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A B S T R A C T

Parkinson’s Disease (PD) is a continuingly deteriorating neurological ailment affecting over 8.5 million patients 
globally as of 2019, and the numbers are expected to keep rising. To aid in identifying therapeutic targets, 
molecular dynamics simulations are convenient and cost-effective methods for enriching our knowledge of the 
molecular pathophysiology of diseases. Many proteins and their corresponding mutations have been identified to 
contribute to this disease, of which Leucine-rich repeat kinase 2 (LRRK2) is accountable for a significant per-
centage. Several mutations involving the domains in LRRK2 have been studied, which are known to interfere 
with various enzymatic processes, ultimately leading to trademark features of PD like aggregation of protein 
inclusions called Lewy Bodies (LBs), mitochondrial dysfunctions, etc. The precise molecular mechanism of the 
mutations’ pathophysiology is still unclear. This research article looks at the structural effects of mutations, 
namely the R1441C and D1994A mutations, on the surrounding residues in the protein, offering novel insights 
into pathophysiological changes at an atomistic level. Our results indicate a gain of electrostatic interactions with 
a stable αβ motif within the LRR-Roc linker, amongst other changes. This article also highlights the potential 
involvement and importance of the αβ motif in LRRK2 associated PD.

1. Introduction

Parkinson’s Disease (PD) is a neurological disorder distinguished by 
the continuous decline of motor and nonmotor functions [1]. With a 
prevalence only second to Alzheimer’s Disease amongst neurodegener-
ative diseases, PD is a chronic ailment that is progressively debilitating 
for patients since onset. Prominent motor effects include bradykinesia, 
postural instability, and loss of motor control [1]. Clinical manifesta-
tions also include non-motor features such as depression, loss of mem-
ory, sleep disorders, etc., which may even precede the quintessential 
motor features of PD [2]. These symptoms arise due to degeneration of 
dopaminergic neurons residing in a location of the brain involved with 
movement control, called the substantia nigra pars compacta [3].

At the molecular level, a prominent characteristic of PD is the pres-
ence of fibrillar inclusions, also known as Lewy bodies. These inclusions 
have been extensively examined to determine their role in the brains of 
PD patients [4]. Discovered over a century ago, a vast array of infor-
mation is now available to us about the constituents of Lewy bodies, of 
which the presynaptic protein ɑ-synuclein is of particular importance. 

The aggregation of this protein causes neurotoxicity through a number 
of ways, a significant mechanism being its disruption of neurotrans-
mitter release [5,6].

While a significant proportion of PD cases occur with no specific 
etiology, a small percentage (10–15 %) [7] is hereditary and has been 
linked to mutations in around 20 known genes [8,9]. These hereditary 
forms of PD, also known as monogenic PD, is the result of autosomal 
dominant and autosomal recessive mutations in various causative genes. 
Mutations implicated in autosomal dominant PD involve SNCA, LRRK2, 
and VPS35 genes [10,11], while autosomal recessive PD involves mu-
tations in Parkin, PINK1, DJ-1, and DNAJC6 genes [12].

The principal cause of autosomal dominant PD at later ages is 
ascribed to mutations in the LRRK2 gene, with clinical attributes akin to 
those associated with late-onset sporadic PD [13–16]. Previous studies 
have identified LRRK2 cellular localization in Parkinson’s patients and 
LRRK2 as a known constituent of Lewy bodies [17]. As a sizable 
multifunctional protein weighing around 280 kD, LRRK2 contains two 
significant catalytic domains – the GTPase and kinase domains [15]. The 
prevalence of certain multiprotein domains, including a characteristic 
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leucine-rich domain, and a WD40 repeat, have also been noted [18–22] 
(Fig. 1).

Mutations within enzymatic domains have been associated with 
affecting the mechanistic pathways of the disease [20,21]. Linked with 
approximately 1 % of idiopathic cases of late-onset PD alongside 5–6% 
of hereditary PD globally, the prominence of the G2019S mutation in the 
kinase domain has been deemed the greatest [23]. G2019S LRRK2 cases 
comprise LB formation and incomplete penetrance, which is still present 
at later ages [24]. On the other hand, a variable LB formation and nearly 
complete penetrance is exhibited by GTPase domain mutations such as 
R1441C/G [13,14]. This has led to speculations regarding the unique 
pathways employed by these mutations. Furthermore, multiple pieces of 
evidence indicate the interdependent regulation of LRRK2 GTPase and 
kinase enzyme activities, which contributes to a deeper comprehension 
of the cellular mechanistic pathways associated with LRRK2 functions 
[25,26]. The physiological function of LRRK2 is linked with lysosomal 
autophagy, cytoskeletal balance, translation of proteins, mitochondrial 
homeostasis, etc. [22,25,27–30].

