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Abstract Aberrantly expressed human gamma synuclein
(SNCG) interacts with BubR1 and heat shock protein 70
(Hsp70) in late stages of breast and ovarian cancer. This
interaction is essential for progression, development and
survival of cancer cells. A short, synthetically designed
ankyrin-repeat-containing peptide (ANK peptide) was
proven to inhibit the activity of SNCG. However, the
potential binding site residues of SNCG responsible for its
oncogenic function have not been reported so far. The
objectives of this study were to generate a three-
dimensional model of SNCG and to identify the key
residues involved in interaction with BubR1, ANK peptide
and Hsp70. Our study is the first attempt to report the
specific binding of SNCG with the TPR motif of BubR1
and the 18kDa region of Hsp70. Our findings provide novel
insights into the mechanism of interaction of SNCG, and
can act as a basis for the ongoing drug design and discovery
process aimed at treating breast and ovarian cancer.
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Introduction

Breas t and ovari an cancers are a wi despre ad cause of
cancer-related deaths in human beings. Human gamma
synuclein (SNCG) is expressed abnormally in late stage (III

and IV) breast and ovarian cancers [1, 2]. SNCG belongs to
the synuclein family, which also includes alpha (SNCA)
and beta (SNCB) synuclein. Synucleins are small, soluble
and intrinsically disordered proteins expressed predomi-
nantly in neurons [3, 4].

Hypomethylation of the CpG island in the SNCG gene
results in its aberrant expression; this is detected in late
stage breast and ovarian tumors whereas it is not observed
in the early stages of cancer [5]. This aberrant expression of
SNCG prevents apoptosis of tumor cells by inhibiting the
Jun N terminal kinase (JNK) pathway, and enhances their
survival through activation of the extracellular regulated
kinase pathway (ERK) [6]. It enhances the invasion and
migration of breast and ovarian cancer cells by activating
ERK and the RHO-dependent GTPase pathway [7]. In
tumor cells, it promotes resistance against various microtu-
bule inhibitors that are used as first line chemotherapeutic
agents for treating breast and ovarian carcinomas. These
inhibitors activate mitotic checkpoint signaling (MCS), and
also induce apoptosis in tumor cells. BubR1, a mitotic
check point kinase that plays a key role in the formation of
mitotic checkpoint complex (MCC), is a potential cellular
target of SNCG. MCC inhibits the activation of anaphase
promoting complex/cyclosome [APC/C], which ensures
proper segregation of chromatids during mitotic cell
division. Association of BubR1 with Mad2-bound Cdc20,
a co-activator of APC, is essential for the proper function of
APC, and this association is disrupted in the presence of
SNCG. Interaction of SNCG with BubR1 decreases the
efficacy of microtubule inhibitors. The interaction of
SNCG–BubR1 proteins and disruption of BubR1–Cdc20
complex formation allows for possible interaction of SNCG
with the same residues of BubR1 with which Cdc20 also
interacts. The N-terminal region of BubR1 (N-BubR1)
shares homology with yeast Mad3. N-BubR1 was proven to
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interact with Cdc20 and with the C-terminal region of
SNCG [8–11]. The N-BubR1–SNCG interaction was
disrupted by the binding of a short, synthetically designed
ankyrin-repeat-containing peptide (ANK peptide) with
SNCG [12] and these results confirm the fact that the same
residues in the C-terminal tail region of SNCG might be
involved in interaction with both BubR1 and ANK peptide.

SNCG acts as a molecular chaperone and forms a complex
with Hsp70. This interaction plays an important role in
effecting the high affinity binding mode of estrogen receptor
α (ER-α), which helps ER-α bind estrogen and enhances
progression of estrogen dependent breast cancers [13, 14].
Although SNCG was shown to interact with Hsp70, the
region of Hsp70 involved in interaction with SNCG remains
unknown. The C-terminal tail region of SNCA and SNCG
was found to contribute to their chaperone-like activity [15],
and this region of SNCA was shown to be involved in
interaction with nucleotide-free Hsp70, which enhances
binding of Hsp70 with other chaperones such as HOP [16].
Human (Hs) Hsp70 contains an ATP-binding and a substrate-
binding domain that is further divided into two regions: an
18kDa substrate-binding region and a 10kDa region [17, 18].
The 18kDa region of Hsp70 (18kDHsp70) is involved in
interaction with other chaperones and this implies that the C-
terminal tail region of SNCG might possibly interact with the
18kDHsp70 region. Finally, all these findings suggest that it is
the C-terminal tail region of SNCG that harbors the residues
that are important for mediating its oncogenic functions.

