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Abstract: Mutations in leucine-rich repeat kinase 2 (LRRK2) are a common cause of genetically
inherited Parkinson’s Disease (PD). LRRK2 is a large, multi-domain protein belonging to the
Roco protein family, a family of GTPases characterized by a central RocCOR (Ras of complex
proteins/C-terminal of Roc) domain tandem. Despite the progress in characterizing the GTPase
function of Roco proteins, there is still an ongoing debate concerning the working mechanism of Roco
proteins in general, and LRRK2 in particular. This review consists of two parts. First, an overview is
given of the wide evolutionary range of Roco proteins, leading to a variety of physiological functions.
The second part focusses on the GTPase function of the RocCOR domain tandem central to the action
of all Roco proteins, and progress in the understanding of its structure and biochemistry is discussed
and reviewed. Finally, based on the recent work of our and other labs, a new working hypothesis for
the mechanism of Roco proteins is proposed.

Keywords: Parkinson’s disease; leucine-rich repeat kinase 2; Roco proteins; unconventional
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1. Introduction

Parkinson’s disease (PD) is the second most common neurological disorder after Alzheimer’s
disease. 0.3%of the population worldwide suffers from the disease, with an increasing incidence
with age [1]. PD is characterized by the progressive loss of dopaminergic neurons in the substantia
nigra pars compacta combined with the formation of Lewy bodies (fibrillar protein aggregates rich
in α-synuclein) [1,2]. So far, there are no good clinical biomarkers for PD available, and diagnosis
is primarily based on clinical symptoms. These symptoms include bradykinesia or slowness of
movement, resting tremor, rigidity of the muscles, and postural imbalance [3]. Today PD still cannot be
cured or halted, and only symptom improvement can be provided by medication. Almost all available
medication focuses on the substitution or increase of dopamine in the brain, with the dopamine
precursor levodopa still being the most commonly used PD medication [4,5].

The majority of PD cases are considered to be sporadic or idiopathic [6–8]. However, the
environmental risk factors for PD are not well known or understood. Nevertheless, several
environmental factors, such as pesticide and herbicide exposure, have been positively identified
as risk factors for the disease [3,6,9,10]. On the other hand, caffeine consumption was shown to
decrease the risk for PD [6,9]. A possible link with a variety of other causative agents like dietary
habits, oestrogens, and iron exposure, is still unresolved [3,6]. The less common familial form of PD
is caused by autosomal dominant and recessive gene mutations [7]. To date, 23 genes or loci have
been associated with familial PD, of which mutations in the gene coding for leucine-rich repeat kinase
2 (LRRK2) are among the most frequent causes [11–13]. Moreover, some mutations in LRRK2 have
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been identified as a risk factor for sporadic PD [7]. Importantly, a recent study by Di Maio et al.,
showed that LRRK2 kinase activity was enhanced in postmortem brain tissue from patients with
idiopathic PD, suggesting that independent of mutations, wild-type LRRK2 plays a role in PD [14].
Therefore, unravelling the working mechanism of LRRK2 can provide significant insights into the
pathways leading to neurodegeneration in this disease. LRRK2 is a very large multi-domain protein
harboring both GTP hydrolyzing (GTPase) and kinase activity. The protein belongs to a wider family
of GTPases, called the Roco protein family, characterized by a central Roc (Ras of complex proteins)
and COR (C-terminal of Roc) domain tandem. The Roco protein family was initially described in 2003,
and although other family members had been previously investigated, it was only after mutations in
LRRK2 were linked to PD that the protein family raised general interest [15].

This review consists of two parts. First, an overview is given of the wide evolutionary range of
Roco proteins, leading to their variety in known physiological functions. In the second part, the focus
is shifted towards the GTPase function of the central RocCOR domain tandem of Roco proteins. There
is an ongoing debate concerning the working mechanism of the RocCOR module. We have already
discussed this topic in detail in a previous review [16]. However, here we take into account important
recent findings. Based on these new biochemical, biophysical, and structural data, especially on the
Roco monomer-dimer equilibrium, we propose a new working hypothesis for the mechanism of Roco
proteins in general, and LRRK2 in particular [17–20]. For more detailed information concerning the
structure and function of the kinase and other domains of LRRK2, we refer to other papers and reviews
covering these topics [21–24].

2. The Discovery of a Roco Protein Family

The Roco proteins were first discovered in the amoeba Dictyostelium discoideum (D. discoideum) in
2002 by Goldberg et al., in the form of a cGMP-binding protein (GbpC) with a unique domain
architecture including leucine-rich repeats (LRR), a Ras-like domain and a kinase domain [25].
Subsequently, in 2003, Bosgraaf and Van Haastert identified several other proteins with a similar
domain architecture. The Ras domains of these proteins clearly differ from other members of the Ras
superfamily and were named Roc, after Ras of complex proteins. Furthermore, in all proteins, this Roc
domain was followed by a COR, after C terminal of Roc, domain. In this way, the Roco protein family
of G-proteins was born, characterized by the presence of a RocCOR domain tandem [26,27].

3. A Very Wide Evolutionary Range

After its initial discovery in D. discoideum it has been found that the Roco protein family has a
very wide evolutionary range, and Roco proteins have been identified in prokaryotes (bacteria and
archaea), metazoan, and plants [26,28]. Despite their distinctive RocCOR domain tandem, phylogenetic
analysis revealed that the protein family falls apart in three groups based on their domain topology
(Figure 1) [26,29,30]. The first group can be found in metazoa, plants, archaea, and bacteria. This group
shows the simplest domain arrangement with the RocCOR domain tandem only preceded by an
N-terminal LRR domain that is usually involved in protein–protein interactions [26,31,32]. So far all
identified prokaryotic Roco proteins belong to this group. Due to their tractability, representatives of
this group are often used as model systems for the biochemical and structural study of the functioning
of the RocCOR tandem of the Roco protein family [33,34]. Members of the second group, present
in metazoa and D. discoideum, contain a C-terminal kinase domain in addition to the LRR–RocCOR
topology, and often also other regulatory domains [26]. The last group (DAPK1) is found exclusively
in metazoa and is characterized by an additional death domain (DD). Remarkably, this is the only
group of proteins in which the kinase domain precedes the RocCOR domain, and that does not possess
an LRR domain.
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Figure 1. Classification of Roco proteins based on domain topology. Roco proteins are characterized 
by the presence of a Roc domain (red) and COR domain (blue). Based on their domain topology, Roco 
proteins can be divided into three groups [29]. Here some representatives of each group are shown. 
The first group only contains an LRR domain (yellow) preceding the RocCOR. Representatives of this 
group are found in metazoa, plants, archaea, and bacteria. The second group contains, in addition to 
this LRR–Roc–COR domain topology, a C-terminal kinase domain (green). Moreover, members of 
this group contain several protein–protein interaction and regulatory domains like an Ankyrin repeat 
(ANK, pink), armadillo repeats (ARM, light blue), a N-terminal motif of RasGEF (N-GEF, light blue), 
a cyclic nucleotide binding domain (cNB, light grey), a Rab-like GTPase activators and myotubularins 
domain (GRAM, blue), a Ras Guanine Exchange Factor domain (RasGEF, beige), a N-terminal 
myotubularin-related domain (myotub, orange), a protein tyrosine phosphatase domain (PTP, light 
green), a Dishevelled domain, and an Egl-10 domain and Pleckstrin domain (DEP, grey). The last 
group has one human family member, DAPK1. DAPK1 lacks an LRR domain and is characterized by 
its C-terminal death domain (DD, brown). 

4. Physiological Functions of Roco Proteins 

Very little is known about the physiological functions of Roco proteins in bacteria and archaea. 
However, the functions of some eukaryotic Roco proteins have been investigated more intensely. 

4.1. Roco Proteins from Dictyostelium Discoideum 

Eleven different Roco proteins have been discovered in D. discoideum [26,27]. Using an axenic 
mutant [35], it was shown that the expression patterns of several Roco genes in this organism are 
elevated upon starvation, playing a role in the formation of multicellular aggregates [36]. So far, the 
function of four of these D. discoideum Roco proteins has been investigated in more detail. GbpC is a 
key player in cell aggregation by regulating chemotaxis via myosin II phosphorylation [27,37,38]. 
Phosphorylated myosin II locates at the rear of polarized cells, where it suppresses the formation of 
pseudopodia and stimulates the retraction of the rear of the cell [37]. Protein associated with the 
transduction of signal 1 (Pats1) on the other hand, plays an important role in the recruitment of 

Figure 1. Classification of Roco proteins based on domain topology. Roco proteins are characterized
by the presence of a Roc domain (red) and COR domain (blue). Based on their domain topology,
Roco proteins can be divided into three groups [29]. Here some representatives of each group are
shown. The first group only contains an LRR domain (yellow) preceding the RocCOR. Representatives
of this group are found in metazoa, plants, archaea, and bacteria. The second group contains, in
addition to this LRR–Roc–COR domain topology, a C-terminal kinase domain (green). Moreover,
members of this group contain several protein–protein interaction and regulatory domains like an
Ankyrin repeat (ANK, pink), armadillo repeats (ARM, light blue), a N-terminal motif of RasGEF
(N-GEF, light blue), a cyclic nucleotide binding domain (cNB, light grey), a Rab-like GTPase activators
and myotubularins domain (GRAM, blue), a Ras Guanine Exchange Factor domain (RasGEF, beige), a
N-terminal myotubularin-related domain (myotub, orange), a protein tyrosine phosphatase domain
(PTP, light green), a Dishevelled domain, and an Egl-10 domain and Pleckstrin domain (DEP, grey). The
last group has one human family member, DAPK1. DAPK1 lacks an LRR domain and is characterized
by its C-terminal death domain (DD, brown).

4. Physiological Functions of Roco Proteins

Very little is known about the physiological functions of Roco proteins in bacteria and archaea.
However, the functions of some eukaryotic Roco proteins have been investigated more intensely.

4.1. Roco Proteins from Dictyostelium Discoideum

Eleven different Roco proteins have been discovered in D. discoideum [26,27]. Using an axenic
mutant [35], it was shown that the expression patterns of several Roco genes in this organism are
elevated upon starvation, playing a role in the formation of multicellular aggregates [36]. So far,
the function of four of these D. discoideum Roco proteins has been investigated in more detail. GbpC is
a key player in cell aggregation by regulating chemotaxis via myosin II phosphorylation [27,37,38].
Phosphorylated myosin II locates at the rear of polarized cells, where it suppresses the formation
of pseudopodia and stimulates the retraction of the rear of the cell [37]. Protein associated with the
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transduction of signal 1 (Pats1) on the other hand, plays an important role in the recruitment of myosin
II to the cleavage furrow of cells during cytokinesis [39,40]. Quick growth protein A (QkgA) has a
negative regulatory effect on cell proliferation. qkgA-null cells have a faster cell proliferation and
slower cell aggregation resulting in the formation of very large slugs [27,36,41]. Finally, Roco4 is
another well-studied D. discoideum Roco protein. Although wild-type and roco4-null cells initially show
similar multicellular aggregation upon starvation, roco4-null cells form atypical fruiting bodies with
a spore head unable to lift into the air due to the absence of cellulose [36]. Together these data show
that the Roco proteins in D. discoideum have a wide variety of cellular functions despite their similar
domain architecture.