Investigation of the R1441C mutation’s effects has been vast and 
extensive. Wszolek and colleagues presented their findings on the 
degeneration of pigmented neurons in the Substantia Nigra and Locus 
Coeruleus regions of the brain, along with an observed increase in 
fibrous growth of glial cells [13,31]. Other studies have found that the 
clinical manifestations of the mutation were akin to those exhibited in 
idiopathic PD [32]. Due to the multiple mutations observed in the res-
idue 1441, it has been studied through various models, including mice 
and fruit flies to navigate its significance [33]. Tong et al. used geneti-
cally modified knock-in mice to demonstrate that the R1441C mutation 
significantly disrupted the dopamine receptor D2 in the brain and 
modified stimulatory effects on dopaminergic neurotransmission [34]. 
The presence of the mutation in the Roc domain induces lowered GTPase 
activity, although the residue in question lies outside the GTP binding 
pocket, suggesting indirect effects of the mutated residue [35]. Never-
theless, the residue lies on the dimerization interface, which is essential 
for optimal GTPase activity, suggesting a pathophysiological mechanism 
to exist in this regard [36,37]. Potentially targeting this mutation’s 

Fig. 1. (a) Domains of the LRRK2 protein, including numbers of the residues they comprise. The positions of two residues have been highlighted in red oval as these 
mutations were studied in this paper. (b) LRRK2 protein (PDB ID: 7LHW) represented in the New-Cartoon model with different domains shown in different colors, 
namely; the Kinase domain in yellow, Roc (Ras of complex) domain in green, COR (C-terminal of Roc) domain in pink, WD40 domain in cyan, LRR (Leucine-rich- 
repeat) domain in orange and ANK (Ankyrin repeat) domain in magenta. The residues between the LRR and Roc domains have been shown in ice blue color.
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effects in PD comes with the added advantage of specificity and reduced 
off-target effects, since it is one of the only four Roc GTPases found in 
humans [38]. A detailed structural analysis of the mutated protein may 
aid in further knowledge regarding its effects manifested clinically in 
patients, potentially unlocking new avenues of targeted treatment.

Irrespective of the mutation’s location, all LRRK2 mutations associ-
ated with PD have been known to exert an effect on kinase activity [15]. 
This observation suggests a link between mutations in the GTPase 
enzymatic domain and kinase domain, which led to the discovery of the 
two being spatially close to each other through in-situ studies [39]. It is 
also widely held that diminished GTPase activity results in heightened 
kinase activity, although this remains inconclusive [35]. An artificial 
mutation D1994A located in the kinase domain has been implemented 
in the past for its inhibition of kinase activity. While several double 
mutation studies of a gain of function mutation such as G2019S and 
kinase dead mutation D1994A have been conducted previously, no 
research has been performed to identify any changes induced by a kinase 
dead mutant on a GTPase affecting mutation.

The steep increase in number of PD patients globally is alarming, 
with an estimated doubling to 13 million patients by 2040 [40]. Despite 
the threat of a PD pandemic, our resources for combat are inadequate, 
with symptomatic treatment still the mainstay of treatment. While 
further research is warranted to develop better therapeutics to halt 
disease progression, genetic models of LRRK2 pose several limitations 
[41]. One of the more promising approaches to investigating the struc-
tural effects of genetic mutations is molecular dynamics simulations, as 
seen in our previous studies [42–46]. These enable us to investigate how 
regions within mutated proteins may interact with adjacent regions in 
the protein system [47].

In this study, LRRK2 and R1441C mutant LRRK2 systems are 
analyzed to reveal structural modifications which may be posited to 
explain the consequent lowering of GTPase activity. Additionally, the 
structural effects of D1994A on neighboring residues are also evaluated 
to provide insight into the therapeutic potential of kinase inhibitors for 
mutations in the GTPase domain. This is further examined through 
introduction of both the mutations and analysis of the resulting system. 
Our results are complementary to experimental findings, offering novel 
insight conducive to the development of novel therapeutics.