A knowledge of the three-dimensional (3D) structure of
SNCG, and information regarding functionally important
residues would help in the design of potential inhibitors for
SNCG but the intrinsically disordered nature of SNCG had
been a major challenging factor in the process of structure
determination. However, high sequence identity between
SNCG and SNCA, and the availability of a 3D structure for
SNCA can be exploited in predicting the structure of SNCG.
Accordingly, in this study, a 3D structure for SNCG was
predicted through a homology modeling technique using the
NMR structure of SNCA. Although SNCG and SNCA share
high sequence similarity, they differ in function. This can help
us understand the key structural differences underlying the
functional diversity in these proteins. In addition, the key
amino acid residues involved in mediating the oncogenic
functions of SNCG were also identified based on its
interaction with N-BubR1, ANK peptide and 18kDHsp70.

Materials and methods

Molecular modeling

The sequences of Hs SNCG, N-BubR1 and 18kDHsp70
were assessed using Protein BLAST [19] to find similar

sequences in protein databases. The 3D structures were
modeled with a comparative modeling technique using the
templates obtained from the protein-BLAST search. Protein
structures sharing high sequence similarity with the targets
were selected as the templates (Fig. 1). The NMR structure
of Hs-alpha synuclein [PDB ID: 1XQ8], the crystal
structure of the conserved N terminal domain of yeast
(Sc) BuB1 [PDB ID: 3ESL] and the NMR structure of the
brown rat 18kDa region of heat shock protein cognate 70
(Hsc70) [PDB ID: 1CKR chain A] were used for predicting
the structures of Hs SNCG, N-BubR1 and 18kDHsp70,
respectively. The ITASSER server [20] was used for
modeling the structure of ANK peptide through a molecular
threading approach. Protein sequences were aligned using
the Multalin server [21] and MODELLER 9v7 [22] was
used for modeling the structures. Discrete optimized protein
energy (DOPE) and modeller objective function (MOF)
scores of the resulting models were used to select the most
reliable model. Generated models were completed and
bumps were removed using the "complete structure and
remove bumps" option on the WHATIF [23] server. The
final models were optimized using the "optimize python"
script in the MODELLER 9v7 tool. The RamPage tool
[24], WHATIF server and ERRAT [25] were used to
analyze the quality of the models generated.

Active site predictions

Computer atlas surface topography of proteins (CASTp)
[26], the "accessible molecular surface" option in WHATIF
and the AREAIMOL option in CCP4 [27] were used for the
calculation of surface accessible area in the modeled
structure of SNCG. Motif Scan was performed to find the
functional motifs in the modeled SNCG structure. Electro-
static calculations were carried out for the SNCG structure
using the DELPHI tool in the Accelrys discovery studio
(DS) suite [28]. Results obtained from the above analysis
were used for defining the initial docking sites for SNCG
docking studies.

Protein–protein docking studies

The easy interface of the HADDOCK (high ambiguity
driven protein–protein docking) server [29] was used for
protein–protein interaction studies. E110 and S124 of
SNCG, G99, I100 and G101 of N-BubR1, A30, L31 and
I31 of the 18kDHsp70 model and all amino acids of ANK
peptide was used for SNCG–BubR1, SNCG–ANK and
SNCG–18kDHsp70 docking studies. From the results
obtained, the amino acids of SNCG common to interactions
with BubR1, ANK peptide and Hsp70 were identified.
HADDOCK results were further confirmed using the
Autodock V4.0 docking suite [30]. Autodock blind docking
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methodology was employed to identify the potential amino
acid residues of SNCG. For experimental convenience, the C-
terminal tail region of SNCG was used for docking studies
with N-BubR1, ANK peptide and 18kDHsp70, respectively.
The Lamarckian genetic algorithm was used for docking
simulations. For N-BubR1–SNCG protein–protein interaction
studies, the C-terminal tail region of SNCG was used as the
second receptor (ligand in Autodock), and N-BubR1 was used
as the primary receptor (as macromolecule in Autodock). For

SNCG–ANK protein–protein interactions, the C-terminal
region of SNCG was kept as the primary receptor and ANK
peptide was kept as the ligand structure. For 18kDHsp70–
SNCG protein–protein interaction studies, the C-terminal tail
region of SNCG was used as the second receptor and
18kDHsp70was used as the primary receptor (macromolecule
in Autodock). All proteins were prepared by adding Kollman
charges, solvation parameters and polar hydrogens. Grid maps
required for docking studies were generated using the

Fig. 1 Sequence alignments between a human gamma synuclein
(SNCG) and alpha synuclein (SNCA), b Human N-BubR1 and yeast
N-Bub1, and c the 18 kDa substrate-binding region of human Hsp70
and 18 kDa substrate-binding region of Rattus norvegicus Hsc70.