4.2. Roco Proteins from Vertebrates

Four Roco proteins have been discovered in vertebrates so far, which in humans are called
malignant fibrous histiocytoma amplified sequence 1 (MFHAS1), death-associated protein kinase 1
(DAPK1), and leucine-rich repeat kinase 1 (LRRK1) and 2 (LRRK2) [28].

MFHAS1 belongs to the first group of Roco proteins and only consists of an N-terminal LRR
domain followed by a central RocCOR domain tandem. On top of the enhanced expression of MFHAS1
in malignant fibrous histiocytomas [42], the gene coding for MFHAS1 was found to be a potential
oncogene for gastric, oesophageal, and gastroesophageal cancers [43–45]. Despite its oncogenic
properties, MFHAS1 is only poorly characterized. A first biochemical study by Dihanich et al. showed
that it is a guanosine-5’-triphosphate (GTP)-binding protein with very low endogenous GTPase activity
and that the oligomeric state of the protein is influenced by nucleotide binding. However, the precise
nature of the observed oligomeric complexes remains to be determined [46].

DAPK1 is part of the third group of Roco proteins, containing a calmodulin-dependent
serine/threonine kinase domain, and binding to the cytoskeleton. It is an essential regulator of various
cell death signaling pathways and is also important for the activation of autophagy [27,47–49]. It has
been linked to several neuronal pathologies, including Alzheimer’s disease and ischemia-induced
neuronal cell death [50]. DAPK1 also suppresses the cellular transformation during the early
stages of tumor development [27,47,51,52]. Deletion or downregulation of DAPK1 causes chronic
lymphocytic leukemia [27,53]. The protein forms a dimer through its Roc domain and its calmodulin
(CaM)-dependent kinase domain [54–56]. Intriguingly, binding of GTP to the Roc domain was reported
to have an inhibitory effect on the kinase activity of DAPK1 [54,55]. Upon binding of GTP to the Roc
domain, the kinase domain undergoes a conformational change that leads to autophosphorylation
of a serine residue in its CaM-regulatory domain. This autophosphorylation decreases the protein’s
catalytic activity. Upon GTP hydrolysis, DAPK1 kinase activity is reactivated [50,52,54].

LRRK1 and LRRK2 both belong to the second group of the Roco proteins and have a similar
domain topology consisting of N-terminal ankyrin and leucine-rich repeats, followed by a central core
of a Roc, COR and kinase domain and finally a C-terminal WD40 domain. LRRK2 has an additional
N-terminal armadillo repeat domain preceding the ankyrin repeats [29]. Although LRRK1 and LRRK2
share a similar domain topology, both proteins clearly exhibit different cellular functions [15,27,57,58].

LRRK1 is required for B-cell receptor-mediated B-cell proliferation and survival, and in this way,
plays a crucial role in humoral immunity [28,59]. It also has a regulatory function in mitotic spindle
orientation. Polo-like kinase 1 phosphorylates LRRK1 on position Ser1790. This activated LRRK1
subsequently phosphorylates the CDK5 regulatory subunit associated protein 2 (CDK5RAP2), which
is responsible for centrosome maturation [28,60]. In addition LRRK1 plays a crucial role in epidermal
growth factor receptor (EGFR) sorting and transport [28,57,61,62]. The endosomal trafficking of EGFR
regulates the amplitude and duration of EGFR signaling [61,62]. Dysregulation of this signaling has
been linked to several types of human cancers [62,63]. Activated EGFR is internalized via endocytosis,
resulting in the phosphorylation and activation of LRRK1, which in turn regulates the motility of
the EGFR-containing endosome. Non-phosphorylated LRRK1 mutants display increased endosome
motility and accumulation of EGRF in mixed endosomes [57,62]. On the other hand, LRRK1 also plays
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a role in the endosomal sorting process by binding EGFR through its adaptor protein growth factor
receptor-bound protein 2 (Grb2) and associating it with the ESCRT-0 sorting complex [57,61]. Finally,
recent research in LRRK1 knockout mice revealed a negative regulatory role of LRRK1 for bone mass,
thus, providing a link between LRRK1 and osteopetrosis [28,59].

Since mutations in the gene coding for LRRK2 have been linked to PD, LRRK2 has become the
most intensively investigated Roco protein [15]. LRRK2 localizes both in the cytosol and at specific
membrane compartments, where it interacts with a wide variety of proteins. Over the last few years,
the protein has been linked to numerous cellular and molecular pathways and functions, including
autophagy, cytoskeletal regulation, mitochondrial function, protein translation and degradation,
neurite outgrowth and vesicular trafficking. Moreover, accumulating evidence suggests that LRRK2
plays an important role in both the innate and adaptive immunity [64,65].

Both endogenous and exogenously expressed LRRK2 is reported to localize to the mitochondrial
outer membrane [66]. Patients with PD-mutated LRRK2 have a decreased mitochondrial membrane
potential and reduced cellular ATP levels. Their mitochondria are elongated and have an increased
interconnectivity, suggesting an involvement of LRRK2 in mitochondrial fusion and fission [67].
Research by Wang et al. later proved that LRRK2 directly interacts with mitochondrial dynamin-like
protein (DLP1) and regulates mitochondrial dynamics using a DLP-mediated pathway [68,69].

LRRK2 was also found to localize to autophagic vacuoles (AVs) and multivesicular bodies
(MVBs) [70]. Moreover, expression of PD-mutated LRRK2 in human-derived cell lines leads to
an accumulation of AVs and MVBs [70]. This LRRK2-mediated autophagy is suggested to be regulated
by the MAPK-ERK signaling pathway and by the calcium-dependent AMPK pathway via LRRK2
activation of NAADP receptors that are involved in the calcium efflux of endosomes [71,72].

A role of LRRK2 in maintaining the neuronal development process has also been reported [73].
Transfection of cortical cultures with PD-mutated LRRK2 with increased kinase activity dramatically
reduces neurite length and branching [73–75]. Inversely, cells transfected with kinase-deficient LRRK2,
show extended structures [73]. LRRK2 regulates neuronal development by, most likely indirectly,
stimulating the phosphorylation level of ERM (ezrin, radixin and moesin) proteins, that subsequently
regulate axonal growth, cytoskeletal organization and microtubule assembly [76–78].

Furthermore, it has been shown that LRRK2 localizes to endosomes where it plays a role in
vesicular membrane trafficking [28,79]. Only recently, Steger et al. convincingly identified a subset of
Rab GTPases as genuine in vivo LRRK2 substrates [80,81]. Phosphorylation by endogenous LRRK2
has been confirmed for 10 Rab GTPases: Rab3A/B/C/D, Rab5A/B/C, Rab8A/B, Rab10, Rab12,
Rab29, Rab35, and Rab43 [80]. Surprisingly, looking at the Rab phylogenetic tree, these Rab proteins
are actually widely dispersed. Thus, it might be that the Rabs that are phosphorylated by LRRK2,
co-localize with LRRK2 and that this co-localization is the actual phosphorylation determinant [81].
Phosphorylation by LRRK2 influences the cycling of these Rab GTPases between the cytosol and the
membrane. Inactive, guanosine-5’-diphosphate (GDP)-bound Rabs are bound by GDP-dissociation
inhibitors (GDIs) locking them in the cytosol. Upon prenylation by Rab GGTases, Rab proteins
dissociate from their GDI and insert in the membrane, where GDP is exchanged for GTP and the highly
conserved threonine residue located in the switch II loop of Rab GTPases is phosphorylated by LRRK2.
After GTP hydrolysis and dephosphorylation, the inactive Rabs again bind GDIs and dissociate from
the membrane. Overactivation of LRRK2 by PD-mutations result in an increased phosphorylation of
Rabs and a reduced affinity for GDIs. This, thus, leads to an accumulation of membrane-bound Rab
GTPases which are functionally impaired due to disrupted interaction with effector proteins [80,82–84].
It has been reported consistently that LRRK2-mediated phosphorylation negatively regulates Rab
signaling. PD-mutated LRRK2 was found to cause a delay in late endosomal trafficking and epidermal
growth factor receptor degradation by a decrease in Rab7 activity [79]. Moreover, Maekawa et al.
discovered that LRRK2 also has an inhibitory effect on α-synuclein clearance by microglia possibly by
decreasing the number of Rab5-positive early endosomes [85]. Finally, it was shown for Rab8a, Rab10,
and Rab12 that upon phosphorylation these Rabs bind Rab interacting lysosomal protein like 1 and
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2 (RILPL1 and 2), key proteins for ciliogenesis [81]. The phosphorylation of numerous Rab proteins
by LRRK2, in combination with their large variety in subcellular localization and the capacity of Rab
proteins to insert in subcellular membranes via their lipid group, has led to the emerging theme that
LRRK2 recruitment to various membrane structures in cells is controlled by Rab GTPases [64]. It was
demonstrated that Rab29 controls a proportion of membrane-bound LRRK2. Moreover, it was shown
that Rab29 recruits LRRK2 to the trans-Golgi network and stimulates its kinase activity [83,84]. Another
recent study by Eguchi et al. also demonstrated that Rab29 plays a crucial role in recruiting LRRK2
to lysosomes upon stress-induced lysosomal overload. This leads to phosphorylation of Rab8a and
Rab10 by LRRK2, causing an attenuation of stress-induced lysosomal enlargement and a promotion of
lysosomal secretion, respectively [86]. However, several aspects of these Rab-mediated mechanisms
remain to be clarified [64].

Recently, LRRK2 has been closely linked to a function in the immune system. LRRK2 is
expressed upon activation of microglia [65,87,88]. Knockdown of LRRK2 results in an attenuated
microglial-induced inflammatory cytokine production, while in contrast PD patients show higher
levels of activated microglia and an accompanying elevated cytokine response [65,87–89]. LRRK2 is
also expressed in different cell types of the peripheral immune system and plays a regulatory role
in both innate and adaptive immunity [65,90]. An increased expression of LRRK2 was detected in
monocytes and macrophages upon stimulation with interferon gamma [65,90–93]. In dendritic cells,
LRRK2 plays a regulatory role in calcium signaling, which is important for the immune function of
these cells [65,93,94]. Furthermore, LRRK2 is responsible for the development and maintenance of
the B-cell population [65,92,95]. Up to date, two major inflammatory pathways have been linked to
LRRK2: the toll-like receptor-mediated and dectin-1 mediated pathways [65,96]. These pathways are
responsible for the host immune response against both pathogen-associated and danger-associated
self-originating molecules. It is clear that LRRK2 regulates the production of inflammatory cytokines.
However, details concerning the exact working mechanism remain to be elucidated [65].