2. Material and methods

Simulations were performed for the LRRK2 protein (PDB ID: 7LHW) 
and its mutations associated with Parkinson’s disease. The PDB structure 
of 7LHW incorporates three natural variants and was left unchanged and 
considered as the wild type of LRRK2 (LRRK2-WT) [48]. Point mutations 
were further introduced into the intact PDB ID: 7LHW (LRRK2-WT) 
structure for studying the mutant systems following simulation. The 
simulations employed NAMD (Nanoscale Molecular Dynamics) 2.12 
[49] and the CHARMM36 force field [50]. Atmospheric conditions of 
temperature 298K and semi-isotropic pressure of 1 atm were conserved 
throughout the simulations. PME (particle-mesh Ewald) was utilized for 
calculation of long-range electrostatic interactions, for which a cutoff 
limit of 12 Å was employed. The simulation was performed using peri-
odic boundary conditions, and an integration time step of 2 fs. 
Lennard-Jones potential was used in calculation of van der Waals in-
teractions, also with a cutoff value at 12 Å, and a smooth switching 
function in place as 10 Å was crossed.

Each protein system was confined in a periodic orthorhombic box 
with dimensions ~180 × 180 × 180 Å in size. KCl was added for 
neutralization and to achieve the physiological buffer concentration of 
150 mM/L. The resulting simulation system comprised of 383 K+ and 
384 Cl- ions, along with 35,064 water molecules for the LRRK2 protein. 
The remaining three systems also contained similar numbers of water 
molecules and ions.

The input files for each of the simulations were created using 
CHARMM GUI [50,51]. Mutations were introduced by manipulating the 

PDB. For the LRRK2-WT model, no mutation was introduced. In the case 
of the R1441C mutant, a mutation of Arginine to Cysteine was intro-
duced at the 1441 residue of PDB ID: 7LHW. Similarly, for the D1994A 
model, an Aspartic acid to Alanine mutation was introduced at the 
residue 1994 of PDB ID: 7LHW. For the final simulation consisting both 
mutations, two mutations as mentioned above were introduced in the 
LRRK2 model (PDB ID: 7LHW).

All systems underwent equilibration over 10 ns, along which 
conformational restraints were decreased in stages. Upon the end of 
equilibration, the simulations of LRRK2 system as well as the LRRK2 
[R1441C] and LRRK2[D1994A] were run for 500 ns to facilitate a study 
of structural changes in LRRK2 mutant proteins compared to the Wild 
type. The system with a double mutation (LRRK2[R1441C/D1994A]) 
was run for 100 ns. These structural changes were observed through 
visualization and distance analyses of the simulated systems were per-
formed using VMD (Visual Molecular Dynamics) 1.9.3 [52]. 
Figures were created using XMGrace plotting tool.

3. Results

The region between the LRR and Roc domain (Fig. 1), also known as 
the LRR-Roc linker, consists of a strong conformation of a connected α 
helix and β pleated sheet. The β sheet extends into the beginning of the 
Roc domain, so this motif which is further investigated in this article is 
referred to as the αβ motif hereafter.

3.1. Electrostatic interactions compared in LRRK2-WT and LRRK2 
[R1441C] proteins

The R1441 residue lies in the Roc domain (Fig. 1). In the LRRK2-WT 
simulated model, we observe that the sidechain nitrogen atom of R1441 
interacts with the carbonyl oxygen of M1409 in the same domain, 
whereas the other sidechain nitrogen atom of R1441 makes an N2–O 
interaction with the carbonyl oxygen of W1791, located in the COR 
Domain (Fig. 2(a)).

To assess the stability of the interaction, we plotted the interacting 
distances over the course of the entire simulation and found a strong 
interaction of 2.8 ± 0.3 Å between R1441 and residues M1409 and 
W1791 (red and green distances in Fig. 3, respectively) in LRRK2-WT.

Notably, both of these interactions were completely absent in the 
LRRK2[R1441C] mutant (Fig. 2(b)). In contrast, the R1412 residue in 
the Roc domain forms a strong charged interaction with the D1307 
residue (Fig. 4) in the RC mutant system, which is located within a 
strong motif comprised of a beta-sheet and an alpha-helix between the 
LRR and the Roc domain (Ice blue color in Fig. 1).

Since arginine contains two nitrogen groups in its side chain which 
flip during the course of the simulation, the CZ-Cg atomic distance was 
plotted instead, which represents a strong charge interaction as shown in 
Fig. 4.