Asterisks Single fully conserved residues, colons fully conserved
strong groups, periods fully conserved weaker groups is indicated by.
Sequences were aligned with ClustalX 2.0.10 [37]
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AutoGrid 4.0 Program supplied with AutoDock 4.0. The box
sizes in the x-, y-and z-axis were normally set at 82 Å×
114 Å×74 Å, for N-BubR1, 88 Å×106 Å×88 Å for SNCG,
and 124 Å×126 Å×106 for 18kDHsp70. The spacing
between grid points was 0.64 Å for N-BubR1, 0.37 Å for
SNCG and 0.56 Å for 18kDHsp70, respectively. The
population size was set to 100 and individuals were
initialized randomly. The maximum number of energy
evaluations was set to 2,500; maximum number of
generations was set to 27,000. All the AutoDock docking
runs were performed using an Intel Core 2 Duo CPU at
3.0 GHz with a HP infosystem origin, with 4 GB DDR
RAM. AutoDock 4.0 was compiled and run under the
Microsoft Windows XP operating system. The docked
poses were analyzed using DS.

Alanine scanning mutagenesis

Amino acid residues of SNCG showing interaction with
N-BubR1, ANK and 18kDHsp70 were mutated to
alanine and homology models were built using the Build
Mutant option in DS [31]. These models were later
used for docking with N-BubR1, ANK peptide and
18kDHsp70. Docking simulations were carried out as
described above using AutoDock software.

Protein stability analysis

The GROMACS molecular dynamics (MD) suite [32] was
used for analyzing the stability of the protein complexes.
All simulations were carried out using GROMACS 4.0.7
running on a single HP windows system. The OPLS-AA
force field was used. The protein complexes were solvated
in a cubic box using the SPC216 water model. Periodic
boundary conditions were employed to eliminate surface
effects, and the 500 run of steepest descent method was
used for energy minimization. All bonds were constrained
using LINCS. The system was simulated at room temperature
(300 K) and the Berendsen weak coupling method was used
for regulating the temperature and pressure of a system. Long-
range electrostatics was handled using the PME method. All
potential cut-offs were set at 1.4 nm. The final MD
simulations were carried out with a time-step of 1,000 ps
(1 ns) and without any position restraints. All analyses were
conducted using programs built within GROMACS.

Results and discussion

Molecular structure of Hs-SNCG protein

The NMR structure of Hs-SNCA is the only resource
available as a starting point to understand the structure–

function relationship of synuclein proteins [33]. The
secondary structure architecture of these two proteins was
similar and this helped us to determine the 3D structure of
SNCG based on the SNCA structure. Here, the structural
properties of SNCG were analyzed with reference to the
SNCA structure and the differences between these two
proteins were also reported. These results provide novel
insights into the functional differences between these two
proteins. Of the amino acid residues in the generated model,
94.4% are in the favored region (Fig. 2a). The WHATIF
program predicted the RMSD Z-score of backbone–
backbone contacts (0.84), backbone–sidechain contacts
(−2.40), sidechain–backbone contacts (−1.81) and side-
chain–sidechain contacts (−3.59). Moreover, the average
structural quality control value (−1.287) is within normal
range, and second generation packing quality (−1.369)
values are also within the normal range, confirming the
reliability of the modeled structure. In addition, the overall
quality factor of the model predicted by ERRAT (74.576)
was higher than that obtained for the template structure
(73.016), which indicates that the predicted model is of
good quality in comparison with the template (Fig. 3).
Therefore, the WHATIF and ERRAT evaluation indicates
that the homology modeled structure of SNCG is
reasonable and reliable.

Hs SNCA and SNCG proteins have a highly conserved
N-terminal region (1–85) and a less conserved C-terminal
region (86–140 in SNCA and 86–127 in SNCG) and they
share about 62% sequence identity.

N-terminal region

The N-terminal region of both these proteins has the 11-mer
repeats characteristic of this family; six such repeats were
observed in the sequences, of which the third repeat is highly
conserved. These repeats share similarities with lipid binding
motifs, and make up conserved apolipo-protein-like class-A2
helices. SNCG has two slightly curved helices (N and C):
helix N (V3–V37) starts at the beginning of the SNCG
structure, and wraps the first three 11-mer repeats, whereas the
other repeats are swathed in helix C (D45–S92). These helices
are arranged in antiparallel orientation, and are separated by a
small linker region (M38–T44) with an unstructured coil-like
topology. Unlike SNCA, the secondary structural element of
(helix) SNCG does not adopt a curved architecture. Moreover,
the kink introduced by residues V66 and G67 in helix C of
SNCA gave a more curved appearance to this helix, whereas
no such kink was seen in helix C of SNCG. In addition to
this, a huge difference was also observed in the topology of
linker regions in these proteins. However, despite the small
differences in their structures, the N-terminal regions of
these two proteins adopt similar topologies, and additionally
share high sequence similarity. Furthermore, experimental
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evidence suggests that the lipid binding properties of the
N-terminal regions of SNCG and SNCA are likely to be
similar.