5. The Central RocCOR Domain Tandem of Roco Proteins: Structural Insights

Roco proteins are characterized by a central RocCOR domain tandem, responsible for GTP binding
and hydrolysis. Sequence alignments with other small GTPases and later crystal structures have
shown that the overall architecture of the Roc domain is similar to the classical G-domain. This typical
G-domain consists of a central β-sheet surrounded by α-helices and connected by hydrophilic loops.
Just as in other G-proteins, five G-domain sequence motifs (G1–5) can be discerned in the Roc domain,
which are responsible for nucleotide binding: the phosphate binding loop or P-loop (G1), the switch I
motif (G2), the switch II motif (G3), and the guanine specificity determining motifs (G4–G5) [97–103].
Unlike the first three sequence motifs, the guanine specificity determining motifs (G4–G5) show some
variations compared to the classical G-domain [26].

In 2008, the crystal structure was reported of the isolated Roc domain of human LRRK2 in complex
with GDP [104]. This structure showed a very unusual dimer, formed through extensive domain
swapping (Figure 2). In this domain-swapped dimer, the N-terminal part (G1–3) of one subunit
interacts with the C-terminal part (G4–5) of the other and vice versa, forming two hybrid nucleotide
binding domains [104].

A later study of the Roc domain by Liao et al., however, claimed this domain swapping to
be an artefact of crystallization, since purification of an N- and C-terminally extended Roc domain
yielded two peaks in size-exclusion chromatography corresponding to monomeric and dimeric LRRK2
Roc in solution [105]. Moreover, dimerization of the Roc domain was shown to enhance upon
phosphorylation [106,107].
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Figure 2. Crystal structure of the swapped dimer of the LRRK2 Roc domain bound to GDP (pdb:
2zej) [104]. The two swapped G-domains are shown in orange and pink, respectively. For one active site
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the G4 (red), and G5 motif (blue) are highlighted. Each active site is composed of the G1–3 motif of
one protomer and the G4–5 motif of the other. GDP is depicted as a green stick model an Mg2+ as a
yellow sphere.

A permanent dimerization of the Roc domains via domain swapping was also contradicted by
subsequent crystal structures of the COR and RocCOR domain constructs of the Roco protein from the
bacterium Chlorobium tepidum (CtRoco). Indeed, in 2008 and soon after the publication of the LRRK2
Roc crystal structure, a crystal structure of the RocCOR module of the C. tepidum Roco protein in a
nucleotide-free state was reported [33]. This structure also shows a dimeric arrangement while only
one of the two Roc domains was resolved as an independently folded domain (Figure 3). In contrast,
dimerization of the RocCOR in this structure was mainly mediated via interactions between the
C-terminal part of the COR domains [33]. Moreover, structural alignment of the domain-swapped
human LRRK2 Roc dimer with the bacterial CtRocCOR structure showed that domain swapping would
result in severe clashes of the Roc domain with the COR domain, confirming that the Roc domains
indeed cannot form a domain-swapped constitutive dimer in the context of the RocCOR [29,105].

Further analysis of the COR and RocCOR structures of CtRoco revealed that the COR domain
actually consists of two subdomains connected by a flexible linker (Figure 3). The N-terminal half of
the COR region (N-COR) is a mostly α-helical domain with a short three-stranded antiparallel β-sheet.
The C-terminal half of COR (C-COR) consists of an antiparallel β-sheet flanked by four α-helices and a
β-hairpin motif, the latter forming the main part of the COR dimerization interface [33].

As mentioned before, the crystal structure of CtRocCOR showed two COR domains forming
the dimer interface, while only one Roc domain was resolved (Figure 3). The second Roc domain
was thought to be present, but presumably, the electron density was very weak due to high mobility.
The Roc domain has a typical canonical G-domain fold with an additional N-terminal helix (called
α0), which in the context of the full-length protein would connect the Roc domain to the LRR domain.
The switch I loop (G2) is flexible and is not visible in the structure. Moreover, sequence alignment of
several Roco proteins demonstrated a large variability in length and amino acid composition of this
motif. This is in strong contrast with the region around the switch II DXXG motif (G3), which is the
most highly conserved region of Roco proteins, together with the residues on the interface between the
Roc and COR domain. The switch II loop of Roc is resolved in the structure and makes contact with
the most highly conserved patch of the COR domain of the same protomer.
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Figure 3. The C-terminal half of the COR domain is important for dimerization (pdb: 3DPU, 4WNR
and 6HLU). (a) The crystal structure of the RocCOR∆C domain construct from the Roco2 protein
of Methanosarcina barkeri reveals a monomeric conformation [33]. (b) The crystal structure of the
RocCOR domain construct from the Roco protein of Chlorobium tepidum shows dimer formation via the
C-terminal COR domains. The COR domain contains two subdomains: an N-terminal, mainly α-helical
domain with a short antiparallel β-sheet (N-COR), and a C-terminal domain with a β-sheet surrounded
by α-helices and a β-hairpin involved in dimerization (C-COR). Only one Roc domain is resolved in
the structure, presumably due to the flexibility of the other Roc domain. The putative site of the second
Roc domain is indicated with a black dotted line [33]. (c) The crystal structure of the LRR–RocCOR
domain construct from CtRoco. This structure reveals the second Roc domain and the orientation of the
LRR domains with respect to the other domain. Apart from the COR–COR interactions, also Roc–Roc
and Roc–COR interactions contribute significantly to the dimer interface [17].

Consistent with the observed implication of the C-terminal half of the COR domain of CtRoco
in dimer formation, analytical gel filtration showed that the RocCOR construct elutes at a volume
corresponding to a dimer. However, a RocCOR∆C protein construct, which lacks the C-terminal half
of the COR domain, elutes at a volume corresponding to a monomer confirming an important role of
this part of the protein in dimerization [33]. In 2015, Terheyden et al. reported the crystal structure of a
monomeric RocCOR∆C construct, lacking the C-terminal half of the COR domain, from the Roco2
protein from the prokaryotic archaeon Methanosarcina barkeri (Mb) in the GDP-bound state. Comparison
of this structure with nucleotide-free CtRocCOR revealed a rearrangement of the switch II region



Int. J. Mol. Sci. 2019, 20, 147 9 of 21

causing a shift of the N-terminal COR domain. Since it is proposed that G-proteins are molecular
switches that cycle between a GTP- and GDP-bound state, and couple this effect to a downstream
effector, it might be that the switch II region of the Roc domain plays a role in this intramolecular
signaling [34].

Using symmetry arguments, the second Roc domain was modeled in the CtRocCOR structure,
resulting in a model where the two Roc domains face each other with their nucleotide-binding sites in
a head-to-tail fashion. This observation, thus, suggested that Roco proteins would form constitutive
dimers predominantly via their COR domains, while the Roc domains are facing each other. Modeling
of the non-hydrolysable GTP-analogue GppNHp into the nucleotide binding site, moreover, showed
that the ribose of one nucleotide would face the γ-phosphate of the adjacent nucleotide and vice
versa. A further zoom in on the nucleotide binding site revealed the presence of an arginine residue
in the Roc domain that could contact the nucleotide binding site of the other Roc domain within the
dimer. Mutation of this arginine residue resulted both in CtRocCOR and MbRocCOR in loss of GTPase
activity [33,34]. A very recent crystal structure of the LRR–RocCOR domain construct of CtRoco shows
that apart from COR–COR interactions the Roc domains also significantly contribute to the dimer
interface and reveals a role of the catalytic arginine residue in dimerization [17]. Consistent with these
observations in prokaryotes, also in human LRRK2, the RocCOR domain plays an important role in
dimerization [34]. However, dimerization was also observed in full length LRRK2 constructs that lack
the RocCOR domains, suggesting that the RocCOR domain tandem is mainly, but not exclusively,
responsible for protein dimerization, most likely the other protein–protein interaction domains can
contribute to dimerization as well [56,106].

6. Roco Proteins: Conventional G-Proteins, GADs or Yet Another Type of G Proteins?

Based on their working mechanism, G-proteins have been classified either as conventional
G-proteins or G-proteins activated by dimerization (GADs) [108]. The catalytic cycle of G-proteins
is dependent on both the rate of GTP hydrolysis itself and the rate of nucleotide exchange, i.e., the
life-time of the nucleotide-free, GDP- and GTP-bound states. For conventional G-proteins, this cycle
is highly regulated by guanine nucleotide exchange factors (GEFs) and GTPase activating proteins
(GAPs). These regulators allow G-proteins to switch between an active and inactive state without
unnecessary consumption of GTP [97,109–111].

Conventional G-proteins typically have very high nucleotide affinities, in the nanomolar to
picomolar range. This results in a very slow nucleotide dissociation [97,112,113]. Since in a cell,
biological processes occur much faster, within seconds or minutes, than the intrinsic GTP dissociation,
these proteins have co-evolved with GEFs. Binding of a GEF to its corresponding G-protein decreases
the G-protein’s affinity for the bound nucleotide making nucleotide dissociation possible. GEFs, thus,
increase the nucleotide exchange rate (Figure 4a). Another level of regulation is added to the GTP
hydrolysis cycle of conventional G-proteins by GAPs. Although conventional G-proteins are GTP
hydrolysing enzymes, their actual GTP hydrolysis rate is intrinsically very low. In general, GAPs
increase the rate of GTP hydrolysis by orienting a nucleophilic water molecule in an appropriate
position for attack on the γ-phosphate of GTP and/or by stabilizing the negative charges of the
transition state [109,114].