Upon introduction of the R1441C residue mutation, two interactions, 
R1441-M1409 and R1441-W1719 within the Roc domain and with the 
COR domain, respectively, were lost. The interaction R1412-D1307 with 
the αβ motif (Ice Blue region) was formed instead. We speculated how 
that would translate to the stability of the domains involved, and thus 
plotted the RMSD (root mean square deviation) of the Roc and the COR 
domains Fig. 5.

The RMSD plot shows the COR domain to shift more than 2.5 Å, 
whereas the Roc domain was found to be quite stable towards the αβ 
motif, perhaps due to the stable interaction of R1412-D1304. The sep-
aration of these two domains is also consistent with the findings of 
previous studies of low GTPase activity, as induced by R1441C [53]. 
Such modulation may be responsible for the functional loss of the 
domain. Other R1441x (R1441G and R1441H) mutations are not 
charged residues, and hence we expect similar domain modulation for 
those mutations [54].
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3.2. Electrostatic interactions compared in LRRK2-WT and LRRK2 
[D1994A] proteins

Within the Kinase domain of LRRK2-WT, we noticed an interesting 

observation regarding the interactions between the side chain nitrogen 
of the D1994 residue and the carbonyl oxygen of the T2035 residue 
(Fig. 6(a)).

Since the D1994 residue underwent a mutation to D1994A, carbon- 
carbon distances were considered. We plotted the curve for distances 
between the D1994(Ca)-T2035(Ca) atoms in LRRK2, and found the 
separation to be around 6 Å (black curve in Fig. 7). Within the kinase 
domain of LRRK2[D1994A], the D1994(Ca)-T2035(Ca) distance sepa-
rated to 9.5 Å (red curve in Fig. 7).

Functional loss caused by the D1994A mutation may occur due to 
allosteric changes [53], and to attempt to understand underlying 
mechanisms, we investigated the changes in and around the kinase 
domain. We identified two residues, K1316, and R1320 in the αβ motif 
(Ice-Blue region in Fig. 6(a)) which form interactions with the kinase 
domain in the LRRK2 WT and DA mutant respectively.

K1316 forms a salt bridge with E2033 residue in the Kinase domain 
(black curve in Fig. 8). We observed that this interaction was lost in the 
presence of the D1994A mutation.

While the D1994A mutated residue resulted in loss of the E2033(CD) 
- K1316(NZ) salt bridge; it also prompted the formation of another salt 
bridge in Kinase domain between E2033 residue and R1320 residue 
(Fig. 9), which is also located in the alpha-beta motif (Ice Blue region in 
Fig. 6).

To observe the overall changes in the Kinase domain, the RMSD of 
LRRK2[D1994A] was plotted with respect to LRRK2-WT, and an average 

Fig. 2. Snapshots of LRRK2-WT and LRRK2[R1441C], with interacting residues represented in Licorice. (a) R1441(NH2) - M1409(O) interaction and R1441(NH2) – 
W1791(O) in the Roc and COR domains respectively. (b) Loss of R1441(NH2) - M1409(O) and R1441(NH2) – W1791(O) in the Roc and COR domains respectively.

Fig. 3. The interacting distances between the sidechain nitrogen of R1441 and 
the carbonyl oxygen of M1409 (red) and the carbonyl oxygen of W1791(green) 
in LRRK2-WT.

Fig. 4. R1412 (Cz) - D1307 (Cg) distances plotted for LRRK2-WT (black curve) 
and LRRK2[R1441C] (red curve).

Fig. 5. RMSD of Roc domain (red) and RMSD of COR domain (black) in LRRK2 
[R1441C] with respect to the average RMSD of LRRK2-WT (blue baseline).
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of 2.2 Å shift in RMSD was found (Fig. 10).
The artificial mutation D1994A is said to be a kinase-dead mutant 

[55]. The kinase domain in the inactive state is found to be unstable, 
aligning with our results regarding its stability [53].

Fig. 6. Snapshots of LRRK2-WT and LRRK2[D1994A], with interacting residues represented in Licorice. (a) D1994(Ca) - T2035(Ca) interaction in the Kinase domain 
of LRRK2-WT. (b) D1994A(Ca) - T2035(Ca) interaction in the kinase domain of LRRK2[D1994A]. Carbon atoms of interacting residues are represented in orange in 
VDW representation.

Fig. 7. D1994(Ca)-T2035(Ca) distances plotted. Distances for LRRK2-WT are 
shown in black, while distances for LRKK2[D1994A] are shown in red.

