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Mutant oncogene DJ1 L166P has been linked to a familial form of early-onset Parkinson’s disease (PD). The DJ1
mutant deformed C-terminal helices and prevented the formation of a functional DJ1 dimer. Intriguingly, chaperon mod-
ulator, BCL2-associated athanogene (BAG1), has been shown to repair DJ1 mutant and restore its functions. Molecular
simulation techniques were employed to elucidate protein–protein interactions between BAG1 and DJ1. Interaction of
BAG1 with DJ1 showed recovery of disrupted alpha helix structures and H-bonds stabilizing the functional site Cys106.
The His126-Pro184 H-bond (hydrogen-bond) critical to maintaining dimer interfaces was also restored and led to the res-
toration of dimer formation. High conformational to functional DJ1 dimer was confirmed root mean square deviation
= 0.74Å). Results of this suggest several molecular insights on BAG1–DJ1 repair mechanism and may have an impact
on advancing PD treatments.
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Introduction

Parkinson’s disease (PD) is one of the common age-
related neurodegenerative disorders in which the etiol-
ogy remains obscure (Checkoway & Nelson, 1999; de
Rijk et al., 2000; Heisters, 2011; Wirdefeldt, Adami,
Cole, Trichopoulos, & Mandel, 2011). Nevertheless, a
familial form of early-onset PD has been linked to the
mutation on PARK7 gene, which encodes DJ1 protein
(Bonifati et al., 2003; Irrcher et al., 2010; Ishikawa
et al., 2010; Nuytemans, Theuns, Cruts, & Van Bro-
eckhoven, 2010; Tarantino et al., 2010; Waragai et al.,
2007). The major role of DJ1 is to eliminate hydrogen
peroxide and hence protect cells from oxidative stress-
induced apoptosis (Batelli et al., 2008; Friedman, Xu,
& Martin, 2010; Kahle, Waak, & Gasser, 2009; Surme-
ier et al., 2010; Taira et al., 2004; Ting et al., 2011).
DJ1 forms complexes with E3 ubiquitin-protein ligase
parkin (PRKN2) and serine/threonine-protein kinase
PINK1, which are both PD related proteins, to promote
ubiquitination on the neurodegenerative substances
(Xiong et al., 2009). Hence, the proteolytic activities of
DJ1 have been linked to a neuroprotective function
against early onset familial form of PD (Ariga et al.,

2011; Hering et al., 2004; Rochet, Liu, Nguyen, Hull-
eman, & Li, 2008).

Based on analysis of crystal structure, homodimer
formation is critical for DJ1 activities (Honbou et al.,
2003). The dimer structure favors the proton transfer
structure required for protease mechanisms and binding
to reactive oxygen species (Honbou et al., 2003; Huai
et al., 2003; Wilson, Collins, Hod, Ringe, & Petsko,
2003). In DJ1-linked PD, a mutation on PARK7 loci
resulted in mutant DJ1 L166P has been reported (Miller
et al., 2003). The L166P mutation replaced a Leu within
a helix seven in the active conformation to a Pro, result-
ing in severe deformation of helix structures, impairment
of DJ1 homodimerization and increased degradation rate
(Moore, Zhang, Dawson, & Dawson, 2003; Wilson
et al., 2003). This loss-of-function mutation was hypoth-
esized to be a cause to subsequent early-onset of PD and
possibly other neurodegenerative diseases (Ariga, Takah-
ashi-Niki, Niki, Taira, & Iguchi-Ariga, 2004; Bekris,
Mata, & Zabetian, 2010; Macedo et al., 2003; Mak
et al., 2007).

The chaperone HSP70/HSC70 modulator, BCL2-
associated athanogene (BAG1), has been reported to

*Email: ycc929@MIT.EDU

Journal of Biomolecular Structure and Dynamics
Vol. 30, No. 1, 2012, 1–12

ISSN 0739-1102 print/ISSN 1538-0254 online
Copyright � 2012 Taylor & Francis
http://dx.doi.org/10.1080/07391102.2012.674182
http://www.tandfonline.com

D
ow

nl
oa

de
d 

by
 [

C
al

vi
n 

Y
u-

C
hi

an
 C

he
n]

 a
t 1

1:
25

 0
9 

M
ay

 2
01

2 



restore the function of DJ1 L166P to the dimer confor-
mation (Deeg et al., 2010). BAG1 was originally found
to inhibit HSP70/HSC70 chaperone activities (Takayama
et al., 1997) and inhibit pro-apoptotic events (Hague
et al., 2011; Hung, Roberson, Taft, & Wu, 2003; Kermer
et al., 2003, 2009; Sendtner et al., 2005; Townsend,
Stephanou, Packham, & Latchman, 2005; Williams
et al., 2005). Co-immunoprecipitation has further indi-
cated high binding affinity between DJ1 and BAG1
(Deeg et al., 2010). Nevertheless, the exact DJ1 repair
mechanism was not determined.