In contrast to conventional G-proteins, GADs have low micromolar nucleotide affinities, leading
to high nucleotide dissociation rates, making GEFs obsolete. Furthermore, when bound to GTP, the
G-domains of GADs dimerize and, in this way, complement each other’s active site. Each protomer,
thus, provides residues for the active site of the adjacent protomer or has an important stabilizing
role on its active site. These residues can stabilize the flexible active site or can be directly involved in
catalysis. Either way, GADs have all the necessary components for GTP hydrolysis and are not strictly
dependent on GAPs for GTP hydrolysis (Figure 4b) [108].
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Figure 4. G-protein cycle of conventional G-proteins versus G-proteins activated by dimerization
(GADs). (a) Conventional G-proteins have very high nucleotide affinities resulting in a low nucleotide
dissociation rate. Binding of guanine nucleotide exchange factors (GEFs) decreases the affinity for
the bound nucleotide allowing it to be released from the protein. Due to the higher cellular GTP
concentration, GTP then binds to the protein and the protein switches to its active GTP-bound state,
where it interacts with downstream effectors. GTPase activating proteins (GAPs) can then bind to the
G-protein, stabilize and/or complement its catalytic machinery and in this way, increase its intrinsically
low GTP hydrolysis rate. The G-protein then switches to its GDP-bound inactive state. (b) GADs have
micromolar nucleotide affinities, leading to high nucleotide dissociation rates. Therefore, they do not
require GEFs to cycle from their inactive GDP- to their active GTP-bound state. Following GTP binding,
the G-domains of GADs dimerize. In this way, both subunits complement each other’s active site and
are able to hydrolyse GTP. The GADs then cycle back to their inactive, GDP-bound state. In conclusion,
GADs possess all the necessary components for GTP-binding and hydrolysis and cycle between an
active and inactive state without the aid of GEFs and GAPs [108].
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The exact GTPase mechanism of Roco proteins still forms the subject of debate due to the lack
of structural information on the active GTP-bound conformation. In support of the conventional
G-protein theory, some possible GEFs and GAPs have been reported for LRRK2 [115]. Rho guanine
nucleotide exchange factor ARHGEF7 was shown to interact and partially co-localize with LRRK2
in vitro and in vivo. It enhances the exchange of GDP for GTP and in this way, might function as a
GEF for the GTPase activity of LRRK2. It should, however, be noted that ARHGEF7 does not bind
directly to the Roc domain of LRRK2, unlike conventional GEFs. Strikingly, ARHGEF7 is also reported
to be an in vitro substrate of LRRK2, with two threonine residues at the N-terminus of ARHGEF7
being phosphorylated by LRRK2 [116,117].

Two potential LRRK2 GAPs were identified as well: ArfGAP1 and RGS2 [118,119].
The ArfGAP1-LRRK2 interaction has been demonstrated both in vitro and in vivo in brain tissue [118].
Binding of ArfGAP1 has no effect on LRRK2’s GTP binding capacity but mediates LRRK2 toxicity
by increasing the GTP hydrolysis rate. However, ArfGAP1 binds LRRK2 primarily via the WD40
and kinase domain, rather than via the Roc GTPase domain [120]. In accordance, LRRK2 has been
shown to phosphorylate ArfGAP1. Studies concerning the effect of ArfGAP1 on LRRK2 kinase
activity and the other way around, have however given controversial results. In different conflicting
studies, ArfGAP1 has been shown to either reduce or induce LRRK2 kinase activity. In addition,
the role of phosphorylation of ArfGAP1 is unclear [118,120]. In 2014, Dusonchet et al. identified a
second possible LRRK2 GAP, named RGS2. RGS2 increases the GTPase activity of LRRK2 in vitro.
Surprisingly, independent of its influence on the GTPase activity, RGS2 was shown to have an inhibitory
effect on LRRK2 kinase activity and in this way controls neurite length. RGS2 is also a substrate for
phosphorylation by LRRK2 in vitro. Future studies are needed to investigate whether RGS2 is also a
substrate of LRRK2 in vivo and whether RGS2 is a physiological GAP for LRRK2 in vivo, or mediates
its function via another mechanism [117,121]. In fact, for all GEFs and GAPs reported, their direct
interaction with the LRRK2 Roc domain is still not proven. Hence, ARHGEF7, RGS2, and ArfGAP1
could modulate the GTPase activity of LRRK2, but most likely function in a manner distinct from
classical GEFs and GAPs [115].

On the other hand, based on the above-discussed structures and the dimeric nature of Roco
family proteins, including LRRK2, it was postulated that Roco proteins belong to the GAD family
of proteins [33,34,108,122]. Moreover, we recently showed that full length prokaryotic Roco proteins
have a low, micromolar affinity for GDP (9–55 µM) associated with fast GDP dissociation rates
(12.8–230 min−1) [18]. This is in line with the reported affinity of the human LRRK2 Roc domain for
GTP and GDP of, respectively, 7.85 and 0.47 µM [105]. Based on these studies it can be concluded that
GEFs are not strictly necessary for the functioning of Roco proteins. The in vitro GTP hydrolysis rate of
Roco proteins (0.06–0.5 min−1) [18] lies well within the range of the basal activity of GADs, like MnmE
(0.33 min−1), as well as within the intrinsic GTP hydrolysis activity of conventional G-proteins, such as
Ras (0.03 min−1) [123,124]. Whereas the basal activity of Ras is stimulated up to 300 to 600 min−1 by
RasGAP, the GTP hydrolysis rate of MnmE increases up to 9.3 min−1 upon interaction with K+ ions
and its interaction partner MnmG [125]. It is, thus, possible that the moderate GTPase activity of Roco
proteins is indeed triggered by interaction with cofactors, including RGS2 and ARFGAP1 [119,121,126].

The kinetic data, combined with the dimeric prokaryotic RocCOR protein crystal structures,
thus, argue against a model where Roco proteins function as conventional G-proteins. Moreover, a
wide variety of assays such as tandem affinity purifications, yeast two-hybrid assays, pull downs,
co-immunoprecipitation, size-exclusion chromatography, single-particle transmission electron
microscopy and immunogold labelling using cell extracts or purified LRRK2 confirmed a dimeric
nature of LRRK2 under many circumstances [15,56,127,128]. Gel filtration and blue native gels using
cell lysates suggested that the majority of LRRK2 was dimeric, with a small fraction being monomeric
or forming higher oligomers [82,129]. Furthermore, it was shown that the GTPase activity of the
full length LRRK2 (kcat = 0.5 min−1; KM = 400 µM) or its RocCOR–kinase construct (kcat = 0.8 min−1;
KM = 343 µM) is 25 to 40 times higher compared to Roc alone (kcat = 0.02 min−1; KM = 553 µM),
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suggesting that dimerization of LRRK2 indeed might increase its GTPase activity, although other
factors can also contribute to the observed low activity of the isolated Roc domain [18,105,130].

Despite these pieces of evidence that purified Roco proteins behave mainly as dimers, cell
fractionation experiments using endogenous or exogenous expressed LRRK2 revealed that the majority
of LRRK2 in cells is cytosolic and monomeric, while only a small portion of dimeric LRRK2 is localized
at the membrane. The membrane-associated dimeric LRRK2 shows a higher kinase activity, increased
GTP-binding capacity and a decrease in phosphorylation [82,129]. Moreover, the first study in living
cells, using confocal and total internal reflection microscopy coupled to the number and brightness
analysis, confirmed the monomeric nature of LRRK2 in the cytosol and the formation of higher
oligomers in the plasma membrane [106,131]. Recent work by our research groups further investigated
the oligomeric state of Roco proteins during GTP hydrolysis in vitro. By combining small-angle X-ray
scattering, size-exclusion chromatography coupled to multi-angle light scattering, sedimentation
velocity analytical ultracentrifugation, native mass spectrometry and electron microscopy it was
shown that CtRoco is mainly monomeric when bound to GTP, dimeric in its nucleotide-free state
and that an intermediate state can be observed upon binding to GDP. Our very recently published
structure of a LRR–RocCOR domain construct of CtRoco, in combination with hydrogen-deuterium
exchange coupled to mass spectrometry analysis, revealed that these nucleotide-dependent changes in
oligomerisation are relayed to conformational changes among the LRR, Roc, and COR domains via the
Roc switch II [17]. The different oligomeric states are also observed during a round of GTP hydrolysis
and form an integral part of the GTP hydrolysis cycle [19]. In parallel, a kinetic characterization of full
length CtRoco has demonstrated that neither nucleotide dissociation nor Pi release are rate-limiting,
but that GTP hydrolysis itself, or associated conformational changes after nucleotide binding but prior
to product release, form the rate-limiting step in the GTP hydrolysis cycle [18].

7. Proposal of a New Working Mechanism for Roco Proteins

Based on the above discussed in vitro and in vivo results, we can hypothesize on a new working
model for the mechanism of Roco proteins in general, and LRRK2 in particular (Figure 5). GTP-bound
monomeric LRRK2 is uniformly distributed in the cytosol. A state that is stabilized by 14-3-3 proteins
which bind to LRRK2 upon phosphorylation of its N-terminally located serine residues and prevent
LRRK2 aggregation in cytosolic inclusion pools [132–134]. In this stabilized monomeric state, both the
GTPase and kinase presumably have only low basal activity [82].

In addition, inactive GDP-bound Rab proteins are maintained in the cytosol by binding
to GDP dissociation inhibitors (GDIs). Interaction with a Rab-escort protein (REP), facilitates
prenylation of these Rab proteins by Rab GGTases, which results in detachment of GDIs and
membrane-binding [80,82,83]. Here, the aid of GEFs results in a rapid exchange of GDP for GTP,
resulting in GTP-bound Rab proteins at the membrane in their active state. These GTP-bound Rab
proteins, recruit GTP-bound LRRK2 to the membrane, by binding to the N-terminus of LRRK2. This
recruitment has for example been demonstrated for Rab29, which binds the Ankyrin domain of LRRK2
and in this way, recruits the protein to the Golgi apparatus. Upon membrane-binding, the LRRK2
kinase is activated by so far not completely understood mechanisms and phosphorylates prenylated,
GTP-bound Rab proteins, as well as its own serine 1292 residue. This Rab phosphorylation hinders
interaction with RabGAPs, and as such, slows down GTP hydrolysis of Rab proteins [83,84].

Meanwhile or prior to the activation of the kinase domain, membrane-association of LRRK2
also induces LRRK2 GTP hydrolysis, which could, for example, be triggered by the release of 14-3-3
proteins, conformational changes caused by lipid binding, a local higher protein concentration or
by binding of a membrane-bound GAP. This step is followed by protein dimerization, resulting in a
dimeric, GDP-bound conformation of LRRK2 at the membrane. So far it remains to be determined if
GTP binding itself is sufficient to trigger monomerization and detachment from the cell membrane or
that additional co-factors are necessary to regulate this process [19].
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Figure 5. A newly proposed working mechanism for LRRK2. Cytosolic GTP-bound monomeric LRRK2
is recruited to the cell membrane by binding via its N-terminal domains to GTP-bound Rab proteins
that are located at the membrane. At the cell membrane, GTP is hydrolysed, and the protein dimerizes.
Meanwhile, the LRRK2 kinase domain is activated, and Rab proteins are phosphorylated. The low
affinity of LRRK2 for GDP then leads to fast GDP release. Due to the higher GTP concentration present
in the cell, this results in rebinding of GTP, monomerization of LRRK2 and return to the cytosol.