Fig. 8. E2033(CD) - K1316(NZ) distances. Black curve represents distances for 
LRRK2-WT, and the red curve represents distances for LRRK2[D1994A].

Fig. 9. The R1320 residue poorly interacts with E2033 in LRRK2-WT (black 
curve). The R1320 residue has strong charge interaction with E2033 in LRRK2 
[D1994A] (red curve).

Fig. 10. RMSD of Kinase domain of LRRK2[D1994A] (black curve) compared 
with average RMSD of the Kinase Domain of LRRK2-WT (black horizontal line).
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3.3. Electrostatic interactions compared in LRRK2-WT and LRRK2 
[R1441C/D1994A] proteins

The R1441C mutation in the Roc domain is located away from the 
GTPase enzymatic domain, suggesting that the mutant protein’s lowered 
GTPase activity is induced by an indirect mechanism [35]. Some studies 
suggest an increased kinase activity as a result [56], while others cite no 
significant difference between R1441C mutant and LRRK2-WT [35,57]. 
Regardless, an interrelation between the two catalytic domains have 
been well established, despite the large number of residues residing 
between them [22]. This begs the question – how do the effects of one 
domain exert a domino effect on another enzymatic domain’s activity? 
Allosteric interactions have been identified as the mediator of this 
communication, according to a previous report [53]. Additionally, our 
results indicate the significance of the αβ motif between the LRR and Roc 
domains (ice-blue region in Fig. 1) in pathophysiological mechanisms. 
However, one question that confounds us is that the lowered GTPase 
activity expected for the R1441C mutant, and inactivated kinase activity 
for the D1994A mutant both show a strong propensity to move towards 
the αβ motif. To evaluate these results further, we performed a simula-
tion introducing both mutations in a single system.

In the LRRK2-WT model, two strong and stable interactions were 
seen to occur between the side chain nitrogen atom of residue R1441 
with the carbonyl oxygen of both M1409 and W1791, located in the Roc 
and COR domains respectively (Fig. 3). In line with the R1441C mutant 
model, both these interactions are completely lost in the double mutant 
system. Additionally, a strong interaction between R1412 and D1307 
was observed, mimicking the same interaction in the R1441C mutant 
protein (Fig. 4).

Upon analysis of the kinase domain, it was found that the interaction 
between the side chain nitrogen of D1994 and the carbonyl oxygen of 
T2035 was conserved, as in the LRRK2-WT protein system(Fig. 7). In-
teractions observed in LRRK2-WT between E2033 and K1316 in the αβ 
motif (Fig. 8) was also preserved in the double mutant system. However, 
other interactions resulting from D1994A mutation (Fig. 9) were not 
conserved in the double mutant.

As shown in Figs. 11 and 12, it seems that the double mutant model 
preserved the interactions seen in R1441C model but lost the in-
teractions observed in the D1994A model. These findings seem to be 
consistent with lowered GTPase activity and an activated kinase, despite 
presence of the kinase dead mutant D1994A.

To understand the stability of the domains, an RMSD of the Roc, 
COR, and kinase domains were plotted (Fig. 13).

The RMSD of both the Roc and COR domains showed a significant 
shift compared to the LRRK2 system, supporting the separation observed 

during GTPase underactivity [53]. Interestingly, the kinase domain 
displayed an average RMSD of 0.5 Å, showing increased stability as 
opposed to that observed in the LRRK2[D1994A] mutant. In fact, the 
kinase domain sustains interactions as seen in the LRRK2-WT system, 
suggesting that despite introduction of a kinase dead mutation, inacti-
vation did not occur. This seems to be aligned with the results of a recent 
study indicating the presence of an ordered kinase domain in its active 
state [53] in which case, it may be postulated that an inactive kinase 
mutant is insufficient to override the effects of LRRK2[R1441C].

3.3.1. Free Energy Landscapes of the αβ motifs of each system compared
All our models have the same range of 0–24 kJ/mol Gibbs free en-

ergy. The LRRK2-WT model (Fig. 14(a)) and LRRK2[R1441C/D1994A] 
double mutant system (Fig. 17(a)) both have one single stable confor-
mation each. The LRRK2[R1441C] model (Fig. 15(a)) has one fully 
stable conformation and another partially stable conformation, while 
the LRRK2[D1994A] model (Fig. 16(a)) has one primary and two 
smaller regions with a stable conformation. On the other hand, the WT 
and RC models present limited variations in RMSD throughout the re-
gion, while the DA model displays a significantly higher fluctuation. 
Furthermore, the RMSD of the αβ motif for the RC/DA double mutant 
system exhibits a significantly lower RMSD (range of 0.2–1 Å) compared 
to its counterparts, suggesting a noteworthy increase in stability.

