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Abstract. It is documented that the large number of mutations within BRCA-1 and BRCA-2 genes
are related to development of breast cancer, ovarian cancer, as well as prostate cancer and pancreatic
cancer. However, it is not known which mutations are the most critical for formation of these cancers.
We have analysed human BRCA-1, BRCA-2 and related RAD51 protein functions and functional
mutations using our previously developed Resonant Recognition Model (RRM). The RRM is capable
to analyse protein biological functions/interactions, predict bioactive mutations and design de novo
bioactive peptides with desired biological function. The most critical mutations for formation of
cancer in human BRCA-1, BRCA-2 and RAD51 proteins have been predicted and compared with
experimental results. The predicted mutations within 3D structures have been presented and
discussed. Such findings can lead to development of much simpler and more relevant tests for genetic
predisposition to breast, ovarian, prostate and pancreatic cancers.
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1 Introduction

BRCA-1 is a human tumor suppressor gene [1,2] and related protein is also called by the synonym
breast cancer type 1 susceptibility protein. BRCA-1 protein is responsible for repairing DNA [3]. BRCA-
1 and BRCA-2 are normally expressed in the cells of breast and other tissue, where they help repair
damaged DNA or destroy cells if DNA cannot be repaired. Thus, these proteins are involved in DNA
repair, particularly in repair of double strand breaks [3]. If BRCA-1 or BRCA-2 is damaged by
mutations, then they are not able to repair DNA properly and thus there is increased risk for breast and
some other types of cancer.

BRCA-1 proteins are directly involved in DNA repair, while BRCA-2 proteins are also involved in
DNA repair, but through binding and assembling with RAD51 proteins [4].

Certain mutations of BRCA-1 and BRCA-2 proteins are found to lead to increased risk of breast
cancer, ovarian cancer, prostate cancer and pancreatic cancer. It is possible that these mutations are
diminishing BRCA-1 and BRCA-2 ability to repair DNA and consequently induce cancer development.

Mutations related to cancer development in BRCA-1 and BRCA-2 proteins are found to be inherited
and are related to the ethnicity. These mutations have been spread all along protein sequences. Within
human BRCA-1 protein, cancer related mutations are mostly clustered between amino acids in ranges of:
460-555, 800-960, 1020-1220 and 1660-1840 [4].

BRCA-2 protein activity is more complex, as it involves in DNA repair through binding and
assembling with RAD51 proteins. Experimentally the large number of critical mutations have been
found, which are spread along the whole human BRCA-2 protein, which is extremely long protein built
up of 3418 amino acids [4].

Although, there have been a large number of mutations experimentally found in human BRCA-1 and
BRCA-2 proteins to be potentially related to cancer development, it is still not well known which
mutations are the most critical for the formation of these cancers. If it is possible to identify these
critical mutations, it would create a possibility for much simpler and more relevant genetic tests for
cancer predisposition.

Copyright © 2017 Isaac Scientific Publishing JAMB



106 Journal of Advances in Molecular Biology, Vol. 1, No. 2, September 2017

We have applied here our previously developed Resonant Recognition Model (RRM) [5-7] to analyse
biological functions of human BRCA-1, BRCA-2 and RAD51 proteins and predict the most critical
mutations, which can diminish their DNA repair activity. These predictions have been compared with
the experimental results and predicted mutations within 3D structures have been presented and
discussed.

2 Methods

2.1 Resonant Recognition Model (RRM)

The Resonant Recognition Model (RRM) is physico-mathematical model, which is capable to analyse
protein biological functions/interactions, predict bioactive mutations and design de novo bioactive
peptides with desired biological function [5-7].

The RRM model is based on findings that certain periodicities/frequencies within the distribution of
energies of free electrons along the protein are strongly correlated with the protein biological
functions/interactions. The RRM enables these characteristic frequencies for each biological
function/interaction to be identified by presenting each amino acid by its free electron energy and then
analysing such distribution of free electron energies along the protein using Fourier Transform and
finding the common frequencies for proteins with common biological functions/interactions. In our
previous extensive research, we have identified frequencies characterising large number of biological
functions/interactions [5-8], as presented in Figure 1. It has been observed that the number of biological
functions/interactions can be clustered into super families [8], for example proteins involved in:
uncontrolled growth, growth, enzymatic activity, DNA binding, etc. The RRM model has been described
in detail in our previous publications [5-7].
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Figure 1. The spectrum of biological functions/interactions, as determined so far, versus RRM frequencies. The
clustered families are presented in different colours and named below the graph.