C-terminal region

Like SNCA, the terminal region of helix C (86–92) and the
unstructured tail region (93–127) constitute the C-terminal
region of SNCG. As discussed above, helix C shares high
sequence similarity with SNCA, while a huge sequence and
structural difference was observed in the tail region of these
proteins. In SNCG, this region adopts a coil-like structure,
whereas a long uncoiled and unstructured tail region was seen
in SNCA. This tail region is rich in aspartic and glutamic acid
residues, and is responsible for the flexible nature of this
region. Furthermore, the tail region of both SNCA and SNCG
has a chaperone-like activity similar to that of tubulin and the
mitochondrial chaperonin CNP60 protein. The flexible polar
tail region of these proteins was shown to interact with other
proteins. Although various studies have confirmed the strong
protein–protein interacting properties of this region, they have
also revealed differences in the interacting partners of these
proteins. Structural differences in the tail region of these

proteins contribute to their functional differences. The above
mentioned differences in structure cause them to deviate from
each other by as much as 6.612 Å (Fig. 4a).

Identification of potential amino acid residues of SNCG
involved in interaction with BubR1, ANK peptide
and Hsp70 proteins

Considering the oncogenic role of SNCG, we performed
molecular docking studies of SNCG with BubR1, ANK
peptide and Hsp70. We first predicted the 3D structures of
the Hs-N-terminal region of BubR1, the 18kDa region of
substrate binding domain of Hsp70 and ANK peptide and
used these models for interaction studies. Thorough
analysis of these structures led to the conclusions outlined
in the following sections.

3D structure of Hs-BubR1-N terminal region

Hs-BubR1 is a 120 kDa multi-domain protein. It has a
conserved N-terminal region, a central non-conserved
region and a C-terminal serine/threonine kinase domain.
The C-terminal kinase domain is involved in the phosphory-

Fig. 2 a Cartoon representation of SNCG displaying the N-terminal
helices (red) and C-terminal tail regions (light gray). b Cartoon
representation of the human BubR1-N-terminal region displaying the
first helix (magenta), tetratricopeptide-like fold (TPR) motif 1(helices
2&3 in lime green), TPR motif 2 (helices 4&5 in blue), TPR motif 3
(helices 6&7 in cyan), other helices 8 (orange), 9 (dark brown), 10
(light brown) and loops (green). c Cartoon representation of short

ankyrin-repeat-containing (ANK) peptide showing helices (orange),
loops (green) and beta turn (brown). d Cartoon representation of
18kDa region of human heat shock protein Hsp70 substrate binding
domain (18kDhsp70) displaying the beta sheets (red L1, dark brown
L2, dark blue L3, lime green L4, light blue L5, yellow L6, magenta
L7, orange L8), helices (cyan H1, light brown H2) and loops (green).
Figures were prepared using PyMOL molecular viewer [38]
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lation of critical components of a mitotic checkpoint pathway,
whereas the central region is involved in binding of other
components of mitotic spindle checkpoint assembly. N-
BubR1 is involved in interaction with Cdc20. Here, we
predicted the structure of this region (47–247) using the
crystal structure of Sc-Bub1 (PDB ID: 3ESl chain A) [34].
Despite these proteins having highly conserved N-terminal
regions, yet they share only about 27% sequence identity.
The sequence similarity of these two proteins was
thoroughly analyzed by Bolanos-Garcia et al. [34] in
studies to determine the crystal structure of yeast BUB1.
The predicted structure has 96.00% of amino acid residues
in the favored region, ~2.5% of residues in the allowed
region, and 1.5% residues in the disallowed region.
Moreover, the predicted structure has about 0.7 Å root

mean square deviation (RMSD; Fig. 4b) with the
crystallographic structure used.

As in Sc-Bub1, Hs-N-BubR1 also has tetratricopeptide-
like folds (TPR) as shown in Fig. 2b. The structure of Hs-
N-Bubr1 has ten α-helices (H1–H10), of which H2–H7
form the characteristic TPR fold repeats. Each TPR unit
[TPR1 (H2–H3), TPR2 (H4–H5) and TPR3 (H6–H7)]
consists of two antiparallel α helices arranged in a helix–
turn–helix fashion. A short 310 helix (residues K66–Y69)
connects TPR1 and TPR2, whereas a short loop (I100–
S103) connects TPR2 and TPR3. Like Sc-Bub1, TPR
motifs of Hs-N-BubR1 also exhibit a unique arrangement
of TPR motifs. This unique arrangement of TPR motifs
forms a right-handed super-helical structure with a concave
surface on one side and a convex surface on the other side.