Recently, computational techniques are commonly
employed in computer-aided drug design (Huang et al.,
2010), such as screening or predicting potent drugs for
specific proteins (Cai, He, & Lu, 2011; Chang, Chen
et al., 2011; Chang, Huang, & Chen, 2011a, 2011b;
Chang et al., 2010; Chang, Sun et al., 2011; Chang,
Wang et al., 2011; Chen, 2010; Chen & Chen, 2010,
2011; Chen, Chang, Chen, & Chen, 2011; Chen, Sun,
et al., 2011; Guimaraes, Oliveira, da Cunha, Ramalho, &

Franca, 2011; Huang, Lee, Yu, Chen, Hsu et al., 2010;
Huang, Lee, Yu, Chen, Tsai et al., 2010; Lin et al.,
2011; Mei, Liu, & Yu, 2011; Semighini et al., 2011;
Sun, Chang et al., 2011; Sun, Chen, Tsai, Lui, & Chen,
2011; Yang, Chang, & Chen, 2011; Yang, Chang, Chen,
& Chen, 2011). In view of the growing reliance on dat-
abases as the initial step in drug design, we constructed
TCM database@Taiwan (Chen, 2011), a comprehensive
TCM small molecule database which currently offers the
most extensive catalog of TCM compounds among all
available TCM repositories and is organized according to
acient traditional Chinese medicine categories as reported
in Nature Medicine (Sanderson, 2011). To maximize
TCM Database@Taiwan, we have further developed iSc-
reen, the first cloud computing web server for TCM drug
screening and de novo drug design (Tsai, Chang, &
Chen, 2011), and the iSMART (integrated SysteMs
Biology Associated Research with TCM) website to
integrate TCM research with computational systems biol-
ogy resources (Chang, Tsai et al., 2011). Without doubt,

Figure 1. Diagram of experiment concept. DJ1 dimers are required for neuroprotective functions against early onset of familial form
of PD. In DJ1-linked PD, L166P mutation causes severe disruption of α helixes. The impaired ability to form dimers is hypothesized
to cause early-onset of PD. BAG1 has been demonstrated to restore dimer formation and function of DJ1 L166P. This experiment
aims to investigate the location and molecular mechanisms underlying BAG1 mediated restoration of DJ1.
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rapid developments in computational hardware and soft-
ware enable higher efficiency and reliability of virtual
screening. In this research, we attempt to provide an
explanation on the mechanism of DJ1 function restora-
tion by BAG1 through a computational simulation
approach.

Figure 1 illustrates fundamental concepts pertain-
ing to the role of DJ1 in PD, the function of
BAG1, and the aim of this study. To test how
BAG1 interacts with DJ1 L166P and how the DJ1
functions could be restored, we employed in silico
simulation to identify potential BAG1–DJ1 mutant
interaction interfaces. Considering the lack of com-
plete BAG1 crystal structures, homology modeling
was applied. Protein–protein interaction protocol fol-
lowed by dynamic simulation was expected to pro-
vide insights on identifying potential functions of
BAG1 in restoring DJ1 functions.

Material and methods

The overall experimental procedure is presented in Fig-
ure 2. Specific protocols used within each individual sec-
tion is detailed in the following sections.

BAG1 homology modeling and validation

DJ1 monomer (protein data bank (PDB): 1PDV) Tao &
Tong, 2003 and dimer (PDB: 2R1T) structures were
downloaded from RCSB Protein Data Bank. DJ1 L166P
mutant model was built and energetically minimized
using Build Mutants from Discovery Studio 2.5 (DS 2.5;
Accelrys Inc., San Diego, CA), with reference to DJ1
monomer (PDB: 1PDV). BAG1 crystal structures are
unavailable, thus the modeled protein structure was built
through I-TASSER (http://zhanglab.ccmb.med.umich.edu/
I-TASSER/) (Roy, Kucukural, & Zhang, 2010) using the
UniProt peptide sequence (ID:Q99933). Predicted struc-
tures were compared with known BAG1 partial struc-
tures, including the ubiquitin domain (PDB: 1WXV) and
BAG domain (PDB: 1HX1) Sondermann et al., 2001, to
select the appropriate protein homology model. Valida-
tion of the homology model was further verified with
Ramachandran and Profile-3D plots.