2.2 Prediction of the Key Amino Acids — “Hot Spots”

As described in earlier publication [7]: ‘Knowing the characteristic frequency of particular protein
function creates the possibility to predict which amino acids prevail in the sequence and predominantly
contribute to this frequency and consequently to the observed function. This could be achieved by small
alternations of amplitude in single protein spectrum at characteristic frequency and then observing
which amino acids are mostly sensitive to this alternation [5-6, 9-11]. These sensitive amino acids ("hot
spots") are related to characteristic frequency and consequently to the corresponding biological function.
The “hot spots” predictions, using the RRM, have been applied already to number of protein and DNA
examples including: interleukin-2, SV40 enhancer, epidermal growth factor EGF, Ha-ras p21 oncogene
product, glucagons, haemoglobins, myoglobins and lysozymes [5-6, 9-11].
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It has been experimentally documented at the example of influenza virus that such predicted amino
acids denote residues crucial for protein function [12]. In addition, these “hot spots” amino acids are
found to be spatially clustered in the protein tertiary structure and to be positioned in and around the
protein active site [9-11].”

2.3 Identification of Oncogene Vs Proto-Oncogene Characteristics

The RRM analysis of oncogene proteins, which are involved in oncogene transformation of the cell, has
shown the most prominent characteristic frequency of 0.0322, with less prominent characteristic
frequency of 0.0537 [5-7]. The RRM analysis of proto-oncogene proteins, which are very homologous to
oncogene proteins, but are not producing cell transformation and are possibly involved in control of cell
growth without transformation, has shown the most prominent characteristic frequency of 0.0537, with
less prominent characteristic frequency of 0.0322. The conclusion from this earlier work was that the
frequency of 0.0322 characterises the process of cell transformation, while the frequency of 0.0537
characterises the cell growth without transformation [7], as presented in Figure 2 and Figure 3.
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Figure 2. The RRM spectrum for oncogene proteins.
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Figure 3. The RRM spectrum for proto-oncogene proteins.

2.4 Protein Sequences

Here, we have analysed the following protein sequences from UniProt database [4]:

nine BRCA-1 proteins:
P38398 - BRCA1 HUMAN Breast cancer type 1 susceptibility protein;
Q864U1 - BRCA1 BOVIN Breast cancer type 1 susceptibility protein homolog;
Q95153 - BRCA1_CANLF Breast cancer type 1 susceptibility protein homolog;
Q6J6I8 - BRCA1 GORGO Breast cancer type 1 susceptibility protein homolog;
Q6J619 - BRCA1_MACMU Breast cancer type 1 susceptibility protein homolog;
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P48754 - BRCA1_MOUSE Breast cancer type 1 susceptibility protein homolog;
QIGKKS - BRCA1 PANTR Breast cancer type 1 susceptibility protein homolog;
Q6J6J0 - BRCA1_PONPY Breast cancer type 1 susceptibility protein homolog;
054952 - BRCA1_RAT Breast cancer type 1 susceptibility protein homolog.
three BRCA-2 proteins:
P51587 - BRCA2 HUMAN Breast cancer type 2 susceptibility protein;
P97929 - BRCA2_ MOUSE Breast cancer type 2 susceptibility protein homolog;
035923 - BRCA2_RAT Breast cancer type 2 susceptibility protein homolog.
four human RAD51 proteins:
Q06609 - RAD51__ HUMAN DNA repair protein RAD51 homolog 1;
015315 - RA51B_. HUMAN DNA repair protein RAD51 homolog 2;
043502 - RA51C_HUMAN DNA repair protein RAD51 homolog 3;
075771 - RA51D__ HUMAN DNA repair protein RAD51 homolog 4.
We have also used 3D structures from PDB database [13]:
1. PDBe>1jnx -Crystal structure of the BRC repeat region from the breast cancer associated
protein, BRCA1 (source: homo sapiens);
2. PDBe>1n0w — Crystal structure of a RAD51-BRCA2 BRC repeat complex (source: homo
sapiens).

3 Results and Discussion

3.1 Prediction of BRCA-1 Critical Mutations

When nine BRCA-1 proteins from different species were compared, the common characteristic frequency
was found to be at 0.1685, as presented in Figure 4. This frequency could be characteristic of the DNA
repair function common for BRCA-1 proteins.
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Figure 4. The RRM spectrum for nine BRCA-1 proteins.

The second prominent frequency common for all analysed BRCA-1 proteins is overlapping with
previously identified oncogene frequency, so we can identify two distinct RRM characteristics within the
BRCA-1 proteins. Based on our earlier research, we propose that the frequency of 0.0322 is related to
cell transformation and that the frequency of 0.1685 is related to the DNA repair. Based on these
characteristics, we propose related functional mutations in human BRCA-1 protein (P38398) and
compare predicted mutations with already experimentally identified ones [4].

The six most significant functional mutations related to the oncogene frequency are at the following
positions (in green) below:

The six most significant functional mutations related to the DNA repair frequency are at the
following positions (in red) below:
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1662, 1668, 1704, 1706, 1748 and 1801.

The amino acid at the position: 1706 is critical for both oncogene and DNA repair frequencies and is
highlighted in yellow above.

Our findings show the majority of predicted functional mutations, that are related to both oncogene
and DNA repair functions, are within region experimentally found tc be DNA binding region between
sequence positions 1646 and 1859, confirming the ability of RRM model to predict critical mutations for
biological function/interaction. Specifically, we propose that:

1. the region between sequence positions 1704 and 1710 is related to both oncogene and DNA
repair functions;

2. the region between sequence positions 1232 and 1492 is more related to oncogene function;

3. the region between sequence positions 1662 and 1668 is more related to DNA repair function.