Fig. 4 Structural superimposi-
tion of a human SNCG with
human SNCA, b human N-
BubR1 with yeast N-Bub1 and c
18 kDa substrate-binding region
of human Hsp70 with 18 kDa
substrate-binding region of Rat-
tus norvegicus Hsc70. Superim-
posed structures are displayed in
cartoon representation: orange
template structures, green pro-
posed models. Structures were
displayed, superimposed and
figures were prepared using the
PyMOL molecular viewer v1.1

Fig. 3 Overall structural quality factor for (a) human SNCA and (b) human SNCG as evaluated by the ERRAT web server
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Each TPR unit is defined by the small hydrophobic residues
and large hydrophobic residues forming the interface
between the TPR units. Capping helix features identified
in TPR motifs of the HOP protein was also observed in
helix H8 (L139–Q156). Helices H9 (S172–L180) and H10
(K189–A193) were arranged parallel to the long axis of the
TPR motifs. Short loops 1(T157–E171) and 2(A181–K188)
were observed between H8 and H9, and H9 and H10,
respectively. Moreover, beyond H10, a short loop-like
region (P194–G200) was observed in N-BubR1 but not in
Bub1. Considerable structural differences between BubR1
and Bub1 were observed in the regions beyond helix H8.
Both Bub1 and BubR1 have the conserved loop residues
D26, Y69, D71, G99, I100, G101 and P138. Conserved
GN/DD and GIG motifs of these proteins are involved in
interaction with the protein Blinkin, whereas the GIG motif
was found to be crucial for interactions with Cdc20 protein.
This motif was also conserved in the yeast Mad3 protein,
indicating its importance in the interaction with Cdc20.

3D structure of ANK peptide

Consensus repeats of 34 amino acid (aa) residues constitute
the unique ankyrin protein. Ankyrin repeat proteins are found
in a variety of organisms ranging from bacteria to animals, and
are present in a wide variety of proteins. Each ankyrin repeat
has two α-helices arranged in anti-parallel orientation
connected by a short conserved loop. A β-turn precedes the
helices and connects the neighboring repeats. Ankyrin
proteins are characterized by their strong protein–protein
interacting abilities. Each ANK repeat can establish strong
binding with its target peptides. Recently, a short 34aa long
ANK peptide designed by Singh et al. [12] was shown to bind
strongly with the C-terminal region of SNCG, and to
interrupt binding of SNCG with Hs-N-BubR1. Considering
the molecular importance of this interaction, we predicted the
structure of the ANK peptide using the molecular threading
method. This predicted model was then used to identify the
functional sites in the SNCG structure. The predicted model
was in good agreement with its secondary structure, with
about 90.6% of amino acid residues in the favored region
and about 9.4% of residues in the allowed region of the
Ramachandran plot.

Structure of ANK peptide

In the following sections, the predicted 34-aa ANK peptide
(KGNSALHVASQHGHLGCIQTLVRYGANVTMQNHG;
conserved residues underlined) is discussed with reference
to the crystal structure of the synthetically designed ANK
protein [PDB ID: 1 MJ0] [35], which has a β-turn followed
by two α-helices arranged in anti-parallel orientation
separated by a short loop region (Fig. 2c).

β-turn

Residues QNHG (31–34) of the modeled structure forms
the β-turn structure, whereas the same structure was formed
by the residues DKFG in 1 MJ0. Residues in this turn have
the ability to establish hydrogen bonds (H-bonds) with their
target peptides, as is evident in the observed H-bond
contacts in the crystal structure.

α-helices

The conserved TPLH motif in 1 MJ0 forms the cap region
of the α helix, while the cap region was formed by the
residues SALH in the modeled structure. This motif is
conserved throughout the family of ANK repeat proteins.
Residues in this motif have the strong ability to form
hydrophobic contacts with their target peptides.

Loop

Conserved residues GHLG in the modeled structure form
the loop connecting the two α-helices, whilst this loop was
formed by residues GHLE in 1 MJ0. Residues in this loop
region form H-bond contacts with their target peptides with
high efficiency.

Structure of 18kDa region of Hs-Hsp70-substrate
binding domain

The substrate binding domain of Hsp70 has an 18kDa
substrate binding region and a 10kDa region. The 18kDa
region is involved in binding the substrate peptides,
while the 10kDa region is involved in binding with other
co-chaperones. Here, we modeled the structure of the
18kDa substrate binding region of Hs-Hsp70 (382–541)
using the NMR structure of the 18kD region of Hsc70
from brown rat (PDB ID: 1CKR chain A) [36]. Hsp70
and Hsc70 share sequence and functional similarity with
each other and this facilitated our modeling work. The
18kDa region of both proteins shares about 96% sequence
identity. The predicted structure has 0.219 Å RMSD
relative to the template structure (Fig. 4c), and has about
82.3% of residues in the favored region and about 12.7%
of residues in the allowed region of the Ramachandran
plot, while only 76.4% of residues in 1CKR were present
in the favored region.