Protein–protein interaction conformations

Rigid-body docking algorithm, ZDock, was applied for
evaluating protein–protein interactions based on the Pair-
wise Shape Complementarity algorithm (Chen, Li, &
Weng, 2003; Chen & Weng, 2003). For DJ1 and BAG1

Figure 2. Schematic diagram of experimental design.
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interaction, potential docking interfaces were defined by
any compatible shapes between the proteins. Angular
step size was set at six. Clustering was applied with root
mean square deviation (RMSD) cutoff and interface cut-
off at 20.0Å.

Molecular dynamics simulation

The following parameters from DS2.5 Simulation Pack-
age were applied to each protein–protein interaction con-
formation for Molecular dynamics (MD) simulation:
[solvation model]: explicit periodic boundary; [cell
shape]: cubic; and [minimum distance from boundary]:
5Å. Counter ions of Na+ and Cl� were added to neutral-
ize the system. Within each system, a total of 45,400 sol-
vation molecules were added, including 45,160 water
molecules, 119 Na+, and 121 Cl�. CHARMm force field
(Brooks et al., 2009) was applied to the proteins and
ions in each MD system. Steepest descent minimization
with rigid conformation followed by conjugate gradient
minimization with less restrained proteins was applied to
each docking pose. Two thousand steps were taken for
each minimization step. Each system was then heated to
310K within 50 ps and then equilibrated at constant tem-
perature for 200 ps. The MD production was applied for
20 ns dynamics simulation based on NVT canonical
ensemble (constant temperature). The integration time

step was set to 2 fs, and the trajectory snapshots were
saved every 20 ps. SHAKE algorithm and Particle Mesh
Ewald method were applied to fix hydrogen linked
bonds and to treat long-range electrostatics, respectively.

Restoration of DJ1 function and structure

The DJ1 structures from the various DJ1–BAG1 interac-
tion poses were removed after MD and assessed for their
ability to form dimers. For clarification purposes, DJ1
monomers removed from different DJ1-BAG1 interaction
poses will be named with the pose numbering. The
docking interface was based on DJ1 dimer structure (pro-
tein data bank (PDB): 2R1T). Angular step size and
clustering cut-offs were set at 10.0Å. Wild-type DJ1,
mutant DJ1, or restored DJ1 monomers were docked
with a wild-type DJ1 to evaluate the restoration of
dimerization ability. Molecular level changes contributing
to the recovery of DJ1 function will also be evaluated.
Dimers formed by the restored DJ1s were further vali-
dated with RMSD using DJ1–DJ1 dimer crystalline
structure (PDB: 2R1T) as the reference.

Results and discussion

Validation on BAG1 homology modeling

Five modeled structures of BAG1 were generated by I-
TASSER. Each homology model was compared with

Figure 3. Structure and validation of BAG1 homology model generated by iTasser. (a) Protein structure of top BAG1 homology
model generated by iTasser. Alpha helix structures are shown in red, β-sheets in cyan, and turns in green. (b) Ramachandran plot of
the generated homology model indicates residue distribution in the allowed, semi-allowed, and disallowed regions is 82, 13, and 5%,
respectively. (c) Validation by Profile-3D indicates a reliable model structure.
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BAG1 structures of tri-strand β-sheet BAG1 ubiquitin
domain (PDB: 1WXV) and tri-helix BAG domain (PDB:
1HX1). The homology model that matched the afore-
mentioned structures is shown in Figure 3(a). As indi-
cated by the Ramachandran plot (Figure 3(b)), 82%
residues in the model structure were within the allowed
region, 13% in the semi-allowed region, and only 5%
residues in the disallowed region. Validity of the mod-
eled structure was further supported by the Profile-3D
plot in which majority of the verify scores were greater
than zero (Figure 3(c)). Based on these validations, the
shown DJ-1 homology model was adopted for this study.

Identification of potential BAG1-DJ1 mutant interac-
tion interfaces

Rigid-body protein–protein interaction simulation via Z-
Dock identified five possible binding poses between
BAG1 and DJ1. Individual binding poses and the amino
acids involved in the interaction interface are shown in
Figure 4. Comparison of all docking poses indicated that
BAG1 C-terminus tri-helix did not directly interact with
DJ1.