All predicted functional mutations are positioned within the 3D structure of human BRCA-1 DNA
binding segment (from PDB database) and highlighted with CPKs in red for DNA repair, green for
oncogene function and yellow for amino acids involved in both functions, as presented in Figure 5.

Figure 5. 3D structure of human BRCA-1 DNA binding segment with predicted functional mutations highlighted
with CPKs in red for DNA repair, green for oncogene function and yellow for amino acids involved in both
functions.

From these results, it can be observed that all the most critical amino acids for both oncogene and
DNA repair functions are within the BRC repeat region [13], which is considered and experimentally
proven to be the most critical for normal functioning of human BRCA-1 protein. Therefore, the
mutations in this region could be the most critical for disturbing the normal functioning of the human
BRCA-1 protein and consequently formation of cancer. It is important to note that the RRM predicted
not only the critical BRC repeat region, but also the most critical single amino acids within that region.

3.2 Prediction of BRCA-2 Critical Mutations

The BRCA-2 proteins are analysed in conjunction with RAD51 proteins, as their DNA repair function is
expressed through binding and assembling with RAD51 proteins [4]. The RRM spectrum of three
BRCA-2 proteins and four RAD51 proteins has been presented in Figure 6. From this result, it can be
observed that there is one significant common frequency for analysed BRCA-2 and RAD51 proteins at
frequency of 0.2561, as presented in Figure 6. According, to RRM principles this common frequency for
BRCA-2 and RADb51 proteins is characterising biological function for analysed protein complex.
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Figure 6. The RRM spectrum for three BRCA-2 and four RADS51 proteins.

Based on the RRM principles, we propose that the frequency of 0.2561 characterises involvement of
BRCA-2 protein in double-strand break repair and/or homologous recombination through its binding
with the RAD51 protein. Therefore, it is possible that the critical mutations in human BRCA-2 protein
can diminish DNA repair function of BRCA-2/RAD51 complex and consequently enable cancer
development. We have applied here the RRM model to predict the key mutations in human BRCA-2
(P51587) and RAD51 (Q06609) proteins, that can significantly modify frequency of 0.2561 and are
consequently proposed to diminish DNA repair function of human BRCA-2/RAD51 complex. These
mutations could be the most critical for cancer formation.

The five most significant functional mutations related to DNA repair frequency in human BRCA-2
protein are at positions (in black) below:

1523, 3090, 3210, 3325 and 3358.

From these results, we propose that the region from 3090 to 3358 is the most significant for human
BRCA-2 DNA repair function and thus mutations in this region could be the most critical for cancer
development. In addition, amino acid: 1523 is at the binding position between BRCA-2 and RAD51
proteins, highlighted in green above and presented with green CPKs in 3D structure of their complex in
Figure 7. Thus, this amino acid at position: 1523 could be critical for recognition between BRCA-2 and
RADS51 proteins and consequently could diminish DNA repair function of BRCA-2/RAD51 complex and
thus could be critical for cancer development as well.

Figure 7. Crystal structure of BRCA-2/RAD51 BRC repeat complex (PDBe>1n0w) with proposed ‘hot spots’ in
RAD51 (blue ribbon) highlighted with CPKs in yellow and ‘hot spot’ at position 1523 in BRCA-2 (red ribbon)
highlighted with CPKs in green.
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When the RRM approach was applied to human RADS51 protein to identify amino acids mostly
related to DNA repair frequency the four most significant functional mutations are found to be at
positions below:

105, 132, 152 and 179.

When these amino acids are positioned in 3D structure of BRCA-2/RAD51 complex (from PDB
database), as presented with proposed ‘hot spots’ in RAD51 (blue ribbon) highlighted with CPKs in
yellow and ‘hot spot’ at position 1523 in BRCA-2 (red ribbon) highlighted with CPKs in green in Figure
7, it can be observed that they are clustered together around the DNA binding site. Thus, they could be
critical for binding to DNA. Consequently, these amino acids could be critical for DNA repair and
therefore, these mutations could be critical for cancer development. It is important to note that the
RRM predicted the amino acids within BRCA-2/RAD51 complex, which could be the most critical for
their DNA repair function and could lead to the cancer development.

4  Conclusions

Here we utilised the Resonant Recognition Model (RRM), the physico-mathematical model which can
analyse protein function and functional mutations, to predict the critical mutations in human BRCA-1,
BRCA-2 and RAD51 proteins. All predicted mutations are within the regions in these proteins that
have been experimentally found to be critical for their DNA repair function and consequently
development of cancer.

It is important to note that there are a large number of mutations, experimentally found to be related
to development of cancer, but there is no evidence which is the most critical. The RRM can provide an
advantage of identifying small number of the most critical mutations. These findings could lead to
simpler and more relevant genetic tests of mutations related to predisposition for cancer development.
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