chains. The combina-
tion of ITC and DSC results corroborate previously
reported multimodal findings that the mutation M1775K
is pathogenic.3?

Met1783 to Thr mutation

The M1783T mutation has been reported in African,
Latin American and Western European families (BIC).
The intermediate protease sensitivity of this mutation
results from combined deleterious effects of protein core
cavitation and the burial of a polar hydroxyl group at the
BRCT interface.36 Met1783 is located at the conserved
triple-helical interface of the C-terminal BRCT repeat in
the vicinity of the Phe binding pocket for pBACHI1/
BRIP1 and pCtIP. Apparently, substitution of Met1783
with Thr does not structurally alter the +3 Phe binding
groove since the ITC results reported here compare well
to those obtained for BRCT-wt. In fact, by comparing
the measured binding constant K,, for the interaction
with pBACH1/BRIP1 (M1783T 4.1 X 10° M ' vs. 5.89
X 106 M ' for BRCT-wt) as well as with pCtIP
(M1783T 0.67 X 10° M ' vs. 0.76 X 10° M ' BRCT-wt
with) it can straightforwardly be concluded that M1783T
does not significantly affect these interactions.

The CD experiments reported here reveal that the
M1783T mutant is not structurally different from the
wild-type. Nevertheless, at the atomic level the mutated
Thr1783 interacts via hydrogen bond formation with
Glyl779 and Leul786 but not with Cys1787, like
Met1783 does. In addition, Thr1783 may possibly alter
the interatomic contacts with Vall1838, Vall842, and
Leul839.

Thus, even if the M1783T mutant’s binding affinity to
either phosphopeptide is not remarkably affected com-
pared with BRCT-wt, the intramolecular rearrangements
can destabilize the overall native fold. This is demon-
strated by the severe reduction of T, as well as of
(AH)y values obtained from the heat-induced denatura-
tion experiments (Table I). A(AH) (the difference
between AH of the wtBRCT and AH of the mutant) is 33
kcal/mol which is considerably larger compare to all the
other mutants studied here. This is in agreement with
previously published studies of the thermodynamic con-
sequences for the substitutions of the buried hydrophobic
amino acid with the polar one.37 An analogous situation,
albeit with more significant effects concerning the bind-
ing constants, has been reported for the V1833M mu-
tant.2> As for V1833M, the characterization of M1783T
as pathogenic may be considered premature, based on
the experimental evidence presented here.

Val1809 to Phe mutation

V1809F is a rare mutation linked to hereditary breast/
ovarian cancer since, to date, only four cases of the
mutation have been submitted to the BIC database. Even
if it is apparently distant from the Phe +3 binding
pocket, crystal structure analyses of variant V1809F
revealed that the substitution of Val at position 1809
with the bulkier Phe side chain influences the intramo-
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lecular hydrophobic interactions with Val1838, Trp1837,
and Leul780. It is rather the interaction of Phel809 with
Leul780 which will likely lead to an adjustment of the
latter’s side chain, which in turn can be accommodated
by a rearrangement of the neighboring Met1775 side
chain, bearing a significant effect upon the structure of
the Phe +3 binding pocket (see Fig. 5).3%36 This, of
course, can explain the in vitro loss of function reported
here, as far as the interactions with pBACHI1/BRIP1 and
pCtIP are concerned. The residue Vall809 is conserved
among species.36 Val1809, like Met1775, is crucial for
the integrity of phosphopeptide binding pocket and thus
the studied mutation exhibits no binding to either
pBACHI1/BRIP1 or pCtIP phosphopeptides.

Moreover, the mutant V1809F appears to be severely
destabilized with respect to BRCT-wt. The thermody-
namic results reported here for the heat induced denatu-
ration of the molecule demonstrate a severe drop in the
values of Tj, and (AH), analogous to those encountered
for the mutant M1775R.23 Apparently, the Val to Phe
substitution at position 1809, even though it concerns
the substitution of a non polar amino acid by another
non polar one, destabilizes the overall native fold, most
likely due to the disruption of the hydrogen-bond net-
work leading to a destabilization of the hydrophobic
inter-BRCT repeat interface.

The effects of mutation VI809F are major. Even
though CD results show no structural alterations of the
mutant compared to the BRCT-wt, the combination of
loss-of-function with the destabilization of the native
fold in a way analogous to mutation M1775R strongly
supports arguments classifying V1809F as pathogenic.