Structural recovery by BAG1–DJ1 interaction

A 20 ns MD simulation was conducted to simulate inter-
actions between DJ1 and BAG1 under a dynamic envi-
ronment. Figure 5 illustrates the RMSD and total energy
trajectories of BAG1–DJ1 repair complexes during MD
simulation. Regardless of binding pose, the RMSD and
total energy trajectories plateaued after 12 ns, indicating
stabilization of the complexes. Poses 3 and 4 formed the
most stable complexes with BAG1 with total energy
levels of approximately �28,000 kcal/mol. Average
structures during the final 5 ns of MD were used to
investigate structural and molecular level differences in
DJ1 induced by BAG1.

Effect of BAG1 on DJ1 monomer structure

The effect of BAG1 on DJ1 monomer structure is sum-
marized in Figure 6. The structure of each monomer at
the beginning of MD and the average structure during
the final 5 ns of MD are compared to identify structural
changes due to MD. No significant differences were
observed in wild-type DJ1. In contrast, extensive loss of
helicity at α4 and α5 was observed in L166P. In Pose 1,
recovery of α4 was observed. However, the extension of
Pro109 toward α6 limited the extent of helix recovery in
α5. Similar restoration of α4 was also apparent in Pose
2. The restored average structure shows a smooth helix
very similar to that of the control DJ1. Restoration of
helicity in α5 was initiated as Pro109 rotated toward α4,
however, the kink formed by Thr110 and Ala111
remained at the end of MD. Pose 3 showed some resto-
ration of α4, but further helix disruption was seen in α5

and α6. Helix α4 was also recovered in Pose 4, but
extensive loss of helicity was apparent in α5 and α6.
The average structure of Pose 5 indicated good recovery
of α4, α5, and α6. Interaction of mutant DJ1 with BAG1
at Pose 5 resulted in a restored structure that was visu-
ally similar to wild type DJ1.

Effect of BAG1 on Cys106 region

The conserved amino acid Cys106 has been proposed to
be critical in the reactivity and chaperone functions of

Figure 4. DJ1–BAG1 binding poses generated by ZDock.
Violet and yellow ribbons represent BAG1 and DJ1 proteins,
respectively. White surfaces represent interaction regions on
BAG-1 and cyan surfaces represent interaction regions on DJ1.
Interaction residues in each protein are also listed.
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DJ1 (Anderson & Daggett, 2008; Wilson et al., 2003),
thus was naturally of interest to in this investigation. Tor-
sion angle changes related to Cys106 during MD are
illustrated in Figure 7. As demonstrated by the small
fluctuations in ϕ and ψ angles, Cys106 remained rela-
tively stable throughout the restoration process.

Figure 8 illustrates solvent accessibility and H-bond
(hydrogen-bond) network of the Cys106 region. Cys106

remained buried (solvent accessible surface < 10%) in all
types of DJ1. This may be important for DJ1 functional-
ity as a delicate balance in the oxidation state of Cys106
must be maintained for appropriate chaperone activities
(Anderson & Daggett, 2008; Zhou, Zhu, Wilson, Petsko,
& Fink, 2006). In wild-type DJ1, an H-bond was formed
between Cys106 and Glu18. This H-bond has been
reported to play a major role in dimer formation through
its ability to stabilize α1 (Anderson and Daggett, 2008).
In addition, His126 is also a key residue for stabilizing
opposing DJ1 monomers. Mutant DJ1 that were repaired
at Poses 4 and 5 showed restoration of H-bond formation
with Glu18 (Figure 8). Poses 2 and 3 did not restore H-
bonds with Glu18, but formed H-bond with His126
instead. This is an interesting phenomenon since His126
is involved in forming the critical H-bond (His126-
Pro184) in dimers. The H-bond between Cys106 and
His126 could bring the functional residue Cys106 closer
to the dimer interface and regulating the amount of oxi-
dation that may trigger Cys106 reaction.

Effect of BAG1 on DJ1 dimerization

The ability of DJ-1 to form dimers is critical to its func-
tionality and the key criteria to evaluating the extent of
DJ-1 restoration by BAG1. The ability of different
recovered DJ-1 to form dimers with wild-type DJ-1 is
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Figure 5. BAG1–DJ1 complex root mean square deviation
(RMSD; Å) and total energy trajectories during 20 ns molecular
dynamics (MD) simulation.