Given how all the models have one primary stable conformation, we 
speculate that none of these mutations significantly disrupts the stability 
of the αβ motif. In the LRRK2[R1441C] model, a primary stable 
conformation is observed, which may arise due to the strong R1412 
(NH2)-D1307(O) interaction obtained between the Roc domain and αβ 
motif (Fig. 15(b)). The LRRK2[R1441C/D1994A] double mutant system 
also exhibits a single stable conformation, suggesting its stability in 
presence of interactions of the αβ motif with both Roc and kinase 
domains.

On the other hand, the relatively higher RMSD of the DA mutant 
suggests that the αβ motif is more unstable and potentially more flexible. 
Additionally, the presence of several partially stable conformations in-
dicates conformational changes corresponding to contrasting in-
teractions formed and lost between the kinase domain and αβ motif. For 
instance, the interaction between residue E2033 in the kinase domain 
with K1316 is weaker in the mutant than in WT (Figs. 8 and 14(b)), 
while E2033 residue’s interaction with K1314 remains similar in both 
systems, and E2033-E1230 interaction is gained with the introduction of 
D1994A mutation (Figs. 9 and 16(b)). Perhaps due to the alteration of 
several modifications in this region, multiple stable conformations are 
obtained.Fig. 11. Interactions between R1412(Cz)-D1307(Cg) in LRRK2 

[R1441C/D1994A].

Fig. 12. Interactions between E2033(CD)-K1316(NZ) in LRRK2 
[R1441C/D1994A].
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4. Discussion

As a complex and large protein consisting of various motifs, LRRK2 is 
a dynamic system implicated in the pathogenesis of PD. Its GTPase and 
kinase activity is interlinked, with multiple reports of their communi-
cations [53]. In order to augment our knowledge of this complicated 
crosstalk, our studies involved introducing a mutation affecting the 
GTPase activity, R144C, and a kinase dead mutation, D1994A. Our 

results highlight the importance of a seemingly unlikely mediator of 
communication between the two domains, a strong and well-folded 
motif consisting an α helix and β pleated sheet adjoining the LRR and 
Roc domains. Both mutations studied result in loss of function of the 
LRRK2 protein, with the R1441C mutation dampening GTPase activity, 
and D1994A mutant inactivating the kinase activity.

In the R1441C mutant, observed differences with LRRK2 include a 
loss of interactions in the Roc domain and gain of charged interactions 

Fig. 13. (a) RMSD of Roc domain (black curve) and COR domain (red curve) in LRRK2[R1441C/D1994A]. (b) RMSD of the kinase domain in LRRK2 
[R1441C/D1994A].

Fig. 14. (a) Free Energy Landscape (2D) for LRRK2-WT. (b) Interacting residues between kinase domain (yellow) and αβ motif (ice blue) in LRRK2-WT.

Fig. 15. (a) Free Energy Landscape (2D) for LRRK2[R1441C]. (b) Interacting residues between Roc domain (green) and αβ motif (ice blue) in LRRK2[R1441C].
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with residues in the αβ motif. Similarly, the D1994A mutant also dis-
played a shift towards the αβ motif through gained interactions. When 
simulated together, the LRRK2[R1441C/D1994A] double mutant sys-
tem mirrored the effects observed in the LRRK2[R1441C] mutant, and 
no considerable effects of LRRK2[D1994A] were identified. This may 
indicate that while changes in GTPase activity may affect kinase activity, 
the reverse effects of kinase activity on GTPase activity are insignificant 
[57]. In fact, since introduction of kinase dead mutation played no 
significant role in diminishing the effects of the R1441C mutation and 
failed to inactivate the domain, it is hypothesized that the therapeutic 
use of kinase inhibitors may not be effective for the amelioration of 
pathogenic mutations’ effects exerted in the GTPase domain (R1441C, 
R1441G, R1441H, Y1699C). Furthermore, from the Free Energy Land-
scape analysis of the systems, it is concluded that the αβ motif is a stable 
part of the protein in all systems, verifying its importance.