Several studies have reported that PD mutations in the Roc and COR domain result in
decreased GTPase activity. However the underlying defects in the activation mechanism were not
well understood [12,56,104,105,129,135–139]. Our recent work with the CtRoco protein provides
a link between PD-mutations, decreased GTPase activity and changes in the monomer/dimer
equilibrium [19]. A recent study by Purlyte et al. links this decreased GTPase activity in R1441G/C
and Y1699C mutant LRRK2 to an increased kinase activity, since mutant LRRK2 stays longer in its
kinase active, membrane-bound conformation [84].

8. Perspectives

The above-described model clearly generates new insights, but also raises many new important
questions. Although it has been shown that CtRoco switches between a monomeric and dimeric
state during GTP hydrolysis, the structural mechanism and functional implications for this transition
remains to be determined [19]. Interestingly, in contrast to many other small Ras-like GTPases which
display very high affinity for GTP and GDP, our recent data suggest that the GTPase activity of
Roco proteins might be directly dependent on the physiological levels of GTP [18]. The conserved
metabolite GTP drives chemical reactions in the cell. However, the cellular status strongly influences the
concentration of GTP, which varies between 0.1 and 1 mM [123,124]. The Michaelis–Menten constant
(KM) of the GTPase reaction of full length Roco proteins and LRRK2 lies in a similar range as the cellular
concentration of GTP, suggesting that the rate of GTP hydrolysis will scale with the GTP concentration
and that Roco proteins might, thus, act as GTP sensors rather than as classical switches. However,
future research is clearly needed to further explore this potential function of Roco proteins [100,126].
Moreover, it is as yet unclear whether GTP hydrolysis and protein re-dimerization coincide or are
actually coupled to each other. Furthermore, although PD analogous mutations have been shown to
affect the Roco monomer/dimer equilibrium, further research is necessary to confirm that a similar
mechanism actually holds true for LRRK2. The PD mutations within the LRRK2 Roc (R1441C/G/H)
and COR (Y1699C) all have reduced GTPase activity. However, the exact effect of these PD mutations
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on dimerization remains to be determined. Interestingly, modelling of the LRRK2 pathogenic mutations
on our recently CtLRR–Roc–COR structure revealed that these mutations are located within the same
regions that are important for nucleotide-dependent monomer-dimerization [17]. According to our
model, Roco proteins and presumably LRRK2 need to cycle through a monomeric and dimeric state,
thus, stabilization by PD-mutations of either state could lead to the observed reduced GTPase activity
of the PD mutants. The link between the imbalance in homodimerization and PD, thus, creates an
appealing drug target [19]. Besides the RocCOR domain tandem, LRRK2 also contains a kinase domain
and several protein–protein interaction domains [133]. Both the GTPase and the kinase function of
LRRK2 are essential, and depend on each other, for proper functioning [12,128]. Further research
is needed to unravel how these two domains interact and how additional regulatory factors like
phosphorylation, binding to effectors and cellular localization influence the protein’s functioning and
oligomerization [107,136,140,141].

Author Contributions: L.W., W.V. and A.K. wrote and edited the manuscript.

Funding: Work in the author’s laboratories is supported by a VUB/RUG collaboration agreement (OZR2544;
L.W.), the Fonds voor Wetenschappelijk Onderzoek (W.V.), a Strategic Research Program Financing of the VUB
(W.V.), The Michael J. Fox Foundation for Parkinson’s Research (A.K., W.V.) and an NWO-VIDI grant (A.K.).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Dauer, W.; Przedborski, S. Parkinson’s disease: Mechanisms and models. Neuron 2003, 39, 889–909.
[CrossRef]

2. Parkinson, J. An Essay on the Shaking Palsy; Whittingham and Rowland for Sherwood, Neely and Jones:
London, UK, 1817.

3. De Lau, L.M.L.; Breteler, M.M.B. Epidemiology of Parkinson’s disease. Lancet Neurol. 2006, 5, 525–535.
[CrossRef]

4. Charvin, D.; Medori, R.; Hauser, R.A.; Rascol, O. Therapeutic strategies for Parkinson disease: Beyond
dopaminergic drugs. Nat. Rev. Drug Discov. 2018, 17, 804–822. [CrossRef] [PubMed]

5. Stoker, T.B.; Torsney, K.M.; Barker, R.A. Emerging Treatment Approaches for Parkinson’s Disease. Front.
Neurosci. 2018, 12, 693. [CrossRef] [PubMed]

6. Bellou, V.; Belbasis, L.; Tzoulaki, I.; Evangelou, E.; Ioannidis, J.P.A. Environmental risk factors and Parkinson’s
disease: An umbrella review of meta-analyses. Parkinsonism Relat. Disord. 2015, 23, 1–9. [CrossRef] [PubMed]

7. Lesage, S.; Brice, A. Role of mendelian genes in “sporadic” Parkinson’s disease. Parkinsonism Relat. Disord.
2012, 18 (Suppl. 1), S66–S70. [CrossRef]

8. Singleton, A.B.; Hardy, J.A.; Gasser, T. The Birth of the Modern Era of Parkinson’s Disease Genetics.
J. Parkinsons Dis. 2017, 7, S89–S95. [CrossRef] [PubMed]

9. Ascherio, A.; Schwarzschild, M.A. The epidemiology of Parkinson’s disease: Risk factors and prevention.
Lancet Neurol. 2016, 15, 1257–1272. [CrossRef]

10. Lai, B.C.L.; Marion, S.A.; Teschke, K.; Tsui, J.K.C. Occupational and environmental risk factors for Parkinson’s
disease. Parkinsonism Relat. Disord. 2002, 8, 297–309. [CrossRef]

11. Paisán-Ruíz, C.; Jain, S.; Evans, E.W.; Gilks, W.P.; Simón, J.; van der Brug, M.; López de Munain, A.;
Aparicio, S.; Gil, A.M.; Johnson, J.; et al. Cloning of the gene containing mutations that cause PARK8-linked
Parkinson’s disease. Neuron 2004, 44, 595–600. [CrossRef]

12. Zimprich, A.; Biskup, S.; Leitner, P.; Lichtner, P.; Farrer, M.; Lincoln, S.; Kachergus, J.; Hulihan, M.; Uitti, R.J.;
Calne, D.B.; et al. Mutations in LRRK2 cause autosomal-dominant parkinsonism with pleomorphic pathology.
Neuron 2004, 44, 601–607. [CrossRef] [PubMed]

13. 1Karimi-Moghadam, A.; Charsouei, S.; Bell, B.; Jabalameli, M.R. Parkinson Disease from Mendelian Forms
to Genetic Susceptibility: New Molecular Insights into the Neurodegeneration Process. Cell. Mol. Neurobiol.
2018, 38, 1153–1178. [CrossRef] [PubMed]

14. Di Maio, R.; Hoffman, E.K.; Rocha, E.M.; Keeney, M.T.; Sanders, L.H.; De Miranda, B.R.; Zharikov, A.;
Van Laar, A.; Stepan, A.F.; Lanz, T.A.; et al. LRRK2 activation in idiopathic Parkinson’s disease. Sci. Transl.
Med. 2018, 10. [CrossRef]

http://dx.doi.org/10.1016/S0896-6273(03)00568-3
http://dx.doi.org/10.1016/S1474-4422(06)70471-9
http://dx.doi.org/10.1038/nrd.2018.136
http://www.ncbi.nlm.nih.gov/pubmed/30262889
http://dx.doi.org/10.3389/fnins.2018.00693
http://www.ncbi.nlm.nih.gov/pubmed/30349448
http://dx.doi.org/10.1016/j.parkreldis.2015.12.008
http://www.ncbi.nlm.nih.gov/pubmed/26739246
http://dx.doi.org/10.1016/S1353-8020(11)70022-0
http://dx.doi.org/10.3233/JPD-179009
http://www.ncbi.nlm.nih.gov/pubmed/28282818
http://dx.doi.org/10.1016/S1474-4422(16)30230-7
http://dx.doi.org/10.1016/S1353-8020(01)00054-2
http://dx.doi.org/10.1016/j.neuron.2004.10.023
http://dx.doi.org/10.1016/j.neuron.2004.11.005
http://www.ncbi.nlm.nih.gov/pubmed/15541309
http://dx.doi.org/10.1007/s10571-018-0587-4
http://www.ncbi.nlm.nih.gov/pubmed/29700661
http://dx.doi.org/10.1126/scitranslmed.aar5429


Int. J. Mol. Sci. 2019, 20, 147 15 of 21

15. Civiero, L.; Vancraenenbroeck, R.; Belluzzi, E.; Beilina, A.; Lobbestael, E.; Reyniers, L.; Gao, F.; Micetic, I.;
De Maeyer, M.; Bubacco, L.; et al. Biochemical characterization of highly purified leucine-rich repeat kinases
1 and 2 demonstrates formation of homodimers. PLoS ONE 2012, 7, e43472. [CrossRef] [PubMed]

16. Terheyden, S.; Nederveen-Schippers, L.M.; Kortholt, A. The unconventional G-protein cycle of LRRK2 and
Roco proteins. Biochem. Soc. Trans. 2016, 44, 1611–1616. [CrossRef] [PubMed]

17. Deyaert, E.; Leemans, M.; Singh, R.K.; Gallardo, R.; Steyaert, J.; Kortholt, A.; Lauer, J.; Versées, W. Structure
and nucleotide-induced conformational dynamics of the Chlorobium tepidum Roco protein. Biochem. J. 2018.
[CrossRef]

18. Wauters, L.; Terheyden, S.; Gilsbach, B.K.; Leemans, M.; Athanasopoulos, P.S.; Guaitoli, G.; Wittinghofer, A.;
Gloeckner, C.J.; Versées, W.; Kortholt, A. Biochemical and kinetic properties of the complex Roco G-protein
cycle. Biol. Chem. 2018, 399, 1447–1456. [CrossRef]

19. Deyaert, E.; Wauters, L.; Guaitoli, G.; Konijnenberg, A.; Leemans, M.; Terheyden, S.; Petrovic, A.; Gallardo, R.;
Nederveen-Schippers, L.M.; Athanasopoulos, P.S.; et al. A homologue of the Parkinson’s disease-associated
protein LRRK2 undergoes a monomer-dimer transition during GTP turnover. Nat. Commun. 2017, 8, 1–12.
[CrossRef]

20. Deyaert, E.; Kortholt, A.; Versées, W. The LRR-Roc-COR module of the Chlorobium tepidum Roco protein:
Crystallization and X-ray crystallographic analysis. Acta Crystallogr. F Struct. Biol. Commun. 2017, 73,
520–524. [CrossRef]