Figure 6. Effect of BAG1 repair on DJ1 monomer structure. Protein conformation at 0 ns and the average structure of the final 5 ns
of MD are shown for each type of DJ1.
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illustrated in Figure 9. Under the dimerization protocol
given, Pose 3 and Pose 4 could not form dimers with
wild-type DJ-1. The dimerization of Poses 1, 2, and 5
with wild-type DJ-1 are shown in Figure 9. Based on the
DJ1 dimer (PDB: 2R1T) structure, α-helices α1 (Glu15-
Gly30) and α7 (Pro158-Asn176) are important structures
directly involved in dimer formation. In addition, the H-
bond formed between His126 and Pro184 of opposing

monomers is critical for stabilizing the dimer interface.
We deemed that these structures should be maintained or
restored for proper dimerization. Figure 10 illustrates the
different helix conformations and H-bonds formed at the
dimer interface. In the DJ1–DJ1 dimer, helix structures
and the integrity of their spatial arrangements are main-
tained by the His126-Pro184 H-bonds on either side of
the dimer interface. When wild-type DJ1 is substituted

Figure 7. Torsion angle changes in DJ1 Cys106 during 20 ns MD. Torsion angles shown include (a) wild-type DJ1, (b) L166P, (c)
Pose 1, (d) Pose 2, (e) Pose 3, (f) Pose 4, and (g) Pose 5.
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with the mutant DJ1 L166P, the distance between
His126 and Pro184 increases to more than 4Å. Without
the anchoring H-bond, the interface is easily disrupted,
hindering the formation of a stable dimer. These struc-
tural changes in DJ1 L166P are consistent with previous
research (Anderson and Daggett, 2008). Pose 1 DJ1
exhibited similar interface characteristics to L166P. The
H-bond distances at both ends of the interface measured
4.23 and 3.99Å, respectively. In Pose 2 and Pose 5,
instability of the critical H-bonds was restored. The H-
bond distance between His126 and Pro184 averaged
2.77Å in Pose 2 and 2.82 in Pose 5.

Validation of restored mutant DJ1 structure

Whilst formation of the critical H-bond between His126
and Pro184 did not differ much between Pose 2 and Pose

Figure 8. H-bond network formed by Cys106 in DJ1. Protein
coloring is based on the solvent accessibility of the respective
protein residue. Residues exceeding 25% solvent accessible
surface (SAS) is designated as exposed (blue). Residues with
less than 10% SAS are designated as buried (green). Cys106 is
shown in yellow, and H-bonds formed by Cys106 are
illustrated in red.

Figure 9. Dimer formation of different DJ1 monomers with
wild-type DJ1 monomer by ZDock. DJ1 subunits assessed for
dimerization ability include DJ1 (wild type, red), L166P (cyan),
Pose 1 (blue), Pose 2 (green), and Pose 5 (purple). The crystal
structure of DJ1 is shown in gray. No dimer formation could
be detected for Pose 3 and Pose 4.
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5, dimer RMSDs compared to the crystal DJ1 dimer struc-
ture (PDB:2R1T) provide more dynamic insights to the
structural integrity of the dimers. As expected, the crystal
DJ1 dimer structure and the redocked structure of normal
DJ1 after MD simulation were highly similar with a low
RMSD of 0.63Å (Figure 11(b)). The Pose 2-DJ1 dimer
also attained high structural similarity to the reference
dimer, with RMSDs as low as 0.74Å (Figure 11(c)). By
comparison, Pose 5-DJ1 dimer was structurally deviant
from the crystal structure as indicated by the high RMSD
values of 3.18Å (Figure 11(d)).

Conclusion

In this study, we demonstrate possible molecular mecha-
nisms underlying the restore-of-function in L166P by
DJ1. By introducing a dock-based dimerization simula-
tion, we identified a BAG1–DJ1 binding pose that may
lead to proper dimerization between normal and mutant
DJ1s. Interaction between mutant DJ1 and BAG1 at
Pose 2 led to restoration of important helix structures in
DJ1 monomers and the ability to form dimers with wild-
type DJ1. RMSD comparisons indicated that Pose 2-DJ1
dimer was extremely similar to that of the crystal DJ1

Figure 10. Helix conformations at dimer interface. Helix structures involved in dimer formation include α1 (pink, residues 15–30),
α7 (cyan, residues 158–176), and α8 (yellow, residues 177–184). Critical H-bond stabilizing the α-helices for dimer formation is
formed between His126 and Pro184 of opposite monomers.
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dimer structure. These key findings and relevant Support-
ing data are summarized in Video 1. Our results provide
molecular level explanations on the restoration function
of BAG1 on L166P observed in animal models. The
information within this study may provide insights into
the molecular functions of BAG1, and can be applied to
further the search for an effective PD treatment.
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