Pro1812 to Ala mutation

The mutation P1812A has already been reported in
Ashkenazi Jews as well as in Greek families with familial
breast cancer.2:38:39 As for Val1809, the residue Pro1812
is well conserved among species,3® and being located at
the C-terminal BRCT-repeat is important for the struc-
tural integrity of the Phe +3 binding pocket, even
though it is not one of the residues forming it. Substitu-
tion of Prol812 to Ala affects the interatomic interac-
tions and the local hydrogen bond network, albeit not as
severely as the mutation VI1809F does. While the variant
P1812A does bind to the BACH1/BRIP1 and CtIP phos-
phopeptides, both the binding affinities as well as the sta-
bility of the mutant are affected. For the interaction with
pBACHI1/BRIP1, a direct comparison of K, for the
P1812A and BRCT-wt indicates a major decrease for the
former (1.38 and 5.89, respectively), while the K, for
binding to pCtIP is 0.4 versus 0.76 for the BRCT-wt. The
calorimetric results are also affected, indicating a signifi-
cant decrease in T,,. The A(AH) values relative to BRCT-
wt, is 14 kcal/mol, which is not as significant as for the
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A(AH) for M1783T, not surprising since the P1812A sub-
stitution involves two hydrophobic amino acids.3”

Even though the mutation PI1812A is frequently
encountered in families with a history of breast/ovarian
cancer, the biophysical findings reported here, while in-
dicative of a deviation from wild-type behavior, are not
sufficient to characterize this mutation as pathogenic.

Val1696 to Leu mutation

Only one case of this mutation has been reported in
the BIC database. The residue Val1696 is exposed to the
solvent since it is located at the surface of the N-terminal
BRCT repeat, right at the loop connecting the {;-sheet
and the o,-helix. It confers moderate protease suscepti-
bility to the BRCT domain.34 This loop forms an
extended hairpin structure, participates in the formation
of one of the two conserved BRCT surfaces targeted by
missense mutations, and may be the primary site of
interaction with the BRCA1-associated helicase pPBACH1/
BRIP1.3436 The ITC results presented here reveal that
the replacement of Val at position 1696 with Leu abol-
ishes the binding of the BRCT domain to pCtIP, while
the binding to pBACHI1 has been severely altered (K, ra-
tio between BRCT-wt/BRCT-V1696L = 12.3). Both
effects may be due to a local destabilization that causes
disruption of molecular contacts. Indeed, Leul696 inter-
acts via hydrogen bonds with Val1740, a residue which is
involved in the intermolecular hydrophobic interaction
with Phe9 of the pBACH1/BRIP1 as well as of the pCtIP
peptides. In the case of the pCtIP interaction, these
hydrophobic rearrangements may explain the complete
abolition of the binding of the V1696L mutant. On the
other hand, in the case of the pBACH1/BRIP1 interac-
tion, the additional hydrogen bonds of G1698 and V1741
with Ilel, Ser2, Asnl0 will promote the binding ability,
albeit with a much lower affinity than for the wt (see
Fig. 5).

The experimental results presented here provide a
comparative measure of the effects of missense mutations
of the BRCAI-BRCT domain upon the structural, calori-
metric and as well as the interaction-thermodynamics
concerning the binding with the BACH1/BRIP1 and CtIP
phospopeptides. Point mutations do not affect the
mutants’ secondary and tertiary structure characteristics.
They can influence the integrity of the Phe +3 binding
groove, thus affecting the enthalpically-driven binding
ability with pBACHI1/BRIP and pCtIP, as evidenced by
ITC-measured calorimetric parameters. Furthermore,
point mutations can destabilize the overall native fold by
affecting the intramolecular interactions in the general
area of the hydrophobic inter-BRCT-repeat interface with
direct measurable effects upon the values of the DSC-
measured calorimetric parameters. According to previous
published studies the single amino acid substitutions
seem to be crucial for protein stability.37 Burial of polar
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groups in the nonpolar interior of a protein is highly
destabilizing particularly increasing the enthalpy change.
The degree of destabilization depends on the relative po-
larity of this group. Additionally, the destabilizing effect
of dehydration of polar groups upon burial can be neu-
tralized or compensated if these buried polar groups
form hydrogen bonding.3”

Furthermore for the mutations studied here, M1775K
and V1809F alter the binding site as well the stability of
the molecule and are most likely pathogenic. M1783T
and P1812A only affect the mutant’s stability but bear no
effect upon the binding capacity. As it has recently been
shown the interaction of BRCA1-BRCT with phosphoryl-
ated peptides involves two binding conformations of the
BRCT domain.40 Stability issues may thus alter the con-
formational balance in solution and in turn affect the
domain’s function. Finally, V1696L poses an interesting
problem since, being a surface mutation, it has no effect
upon the stability while the binding ability is affected in
the case of pPBACHI1/BRIP1 and is fully abolished in the
case of the pCtIP interaction.
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