5. Conclusion

The R1441C and D1994A mutations are both loss-of-function mu-
tations implicated in the underactivity of the GTPase and kinase domain 
respectively. Interestingly, interactions with the αβ motif occur with 
introduction of either mutation, suggesting its role in conserving phys-
iological functions of LRRK2. Therefore, based on our results and pre-
vious studies [55,57] focusing on the communication between these two 
catalytic domains, we propose that the αβ motif also plays an 

intermediary role. In fact, a novel mutation in this LRR-Roc linker has 
been identified recently [58,59], suggesting a hotspot of disease mech-
anisms in a part of the protein which does not directly bind the GTPase 
and kinase domains. Also, we emphasize the need to explore therapeutic 
avenues targeting GTPase impairment in LRRK2 associated PD, since 
interventions affecting kinase domain exerts no changes of significance 
in GTPase underactivity as seen in our double mutant system.
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Fig. 16. (a) Free Energy Landscape (2D) for LRRK2[D1994A]. (b) Interacting residues between kinase domain (yellow) and αβ motif (ice-blue) in LRRK2[D1994A].
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Pez De Munain, S. Aparicio, A.M. Gil, N. Khan, J. Johnson, J. Ruiz Martinez, 
D. Nicholl, Cloning of the gene containing mutations that cause PARK8-linked 
Parkinson’s disease, Neuron 44 (2004) 595–600.

[15] A. Usmani, F. Shavarebi, A. Hiniker, The cell biology of LRRK2 in Parkinson’s 
disease, Mol. Cell Biol. 41 (2021), https://doi.org/10.1128/mcb.00660-20.

[16] J. Jankovic, E.K. Tan, Parkinson’s disease: etiopathogenesis and treatment, 
J. Neurol. Neurosurg. Psychiatry 91 (2020) 795–808, https://doi.org/10.1136/ 
jnnp-2019-322338.

[17] X. Zhu, A. Babar, S.L. Siedlak, Q. Yang, G. Ito, T. Iwatsubo, M.A. Smith, G. Perry, S. 
G. Chen, LRRK2 in Parkinson’s disease and dementia with Lewy bodies, Mol. 
Neurodegener. 1 (2006), https://doi.org/10.1186/1750-1326-1-17.

[18] P. Zhang, Y. Fan, H. Ru, L. Wang, V.G. Magupalli, S.S. Taylor, D.R. Alessi, H. Wu, 
Crystal structure of the WD40 domain dimer of LRRK2, Proc. Natl. Acad. Sci. U. S. 
A. 116 (2019) 1579–1584, https://doi.org/10.1073/pnas.1817889116.

[19] K. Harvey, T.F. Outeiro, The role of LRRK2 in cell signalling, Biochem. Soc. Trans. 
47 (2018) 197–207, https://doi.org/10.1042/BST20180464.

[20] M.R. Cookson, The role of leucine-rich repeat kinase 2 (LRRK2) in Parkinson’s 
disease, Nat. Rev. Neurosci. 11 (2010) 791–797, https://doi.org/10.1038/ 
nrn2935.

[21] I.F. Mata, W.J. Wedemeyer, M.J. Farrer, J.P. Taylor, K.A. Gallo, LRRK2 in 
Parkinson’s disease: protein domains and functional insights, Trends Neurosci. 29 
(2006) 286–293, https://doi.org/10.1016/j.tins.2006.03.006.

[22] Y. Xiong, V.L. Dawson, T.M. Dawson, LRRK2 GTPase dysfunction in the 
pathogenesis of Parkinson’s disease, Biochem. Soc. Trans. 40 (2012) 1074–1079, 
https://doi.org/10.1042/BST20120093.

[23] D.G. Healy, M. Falchi, S.S. O’sullivan, V. Bonifati, A. Durr, S. Bressman, A. Brice, 
J. Aasly, C.P. Zabetian, S. Goldwurm, J.J. Ferreira, E. Tolosa, D.M. Kay, C. Klein, D. 
R. Williams, C. Marras, A.E. Lang, Z.K. Wszolek, J. Berciano, A.H. Schapira, 
T. Lynch, K.P. Bhatia, T. Gasser, A.J. Lees, N.W. Wood, Articles Phenotype, 
genotype, and worldwide genetic penetrance of LRRK2-associated Parkinson’s 
disease: a case-control study, 583, https://doi.org/10.1016/S1474, 2008.

[24] A.J. Lees, J. Hardy, T. Revesz, Parkinson’s disease, Lancet 373 (2009) 2055–2066, 
https://doi.org/10.1016/S0140-6736(09)60492-X.