The Hsp70 substrate binding domain (Fig. 2d) has a
characteristic beta domain (L19–I121) followed by a single
helix C (K130–D147). Due to the presence of a kink at
position Q138, helix C was represented as two helices: A
(K130–V137) and B (A140–D147). This region is followed
by a loop (E148–L157) that connects the terminal 10kDa
region. The β-domain has four stranded anti-parallel
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β-sheets stacked in a sandwich fashion, in which the top
and bottom sheets are placed in an anti-parallel arrange-
ment. The top sheets B5 (N72–L79), B4 (V56–E62), B1
(L19–T23) and B2 (G26–T29) were highly irregular, while
bottom sheets B3 (T40–F46), B6 (I92–D99), B7 (G102–
D110) and B8 (G114–I121) were moderately regular.
Peptides bind to residues placed between loops (L) L1,
L2 and L3, L4. These form the primary interaction loops,
and are surrounded by a second set of loops: L4, L5 and
L5, L6.

Structural analysis of the molecular interaction of SNCG
with N-BubR1, ANK peptide and 18kDHsp70-a

Accessible surface area calculations for SNCG revealed that
most of the residues in the C-terminal tail are highly
exposed to solvents. In particular, residues Q106, Q107,
E110, K113, E114, E117, E120 and D127 show very good
surface accessible properties (Fig. 5b). Moreover, these
residues also possess appreciable electrostatic properties,
which were apparent in the mean potentials as calculated by
Delphi: −0.49 for Q106, −8.8 for Q107, −15.21 for E110,
−3.3 for K113, −28.62 for E114, −9.15 for E117, 12.9 for
E120 and −24.65 for D127 (Fig. 5a). Although Q106 and
K113 have less electrostatic potential, they possess
appreciable solvent accessibility, which favored their
selection. All these results indicate that the residues in the
C-terminal tail region of SNCG might have strong interacting
abilities with other proteins. Calculated electrostatic properties

and solvent accessibility results favored the selection of these
residues for further interaction studies.

N-BubR1-SNCG interactions

Based on the docking studies, residues Q106, Q107, E108,
E110, S112, K113, E114, E117, E120, S124 and D127 of
the SNCG C-terminal tail region were found to have good
interaction with N-BubR1 (Fig. 6a). These residues were
involved in the formation of H-bonds with the residues of
N-BubR1. Moreover, residues 62–189 in the BubR1-N-
terminal region show high sequence similarity with region1
of Mad3, which is known to interact with Cdc20.
Interestingly, amino acids in this region of N-BubR1 also
show good interaction with the above mentioned residues
of SNCG. This finding supports our suggestion that both
Cdc20 and SNCG must interact with the same region of N-
BubR1, and that the potential interacting residues of N-
BubR1 must be present in the region 62–189. Furthermore,
among the residues of N-BubR1 that interact with SNCG,
residues K66, R67, N97, Q98, G99, K123 and E140 are
highly conserved among N-BubR1 and Mad3, and also
interact with Cdc20, which indicates that these residues
might play an important role in mediating interaction with
both SNCG and Cdc20. This region of N-BubR1 also plays
an important role in interaction with Blinkin protein—a
disordered protein similar to SNCG. This fact introduces
the possibility that SNCG might share sequence similarity
with Blinkin. Indeed, residues Q106, Q107, G109, E110,

Fig. 5 a Electrostatic properties of SNCG residues as calculated using
DELPHI tools in the Accelrys Discovery studio (DS) suite. Red
Residues displaying very good electrostatics properties. b Graph

displaying the surface accessible area (ASA) of SNCG. Red Total
ASA, green side chain accessibility
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E114, A119, G126 and D127 of SNCG were found to be
shared with Blinkin. This finding suggests the possibility
that SNCG could mimic the structure of Blinkin in order to
interact with N-BubR1, although this hypothesis awaits
experimental verification.

Finally, based on all these findings, we suggest that
Q106, Q107, E108, E110, E114, E117, E120 and D127 of
SNCG might play an important role in mediating its
interaction with region1 of N-BubR1, which has been
proven experimentally to interact with Cdc20. In addition
to the above-mentioned residues, S112, A119, A124 and
K113 of SNCG also show good interaction with region1
residues of N-BubR1. Both SNCG and the TPR motif of N-
BubR1 share structural similarity with the 14-3-3 protein
family. Furthermore, SNCA also shows similarity with the
14-3-3 protein family, and it also interacts with other
members of this family. This unique property of SNCAwas
also observed in SNCG, which was clear from its
interaction with the N-terminal TPR motif of N-BubR1.
This leads to the possibility that SNCG interacts with other
TPR motif-containing proteins. However, so far this has not
been observed experimentally. Furthermore, in the assays
carried out to analyze N-BubR1–SNCG interactions, SNCG
was not observed to make any such interactions with other
homologs of BubR1 such as Bub1, which also possesses
TPR motifs. All these findings suggest that SNCG might
have unique binding properties for the TPR motif of N-

BubR1, which identifies it as a unique TPR-binding
protein. Details of interacting residues of SNCG are
provided in Table 1.