21. Alessi, D.R.; Sammler, E. LRRK2 kinase in Parkinson’s disease. Science 2018, 360, 36–37. [CrossRef]
22. Gilsbach, B.K.; Ho, F.Y.; Vetter, I.R.; van Haastert, P.J.M.; Wittinghofer, A.; Kortholt, A. Roco kinase structures

give insights into the mechanism of Parkinson disease-related leucine-rich-repeat kinase 2 mutations.
Proc. Natl. Acad. Sci. USA 2012, 109, 10322–10327. [CrossRef] [PubMed]

23. Gilsbach, B.K.; Eckert, M.; Gloeckner, C.J. Regulation of LRRK2: Insights from structural and biochemical
analysis. Biol. Chem. 2018, 399, 637–642. [CrossRef] [PubMed]

24. Guaitoli, G.; Raimondi, F.; Gilsbach, B.K.; Gómez-Llorente, Y.; Deyaert, E.; Renzi, F.; Li, X.; Schaffner, A.;
Jagtap, P.K.A.; Boldt, K.; et al. Structural model of the dimeric Parkinson’s protein LRRK2 reveals a compact
architecture involving distant interdomain contacts. Proc. Natl. Acad. Sci. USA 2016, 113, E4357–E4366.
[CrossRef] [PubMed]

25. Goldberg, J.M.; Bosgraaf, L.; Van Haastert, P.J.M.; Smith, J.L. Identification of four candidate cGMP targets in
Dictyostelium. Proc. Natl. Acad. Sci. USA 2002, 99, 6749–6754. [CrossRef]

26. Bosgraaf, L.; Van Haastert, P.J.M. Roc, a Ras/GTPase domain in complex proteins. Biochim. Biophys. Acta
2003, 1643, 5–10. [CrossRef]

27. Marín, I.; van Egmond, W.N.; van Haastert, P.J.M. The Roco protein family: A functional perspective.
FASEB J. 2008, 22, 3103–3110. [CrossRef]

28. Tomkins, J.E.; Dihanich, S.; Beilina, A.; Ferrari, R.; Ilacqua, N.; Cookson, M.R.; Lewis, P.A.; Manzoni, C.
Comparative Protein Interaction Network Analysis Identifies Shared and Distinct Functions for the Human
ROCO Proteins. Proteomics 2018, 18, 1700444. [CrossRef]

29. Gilsbach, B.K.; Kortholt, A. Structural biology of the LRRK2 GTPase and kinase domains: Implications for
regulation. Front. Mol. Neurosci. 2014, 7, 32. [CrossRef]

30. Marín, I. The Parkinson disease gene LRRK2: Evolutionary and structural insights. Mol. Biol. Evol. 2006, 23,
2423–2433. [CrossRef]

31. Kobe, B.; Kajava, A.V. The leucine-rich repeat as a protein recognition motif. Curr. Opin. Struct. Biol. 2001,
11, 725–732. [CrossRef]

32. Takahashi, N.; Takahashi, Y.; Putnam, F.W. Periodicity of leucine and tandem repetition of a 24-amino acid
segment in the primary structure of leucine-rich alpha 2-glycoprotein of human serum. Proc. Natl. Acad.
Sci. USA 1985, 82, 1906–1910. [CrossRef] [PubMed]

33. Gotthardt, K.; Weyand, M.; Kortholt, A.; Van Haastert, P.J.M.; Wittinghofer, A. Structure of the Roc-COR
domain tandem of C. tepidum, a prokaryotic homologue of the human LRRK2 Parkinson kinase. EMBO J.
2008, 27, 2239–2249. [CrossRef] [PubMed]

34. Terheyden, S.; Ho, F.Y.; Gilsbach, B.K.; Wittinghofer, A.; Kortholt, A. Revisiting the Roco G-protein cycle.
Biochem. J. 2015, 465, 139–147. [CrossRef] [PubMed]

35. Gaudet, P.; Fey, P.; Chisholm, R. Dictyostelium discoideum: The Social Ameba. CSH Protoc. 2008, 2008.
[CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0043472
http://www.ncbi.nlm.nih.gov/pubmed/22952686
http://dx.doi.org/10.1042/BST20160224
http://www.ncbi.nlm.nih.gov/pubmed/27913669
http://dx.doi.org/10.1042/BCJ20180803
http://dx.doi.org/10.1515/hsz-2018-0227
http://dx.doi.org/10.1038/s41467-017-01103-4
http://dx.doi.org/10.1107/S2053230X17011955
http://dx.doi.org/10.1126/science.aar5683
http://dx.doi.org/10.1073/pnas.1203223109
http://www.ncbi.nlm.nih.gov/pubmed/22689969
http://dx.doi.org/10.1515/hsz-2018-0132
http://www.ncbi.nlm.nih.gov/pubmed/29894291
http://dx.doi.org/10.1073/pnas.1523708113
http://www.ncbi.nlm.nih.gov/pubmed/27357661
http://dx.doi.org/10.1073/pnas.102167299
http://dx.doi.org/10.1016/j.bbamcr.2003.08.008
http://dx.doi.org/10.1096/fj.08-111310
http://dx.doi.org/10.1002/pmic.201700444
http://dx.doi.org/10.3389/fnmol.2014.00032
http://dx.doi.org/10.1093/molbev/msl114
http://dx.doi.org/10.1016/S0959-440X(01)00266-4
http://dx.doi.org/10.1073/pnas.82.7.1906
http://www.ncbi.nlm.nih.gov/pubmed/3856868
http://dx.doi.org/10.1038/emboj.2008.150
http://www.ncbi.nlm.nih.gov/pubmed/18650931
http://dx.doi.org/10.1042/BJ20141095
http://www.ncbi.nlm.nih.gov/pubmed/25317655
http://dx.doi.org/10.1101/pdb.emo109
http://www.ncbi.nlm.nih.gov/pubmed/21356735


Int. J. Mol. Sci. 2019, 20, 147 16 of 21

36. Van Egmond, W.N.; van Haastert, P.J.M. Characterization of the Roco Protein Family in Dictyostelium
discoideum. Eukaryot. Cell 2010, 9, 751–761. [CrossRef]

37. Goldberg, J.M.; Wolpin, E.S.; Bosgraaf, L.; Clarkson, B.K.; Van Haastert, P.J.M.; Smith, J.L. Myosin light
chain kinase A is activated by cGMP-dependent and cGMP-independent pathways. FEBS Lett. 2006, 580,
2059–2064. [CrossRef] [PubMed]

38. Kortholt, A.; van Egmond, W.N.; Plak, K.; Bosgraaf, L.; Keizer-Gunnink, I.; van Haastert, P.J.M. Multiple
Regulatory Mechanisms for the Dictyostelium Roco Protein GbpC. J. Biol. Chem. 2012, 287, 2749–2758.
[CrossRef]

39. Abysalh, J.C.; Kuchnicki, L.L.; Larochelle, D.A. The identification of pats1, a novel gene locus required for
cytokinesis in Dictyostelium discoideum. Mol. Biol. Cell 2003, 14, 14–25. [CrossRef]

40. Lewis, P.A. The function of ROCO proteins in health and disease. Biol. Cell 2009, 101, 183–191. [CrossRef]
41. Abe, T.; Langenick, J.; Williams, J.G. Rapid generation of gene disruption constructs by in vitro transposition

and identification of a Dictyostelium protein kinase that regulates its rate of growth and development.
Nucleic Acids Res. 2003, 31, e107. [CrossRef]

42. Sakabe, T.; Shinomiya, T.; Mori, T.; Ariyama, Y.; Fukuda, Y.; Fujiwara, T.; Nakamura, Y.; Inazawa, J.
Identification of a novel gene, MASL1, within an amplicon at 8p23.1 detected in malignant fibrous
histiocytomas by comparative genomic hybridization. Cancer Res. 1999, 59, 511–515. [PubMed]

43. Moskaluk, C.A.; Hu, J.; Perlman, E.J. Comparative genomic hybridization of esophageal and
gastroesophageal adenocarcinomas shows consensus areas of DNA gain and loss. Genes Chromosom. Cancer
1998, 22, 305–311. [CrossRef]

44. Sakakura, C.; Mori, T.; Sakabe, T.; Ariyama, Y.; Shinomiya, T.; Date, K.; Hagiwara, A.; Yamaguchi, T.;
Takahashi, T.; Nakamura, Y.; et al. Gains, losses, and amplifications of genomic materials in primary gastric
cancers analyzed by comparative genomic hybridization. Genes Chromosomes Cancer 1999, 24, 299–305.
[CrossRef]

45. Tagawa, H.; Karnan, S.; Kasugai, Y.; Tuzuki, S.; Suzuki, R.; Hosokawa, Y.; Seto, M. MASL1, a candidate
oncogene found in amplification at 8p23.1, is translocated in immunoblastic B-cell lymphoma cell line
OCI-LY8. Oncogene 2004, 23, 2576–2581. [CrossRef] [PubMed]

46. Dihanich, S.; Civiero, L.; Manzoni, C.; Mamais, A.; Bandopadhyay, R.; Greggio, E.; Lewis, P.A. GTP binding
controls complex formation by the human ROCO protein MASL1. FEBS J. 2014, 281, 261–274. [CrossRef]
[PubMed]

47. Bialik, S.; Kimchi, A. The death-associated protein kinases: Structure, function, and beyond. Annu. Rev.
Biochem. 2006, 75, 189–210. [CrossRef] [PubMed]

48. Cohen, O.; Feinstein, E.; Kimchi, A. DAP-kinase is a Ca2+/calmodulin-dependent, cytoskeletal-associated
protein kinase, with cell death-inducing functions that depend on its catalytic activity. EMBO J. 1997, 16,
998–1008. [CrossRef]

49. Deiss, L.P.; Feinstein, E.; Berissi, H.; Cohen, O.; Kimchi, A. Identification of a novel serine/threonine kinase
and a novel 15-kD protein as potential mediators of the gamma interferon-induced cell death. Genes Dev.
1995, 9, 15–30. [CrossRef]

50. Shiloh, R.; Bialik, S.; Kimchi, A. The DAPK family: A structure-function analysis. Apoptosis 2014, 19, 286–297.
[CrossRef]

51. Raveh, T.; Droguett, G.; Horwitz, M.S.; DePinho, R.A.; Kimchi, A. DAP kinase activates a
p19ARF/p53-mediated apoptotic checkpoint to suppress oncogenic transformation. Nat. Cell Biol. 2001, 3,
1–7. [CrossRef]

52. Singh, P.; Ravanan, P.; Talwar, P. Death Associated Protein Kinase 1 (DAPK1): A Regulator of Apoptosis and
Autophagy. Front. Mol. Neurosci. 2016, 9, 46. [CrossRef] [PubMed]