[25] M.S. Islam, D.J. Moore, Mechanisms of LRRK2-dependent neurodegeneration: role 
of enzymatic activity and protein aggregation, Biochem. Soc. Trans. 45 (2017) 
163–172, https://doi.org/10.1042/BST20160264.

[26] D.C. Berwick, K. Harvey, LRRK2 signaling pathways: the key to unlocking 
neurodegeneration? Trends Cell Biol. 21 (2011) 257–265, https://doi.org/ 
10.1016/j.tcb.2011.01.001.

[27] Y. Xiong, C.E. Coombes, A. Kilaru, X. Li, A.D. Gitler, W.J. Bowers, V.L. Dawson, T. 
M. Dawson, D.J. Moore, GTPase activity plays a key role in the pathobiology of 
LRRK2, PLoS Genet. 6 (2010), https://doi.org/10.1371/journal.pgen.1000902.

[28] I. Martin, J.W. Kim, V.L. Dawson, T.M. Dawson, LRRK2 pathobiology in 
Parkinson’s disease, J. Neurochem. 131 (2014) 554–565, https://doi.org/10.1111/ 
jnc.12949.

[29] D.C. Berwick, K. Harvey, LRRK2 signaling pathways: the key to unlocking 
neurodegeneration? Trends Cell Biol. 21 (2011) 257–265, https://doi.org/ 
10.1016/j.tcb.2011.01.001.

[30] E.V. Nikonova, Y. Xiong, K.Q. Tanis, V.L. Dawson, R.L. Vogel, E.M. Finney, D. 
J. Stone, I.J. Reynolds, J.T. Kern, T.M. Dawson, Transcriptional responses to loss or 
gain of function of the leucine-rich repeat kinase 2 (LRRK2) gene uncover 
biological processes modulated by LRRK2 activity, Hum. Mol. Genet. 21 (2012) 
163–174, https://doi.org/10.1093/hmg/ddr451.

[31] Z.K. Wszolek, B. Pfeiffer, J.R. Fulgham, J.E. Parisi, B.M. Thompson, R.J. Uitti, D. 
B. Calne, R.F. Pfeiffer, Western Nebraska family (family D) with autosomal 
dominant parkinsonism, Neurology 45 (1995) 502–505.

[32] K. Haugarvoll, R. Rademakers, J.M. Kachergus, K. Nuytemans, O.A. Ross, J. 
M. Gibson, E.K. Tan, C. Gaig, E. Tolosa, S. Goldwurm, M. Guidi, G. Riboldazzi, 
L. Brown, U. Walter, R. Benecke, D. Berg, T. Gasser, J. Theuns, P. Pals, P. Cras, P. 
P. De Deyn, S. Engelborghs, B. Pickut, R.J. Uitti, T. Foroud, W.C. Nichols, 
J. Hagenah, C. Klein, A. Samii, C.P. Zabetian, V. Bonifati, C. Van Broeckhoven, M. 
J. Farrer, Z.K. Wszolek, Lrrk2 R1441C parkinsonism is clinically similar to sporadic 
Parkinson disease, Neurology 70 (2008) 1456–1460, https://doi.org/10.1212/01. 
wnl.0000304044.22253.03.

[33] M.S. Islam, H. Nolte, W. Jacob, A.B. Ziegler, S. Pütz, Y. Grosjean, 
K. Szczepanowska, A. Trifunovic, T. Braun, H. Heumann, R. Heumann, 
B. Hovemann, D.J. Moore, M. Krüger, Human R1441C LRRK2 regulates the 
synaptic vesicle proteome and phosphoproteome in a Drosophila model of 
Parkinson’s disease, Hum. Mol. Genet. 25 (2016) 5365–5382, https://doi.org/ 
10.1093/hmg/ddw352.

[34] Y. Tong, A. Pisani, G. Martella, M. Karouani, H. Yamaguchi, E.N. Pothos, J. Shen, 
R1441C mutation in LRRK2 impairs dopaminergic neurotransmission in mice, 
Proc. Natl. Acad. Sci. U. S. A. 106 (2009) 14622–14627. www.pnas.orgcgidoi10.10 
73pnas.0906334106.

[35] P.A. Lewis, E. Greggio, A. Beilina, S. Jain, A. Baker, M.R. Cookson, The R1441C 
mutation of LRRK2 disrupts GTP hydrolysis, Biochem. Biophys. Res. Commun. 357 
(2007) 668–671, https://doi.org/10.1016/j.bbrc.2007.04.006.
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