ANK peptide–SNCG interactions

Residues G2, L6, H7, A9, L21 and A24 of ANK peptide
showed stable H-bond interactions with D127, E117, E114,
and E110 of SNCG, respectively. In addition, these residues
of ANK peptide are conserved throughout the family of
ANK proteins. Other residues of SNCG involved in
interaction with ANK peptide were Q106, Q107, E108,
E117, E120 and E121. ANK peptide has been biochemi-
cally proven to interact with SNCG, and by doing so it
disrupts the interaction of SNCG with N-BubR1. This fact
indicates that SNCG residues targeted by ANK peptide
should also be involved in interaction with N-BubR1.
Accordingly, Q106, Q107, E110, E114, E117, E120 and
D127 of SNCG were found to be the common residues
involved in interaction with both N-BubR1 and ANK
peptide. The ANK peptide–SNCG conformation is pre-
sented in Fig. 6b.

18kDHsp70–SNCG interactions

Residues D127, E120, G126, E110, Q106, E114, Q107,
E108, E124, E125, D99, E98 and R96 of SNCG show good

Fig. 6 a Interacting conforma-
tion of SNCG and N-BubR1. b
SNCG and ANK peptide inter-
actions. c SNCG-18kDHsp70
interaction. SNCG is repre-
sented in cartoon representation.
N-BubR1, ANK peptide and
18KdHsp70 are represented in
mesh form and their helices are
represented in cartoon form
(sky-blue)
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interaction with residues of the Hsp70-18kDa region.
Among these residues, G126, E108, E98, R96 and S124
of SNCG form H-bonds with residues (A30, T47, A30,
K41 and Q44) located in the peptide-binding site of
18kDHsp70. The above mentioned residues of SNCG can
possibly be attributed to the initial interaction of SNCG with
the substrate binding domain of Hsp70. Residues D127, E120,
E110, Q106, E114, Q107, S124 and G125 of SNCG are
thought to play a role in inducing the structural changes of
Hsp70 that are essential for the interaction of Hsp70 with HOP
protein to form a complex with Hsp90. The interacting
conformation of 18kDHsp70-SNCG is presented in Fig. 6c.
Based on these findings, we suggest that the C-terminal
region of Hs-SNCG might interact with the 18kDa
region of a nuclear free Hsp70 substrate binding domain.
This interaction will enhance the binding affinity of
Hsp70, resulting in the formation of a SNCG–Hsp70–
HOP–Hsp90 complex. This complex can then bind to
ER-α and gain the ability to bind estrogen, which will
lead to the development of estrogen-dependent breast
cancer. This mechanism is illustrated in Fig. 7. This
finding provides a novel insight into the interacting
mechanism of SNCG with Hsp70, and correlates with
experimental identification of the interaction between
18kdHsp70 and the C-terminal tail region of SNCA.

Alanine scanning mutagenesis

From the interaction studies of SNCG with N-BubR1 and
ANK peptide, the common residues of SNCG involved in
interaction with both N-BubR1 and ANK peptide were

identified (Q106, E107, E108, E110, E114, E117, E120 and
D127). In order to confirm their role in mediating these
interactions, alanine scanning mutagenesis was carried out by
mutating these residues to alanine. The resulting models were
built and used for docking studies with N-BubR1 and ANK
peptides. Interestingly, interactions were not observed between
N-BubR1and the mutated SNCG complex and the same was
observed with ANK peptide and the mutated SNCG model.
These findings confirm the strong interacting abilities of the
above mentioned residues of SNCG. Furthermore, the same
mutated model was docked with the substrate-binding domain
of Hsp70 and the results confirm the strong protein–protein
interacting ability of the above-mentioned residues of SNCG.
From all these results, we suggest that Q106, E107, E108,
E110, E114, E117, E120 and D127 are crucial residues of
SNCG that play a strong role in its oncogenic function by
mediating interaction with BubR1 and Hsp70 proteins.

Analysis of protein complex stability

The N-BubR1–SNCG, SNCG–ANK and SNCG–
18kDHsp70 complexes were found to have energetically
stable properties, as confirmed by MD studies carried out
on these complexes using the GROMACS MD suite.
After the MD studies, no changes were observed in the
predicted hot spots. Moreover, the RMSD (Fig. 8)
observed between the backbone atoms of the protein
complexes obtained after the simulation studies revealed
only very small deviations among them. The potential
energy of the N-BubR1–SNCG complex was −36,517,328
kJmol−1, −30,339,536 kJmol−1 for the SNCG–ANK

Table 1 Residues of human gamma synuclein (SNCG) involved in
interaction with the N-terminal region of BubR1 (N-BubR1), ankyrin
repeat-containing short peptide (ANK), and human heat shock protein

(Hsp70). Interaction energies and interacting residues were determined
using the AutoDock Tool