53. Raval, A.; Tanner, S.M.; Byrd, J.C.; Angerman, E.B.; Perko, J.D.; Chen, S.-S.; Hackanson, B.; Grever, M.R.;
Lucas, D.M.; Matkovic, J.J.; et al. Downregulation of death-associated protein kinase 1 (DAPK1) in chronic
lymphocytic leukemia. Cell 2007, 129, 879–890. [CrossRef] [PubMed]

54. Carlessi, R.; Levin-Salomon, V.; Ciprut, S.; Bialik, S.; Berissi, H.; Albeck, S.; Peleg, Y.; Kimchi, A. GTP binding
to the ROC domain of DAP-kinase regulates its function through intramolecular signalling. EMBO Rep.
2011, 12, 917–923. [CrossRef] [PubMed]

http://dx.doi.org/10.1128/EC.00366-09
http://dx.doi.org/10.1016/j.febslet.2006.03.008
http://www.ncbi.nlm.nih.gov/pubmed/16546177
http://dx.doi.org/10.1074/jbc.M111.315739
http://dx.doi.org/10.1091/mbc.e02-06-0335
http://dx.doi.org/10.1042/BC20080053
http://dx.doi.org/10.1093/nar/gng095
http://www.ncbi.nlm.nih.gov/pubmed/9973190
http://dx.doi.org/10.1002/(SICI)1098-2264(199808)22:4&lt;305::AID-GCC6&gt;3.0.CO;2-Z
http://dx.doi.org/10.1002/(SICI)1098-2264(199904)24:4&lt;299::AID-GCC2&gt;3.0.CO;2-U
http://dx.doi.org/10.1038/sj.onc.1207352
http://www.ncbi.nlm.nih.gov/pubmed/14691450
http://dx.doi.org/10.1111/febs.12593
http://www.ncbi.nlm.nih.gov/pubmed/24286120
http://dx.doi.org/10.1146/annurev.biochem.75.103004.142615
http://www.ncbi.nlm.nih.gov/pubmed/16756490
http://dx.doi.org/10.1093/emboj/16.5.998
http://dx.doi.org/10.1101/gad.9.1.15
http://dx.doi.org/10.1007/s10495-013-0924-5
http://dx.doi.org/10.1038/35050500
http://dx.doi.org/10.3389/fnmol.2016.00046
http://www.ncbi.nlm.nih.gov/pubmed/27445685
http://dx.doi.org/10.1016/j.cell.2007.03.043
http://www.ncbi.nlm.nih.gov/pubmed/17540169
http://dx.doi.org/10.1038/embor.2011.126
http://www.ncbi.nlm.nih.gov/pubmed/21738225


Int. J. Mol. Sci. 2019, 20, 147 17 of 21

55. Jebelli, J.D.; Dihanich, S.; Civiero, L.; Manzoni, C.; Greggio, E.; Lewis, P.A. GTP binding and intramolecular
regulation by the ROC domain of Death Associated Protein Kinase 1. Sci. Rep. 2012, 2, 1–7. [CrossRef]
[PubMed]

56. Klein, C.L.; Rovelli, G.; Springer, W.; Schall, C.; Gasser, T.; Kahle, P.J. Homo- and heterodimerization of
ROCO kinases: LRRK2 kinase inhibition by the LRRK2 ROCO fragment. J. Neurochem. 2009, 111, 703–715.
[CrossRef] [PubMed]

57. Civiero, L.; Bubacco, L. Human leucine-rich repeat kinase 1 and 2: Intersecting or unrelated functions?
Biochem. Soc. Trans. 2012, 40, 1095–1101. [CrossRef]

58. Sejwal, K.; Chami, M.; Rémigy, H.; Vancraenenbroeck, R.; Sibran, W.; Sütterlin, R.; Baumgartner, P.;
McLeod, R.; Chartier-Harlin, M.-C.; Baekelandt, V.; et al. Cryo-EM analysis of homodimeric full-length
LRRK2 and LRRK1 protein complexes. Sci. Rep. 2017, 7, 1–12. [CrossRef]

59. Morimoto, K.; Baba, Y.; Shinohara, H.; Kang, S.; Nojima, S.; Kimura, T.; Ito, D.; Yoshida, Y.; Maeda, Y.;
Sarashina-Kida, H.; et al. LRRK1 is critical in the regulation of B-cell responses and CARMA1-dependent
NF-κB activation. Sci. Rep. 2016, 6, 1–13. [CrossRef]

60. Hanafusa, H.; Kedashiro, S.; Tezuka, M.; Funatsu, M.; Usami, S.; Toyoshima, F.; Matsumoto, K.
PLK1-dependent activation of LRRK1 regulates spindle orientation by phosphorylating CDK5RAP2. Nat. Cell
Biol. 2015, 17, 1024–1035. [CrossRef]

61. Hanafusa, H.; Ishikawa, K.; Kedashiro, S.; Saigo, T.; Iemura, S.; Natsume, T.; Komada, M.; Shibuya, H.;
Nara, A.; Matsumoto, K. Leucine-rich repeat kinase LRRK1 regulates endosomal trafficking of the EGF
receptor. Nat. Commun. 2011, 2, 1–12. [CrossRef]

62. Ishikawa, K.; Nara, A.; Matsumoto, K.; Hanafusa, H. EGFR-dependent phosphorylation of leucine-rich
repeat kinase LRRK1 is important for proper endosomal trafficking of EGFR. Mol. Biol. Cell 2012, 23,
1294–1306. [CrossRef] [PubMed]

63. Sharma, S.V.; Bell, D.W.; Settleman, J.; Haber, D.A. Epidermal growth factor receptor mutations in lung
cancer. Nat. Rev. Cancer 2007, 7, 169–181. [CrossRef] [PubMed]

64. Cookson, M.R. Cellular functions of LRRK2 implicate vesicular trafficking pathways in Parkinson’s disease.
Biochem. Soc. Trans. 2016, 44, 1603–1610. [CrossRef] [PubMed]

65. Dzamko, N.L. LRRK2 and the Immune System. Adv. Neurobiol. 2017, 14, 123–143. [PubMed]
66. Biskup, S.; Moore, D.J.; Celsi, F.; Higashi, S.; West, A.B.; Andrabi, S.A.; Kurkinen, K.; Yu, S.-W.; Savitt, J.M.;

Waldvogel, H.J.; et al. Localization of LRRK2 to membranous and vesicular structures in mammalian brain.
Ann. Neurol. 2006, 60, 557–569. [CrossRef] [PubMed]

67. Mortiboys, H.; Johansen, K.K.; Aasly, J.O.; Bandmann, O. Mitochondrial impairment in patients with
Parkinson disease with the G2019S mutation in LRRK2. Neurology 2010, 75, 2017–2020. [CrossRef] [PubMed]

68. Rosenbusch, K.E.; Kortholt, A. Activation Mechanism of LRRK2 and Its Cellular Functions in Parkinson’s
Disease. Parkinsons Dis. 2016, 2016, 1–8. [CrossRef]

69. Wang, X.; Yan, M.H.; Fujioka, H.; Liu, J.; Wilson-Delfosse, A.; Chen, S.G.; Perry, G.; Casadesus, G.; Zhu, X.
LRRK2 regulates mitochondrial dynamics and function through direct interaction with DLP1. Hum. Mol.
Genet. 2012, 21, 1931–1944. [CrossRef]

70. Alegre-Abarrategui, J.; Christian, H.; Lufino, M.M.P.; Mutihac, R.; Venda, L.L.; Ansorge, O.; Wade-Martins, R.
LRRK2 regulates autophagic activity and localizes to specific membrane microdomains in a novel human
genomic reporter cellular model. Hum. Mol. Genet. 2009, 18, 4022–4034. [CrossRef]

71. Bravo-San Pedro, J.M.; Niso-Santano, M.; Gómez-Sánchez, R.; Pizarro-Estrella, E.; Aiastui-Pujana, A.;
Gorostidi, A.; Climent, V.; López de Maturana, R.; Sanchez-Pernaute, R.; López de Munain, A.; et al.
The LRRK2 G2019S mutant exacerbates basal autophagy through activation of the MEK/ERK pathway.
Cell. Mol. Life Sci. 2013, 70, 121–136. [CrossRef]

72. Gómez-Suaga, P.; Luzón-Toro, B.; Churamani, D.; Zhang, L.; Bloor-Young, D.; Patel, S.; Woodman, P.G.;
Churchill, G.C.; Hilfiker, S. Leucine-rich repeat kinase 2 regulates autophagy through a calcium-dependent
pathway involving NAADP. Hum. Mol. Genet. 2012, 21, 511–525. [CrossRef] [PubMed]

73. MacLeod, D.; Dowman, J.; Hammond, R.; Leete, T.; Inoue, K.; Abeliovich, A. The familial Parkinsonism gene
LRRK2 regulates neurite process morphology. Neuron 2006, 52, 587–593. [CrossRef] [PubMed]

74. Parisiadou, L.; Xie, C.; Cho, H.J.; Lin, X.; Gu, X.-L.; Long, C.-X.; Lobbestael, E.; Baekelandt, V.; Taymans, J.-M.;
Sun, L.; et al. Phosphorylation of ezrin/radixin/moesin proteins by LRRK2 promotes the rearrangement of
actin cytoskeleton in neuronal morphogenesis. J. Neurosci. 2009, 29, 13971–13980. [CrossRef]

http://dx.doi.org/10.1038/srep00695
http://www.ncbi.nlm.nih.gov/pubmed/23019516
http://dx.doi.org/10.1111/j.1471-4159.2009.06358.x
http://www.ncbi.nlm.nih.gov/pubmed/19712061
http://dx.doi.org/10.1042/BST20120123
http://dx.doi.org/10.1038/s41598-017-09126-z
http://dx.doi.org/10.1038/srep25738
http://dx.doi.org/10.1038/ncb3204
http://dx.doi.org/10.1038/ncomms1161
http://dx.doi.org/10.1091/mbc.e11-09-0780
http://www.ncbi.nlm.nih.gov/pubmed/22337768
http://dx.doi.org/10.1038/nrc2088
http://www.ncbi.nlm.nih.gov/pubmed/17318210
http://dx.doi.org/10.1042/BST20160228
http://www.ncbi.nlm.nih.gov/pubmed/27913668
http://www.ncbi.nlm.nih.gov/pubmed/28353282
http://dx.doi.org/10.1002/ana.21019
http://www.ncbi.nlm.nih.gov/pubmed/17120249
http://dx.doi.org/10.1212/WNL.0b013e3181ff9685
http://www.ncbi.nlm.nih.gov/pubmed/21115957
http://dx.doi.org/10.1155/2016/7351985
http://dx.doi.org/10.1093/hmg/dds003
http://dx.doi.org/10.1093/hmg/ddp346
http://dx.doi.org/10.1007/s00018-012-1061-y
http://dx.doi.org/10.1093/hmg/ddr481
http://www.ncbi.nlm.nih.gov/pubmed/22012985
http://dx.doi.org/10.1016/j.neuron.2006.10.008
http://www.ncbi.nlm.nih.gov/pubmed/17114044
http://dx.doi.org/10.1523/JNEUROSCI.3799-09.2009