Protein–protein
interaction

Energy parameters

Interacting residues Free energy of
binding (ΔG)
kcal/mol

vdW + Hbond +
desolv energy
kcal/mol

Electrostatic
energy
kcal/mol

N-BubR1–
SNCG
interactions

N-
BubR1

K66, R67, N97, Q98, G99, K123, K135, E140 and R197 −1.00e+15 +9.10e+07 −1.00e+15

SNCG Q106, Q107, E108, E110, S112, K113, E114, K115, E116,
E117, E120, S124 and D127

ANK
peptide–
SNCG
interactions

ANK
peptide

G2, L6, H7, A9, L21, K1, A24, N27 and M30 −9.34e+14 +3.08e+06 −9.34e+14

SNCG Q106, Q107, E108, E110, S112, K113, E114, E117, E120,
E121, S124 and D127

Hsp70–
SNCG
interactions

HsP70 G25, Y49, S50, D51, N52, Q53, P54, R87, R151 and R153 −6.26e+14 +6.01e+07 −6.26e+14
SNCG E98, Q106, Q107, E110, K113, E116, E117,A122, S124 and

D127

Common residues of
SNCG involved in all
interactions

Q106, Q107, E108,E110, E114, E117,
E120, and D127
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peptide complex and−47,888,355 kJmol−1 for the
18kDHsp70–SNCG complex. The maximum RMSD value
observed in the case of N-BubR1–SNCG was about
0.60 nm, whereas it was 0.87 nm for SNCG–ANK and
0.83 nm for 18kDHsp70–SNCG. The N-BubR1–SNCG
interaction leads to the inhibition of apoptosis of tumor
cells, which clearly requires the stable interaction between

these proteins; this stability was also reflected in our MD
simulations, as was clearly evident from the results in
which the complex is stabilized after 820 ps, with an
RMSD value of about 0.5 nm. In contrast, the maximum
RMSD value observed for SNCG–ANK and 18kDHsp70–
SNCG interactions was 0.87 and 0.83 nm, respectively.
These complexes were stabilized after 0.70 nm and
0.75 nm, respectively. After prolonged simulations, no
changes were observed in the structure and in the
interacting residues between N-BubR1 and SNCG. The
same was observed in the other two cases. These results
indicate that the interactions observed within these com-
plexes are stable and the results are reliable.

Conclusions

Aberrant expression and interaction of SNCG with BubR1
and Hsp70 have been proven to mediate the development of
breast cancer in human beings. Recently, a short ANK
peptide designed synthetically was observed to form a
complex with SNCG, inhibiting its ability to form a
complex with BubR1. These findings confirm the strong
oncogenic functions of SNCG, which have made it a
crucial drug target in the treatment of breast and ovarian
cancers. The disordered nature of SNCG was a potential
challenging factor in its structure determination process
and, moreover, the potential residues of SNCG that

Fig. 7 Proposed mechanism of SNCG interaction with Hsp70, illustrating the formation of the following complexes: C-terminal tail region of
SNCG–18kDHsp70, HOP–Hsp90–10kDa substrate binding region of Hsp70, SNCG–Hsp70–HOP–Hsp90–estrogen receptor-α

Fig. 8 Molecular dynamics (MD)-based analysis of the stability of
protein–protein complexes: N-BubR1–SNCG, SNCG–ANK peptide
and SNCG–18KdHsp70. Root mean square deviation (RMSD) of the
backbone atoms with respect to the initial structure shows the stable
nature of the protein–protein complexes. Red SNCG–ANK peptide,
blue SNCG–18KdHsp70, green N-BubR1–SNCG. The plot was
prepared using XY Plot windows version 4.1 [39]
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mediate its oncogenic functions had not been identified.
In an attempt to identify these residues, we predicted the
structures of Hs-SNCG, BubR1-N-terminal region,
18kDa region of Hsp70 substrate binding domain and
ANK peptides. These models were then used for protein–
protein docking studies. Based on the interactions of
SNCG with N-BubR1 and ANK peptide, the common
residues of SNCG that mediate these interactions were
identified. These residues of SNCG are predicted to play
a strong oncogenic role by enabling interaction with N-
BubR1, as was evident from the alanine scanning
mutagenesis carried out on the SNCG model; these
residues also involved in interaction with Hsp70. In
addition, structural and function differences between Hs
SNCG and SNCA were reported. Furthermore, we
identified the sequence level relationship between Hs
SNCG and Blinkin protein, a disordered protein that
plays an important role in mediating the mitotic
checkpoint activity of N-BubR1. Based on this result,
we suggest that Hs-SNCG might mimic the structure of
Blinkin in order to bind with N-BubR1. Also, SNCG
was identified as the unique TPR motif binding protein,
as was clear from its interaction with BubR1; no such
interaction was observed with any other TPR motif
containing protein. Finally, the unique ability of SNCG
to interact only with the 18kDa region of Hsp70
substrate binding domain was reported for the first time
through our studies. This finding correlates with exper-
imental identification of the interaction of SNCA with
the same region of Hsp70. All these results provide new
insights into the interacting mechanism of Hs-SNCG,
and could form the basis for new drug discovery
approaches for treating breast and ovarian cancers.
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