Int. J. Mol. Sci. 2019, 20, 147 18 of 21

75. Plowey, E.D.; Cherra, S.J.; Liu, Y.-J.; Chu, C.T. Role of autophagy in G2019S-LRRK2-associated neurite
shortening in differentiated SH-SY5Y cells. J. Neurochem. 2008, 105, 1048–1056. [CrossRef] [PubMed]

76. Jaleel, M.; Nichols, R.J.; Deak, M.; Campbell, D.G.; Gillardon, F.; Knebel, A.; Alessi, D.R. LRRK2
phosphorylates moesin at threonine-558: Characterization of how Parkinson’s disease mutants affect kinase
activity. Biochem. J. 2007, 405, 307–317. [CrossRef] [PubMed]

77. Paglini, G.; Kunda, P.; Quiroga, S.; Kosik, K.; Cáceres, A. Suppression of radixin and moesin alters growth
cone morphology, motility, and process formation in primary cultured neurons. J. Cell Biol. 1998, 143,
443–455. [CrossRef] [PubMed]

78. Tsika, E.; Moore, D.J. Mechanisms of LRRK2-mediated neurodegeneration. Curr. Neurol. Neurosci. Rep. 2012,
12, 251–260. [CrossRef] [PubMed]

79. Gómez-Suaga, P.; Rivero-Ríos, P.; Fdez, E.; Blanca Ramírez, M.; Ferrer, I.; Aiastui, A.; López De Munain, A.;
Hilfiker, S. LRRK2 delays degradative receptor trafficking by impeding late endosomal budding through
decreasing Rab7 activity. Hum. Mol. Genet. 2014, 23, 6779–6796. [CrossRef]

80. Steger, M.; Tonelli, F.; Ito, G.; Davies, P.; Trost, M.; Vetter, M.; Wachter, S.; Lorentzen, E.; Duddy, G.; Wilson, S.;
et al. Phosphoproteomics reveals that Parkinson’s disease kinase LRRK2 regulates a subset of Rab GTPases.
Elife 2016, 5, 1–28. [CrossRef] [PubMed]

81. Steger, M.; Diez, F.; Dhekne, H.S.; Lis, P.; Nirujogi, R.S.; Karayel, O.; Tonelli, F.; Martinez, T.N.; Lorentzen, E.;
Pfeffer, S.R.; et al. Systematic proteomic analysis of LRRK2-mediated Rab GTPase phosphorylation
establishes a connection to ciliogenesis. eLife Sci. 2017, 6, 1–22. [CrossRef] [PubMed]

82. Berger, Z.; Smith, K.A.; LaVoie, M.J. Membrane localization of LRRK2 is associated with increased formation
of the highly active LRRK2 dimer and changes in its phosphorylation. Biochemistry 2010, 49, 5511–5523.
[CrossRef] [PubMed]

83. Liu, Z.; Bryant, N.; Kumaran, R.; Beilina, A.; Abeliovich, A.; Cookson, M.R.; West, A.B. LRRK2 phosphorylates
membrane-bound Rabs and is activated by GTP-bound Rab7L1 to promote recruitment to the trans-Golgi
network. Hum. Mol. Genet. 2018, 27, 385–395. [CrossRef]

84. Purlyte, E.; Dhekne, H.S.; Sarhan, A.R.; Gomez, R.; Lis, P.; Wightman, M.; Martinez, T.N.; Tonelli, F.;
Pfeffer, S.R.; Alessi, D.R. Rab29 activation of the Parkinson’s disease-associated LRRK2 kinase. EMBO J.
2017, 37, 1–18. [CrossRef] [PubMed]

85. Maekawa, T.; Sasaoka, T.; Azuma, S.; Ichikawa, T.; Melrose, H.L.; Farrer, M.J.; Obata, F. Leucine-rich repeat
kinase 2 (LRRK2) regulates α-synuclein clearance in microglia. BMC Neurosci. 2016, 17, 1–12. [CrossRef]
[PubMed]

86. Eguchi, T.; Kuwahara, T.; Sakurai, M.; Komori, T.; Fujimoto, T.; Ito, G.; Yoshimura, S.-I.; Harada, A.;
Fukuda, M.; Koike, M.; et al. LRRK2 and its substrate Rab GTPases are sequentially targeted onto stressed
lysosomes and maintain their homeostasis. Proc. Natl. Acad. Sci. USA 2018, 115, E9115–E9124. [CrossRef]
[PubMed]

87. Lee, H.; James, W.S.; Cowley, S.A. LRRK2 in peripheral and central nervous system innate immunity: Its link
to Parkinson’s disease. Biochem. Soc. Trans. 2017, 45, 131–139. [CrossRef] [PubMed]

88. Moehle, M.S.; Webber, P.J.; Tse, T.; Sukar, N.; Standaert, D.G.; DeSilva, T.M.; Cowell, R.M.; West, A.B. LRRK2
inhibition attenuates microglial inflammatory responses. J. Neurosci. 2012, 32, 1602–1611. [CrossRef]

89. Kim, B.; Yang, M.-S.; Choi, D.; Kim, J.-H.; Kim, H.-S.; Seol, W.; Choi, S.; Jou, I.; Kim, E.-Y.; Joe, E. Impaired
Inflammatory Responses in Murine Lrrk2-Knockdown Brain Microglia. PLoS ONE 2012, 7, e34693. [CrossRef]

90. Dzamko, N.; Halliday, G.M. An emerging role for LRRK2 in the immune system. Biochem. Soc. Trans. 2012,
40, 1134–1139. [CrossRef]

91. Gardet, A.; Benita, Y.; Li, C.; Sands, B.E.; Ballester, I.; Stevens, C.; Korzenik, J.R.; Rioux, J.D.; Daly, M.J.;
Xavier, R.J.; et al. LRRK2 is involved in the IFN-gamma response and host response to pathogens. J. Immunol.
2010, 185, 5577–5585. [CrossRef]

92. Hakimi, M.; Selvanantham, T.; Swinton, E.; Padmore, R.F.; Tong, Y.; Kabbach, G.; Venderova, K.; Girardin, S.E.;
Bulman, D.E.; Scherzer, C.R.; et al. Parkinson’s disease-linked LRRK2 is expressed in circulating and tissue
immune cells and upregulated following recognition of microbial structures. J. Neural Transm. 2011, 118,
795–808. [CrossRef] [PubMed]

93. Thévenet, J.; Pescini Gobert, R.; Hooft van Huijsduijnen, R.; Wiessner, C.; Sagot, Y.J. Regulation of LRRK2
expression points to a functional role in human monocyte maturation. PLoS ONE 2011, 6, e21519. [CrossRef]
[PubMed]

http://dx.doi.org/10.1111/j.1471-4159.2008.05217.x
http://www.ncbi.nlm.nih.gov/pubmed/18182054
http://dx.doi.org/10.1042/BJ20070209
http://www.ncbi.nlm.nih.gov/pubmed/17447891
http://dx.doi.org/10.1083/jcb.143.2.443
http://www.ncbi.nlm.nih.gov/pubmed/9786954
http://dx.doi.org/10.1007/s11910-012-0265-8
http://www.ncbi.nlm.nih.gov/pubmed/22441981
http://dx.doi.org/10.1093/hmg/ddu395
http://dx.doi.org/10.7554/eLife.12813
http://www.ncbi.nlm.nih.gov/pubmed/26824392
http://dx.doi.org/10.7554/eLife.31012
http://www.ncbi.nlm.nih.gov/pubmed/29125462
http://dx.doi.org/10.1021/bi100157u
http://www.ncbi.nlm.nih.gov/pubmed/20515039
http://dx.doi.org/10.1093/hmg/ddx410
http://dx.doi.org/10.15252/embj.201798099
http://www.ncbi.nlm.nih.gov/pubmed/29212815
http://dx.doi.org/10.1186/s12868-016-0315-2
http://www.ncbi.nlm.nih.gov/pubmed/27903237
http://dx.doi.org/10.1073/pnas.1812196115
http://www.ncbi.nlm.nih.gov/pubmed/30209220
http://dx.doi.org/10.1042/BST20160262
http://www.ncbi.nlm.nih.gov/pubmed/28202666
http://dx.doi.org/10.1523/JNEUROSCI.5601-11.2012
http://dx.doi.org/10.1371/journal.pone.0034693
http://dx.doi.org/10.1042/BST20120119
http://dx.doi.org/10.4049/jimmunol.1000548
http://dx.doi.org/10.1007/s00702-011-0653-2
http://www.ncbi.nlm.nih.gov/pubmed/21552986
http://dx.doi.org/10.1371/journal.pone.0021519
http://www.ncbi.nlm.nih.gov/pubmed/21738687


Int. J. Mol. Sci. 2019, 20, 147 19 of 21

94. Yan, J.; Almilaji, A.; Schmid, E.; Elvira, B.; Shimshek, D.R.; van der Putten, H.; Wagner, C.A.; Shumilina, E.;
Lang, F. Leucine-rich repeat kinase 2-sensitive Na+/Ca2+ exchanger activity in dendritic cells. FASEB J.
2015, 29, 1701–1710. [CrossRef] [PubMed]

95. Kubo, M.; Kamiya, Y.; Nagashima, R.; Maekawa, T.; Eshima, K.; Azuma, S.; Ohta, E.; Obata, F. LRRK2 is
expressed in B-2 but not in B-1 B cells, and downregulated by cellular activation. J. Neuroimmunol. 2010, 229,
123–128. [CrossRef] [PubMed]

96. Dzamko, N.; Inesta-Vaquera, F.; Zhang, J.; Xie, C.; Cai, H.; Arthur, S.; Tan, L.; Choi, H.; Gray, N.; Cohen, P.; et al.
The IkappaB Kinase Family Phosphorylates the Parkinson’s Disease Kinase LRRK2 at Ser935 and Ser910
during Toll-Like Receptor Signaling. PLoS ONE 2012, 7, e39132. [CrossRef] [PubMed]

97. Bourne, H.R.; Sanders, D.A.; McCormick, F. The GTPase superfamily: Conserved structure and molecular
mechanism. Nature 1991, 349, 117–127. [CrossRef] [PubMed]

98. Dever, T.E.; Glynias, M.J.; Merrick, W.C. GTP-binding domain: Three consensus sequence elements with
distinct spacing. Proc. Natl. Acad. Sci. USA 1987, 84, 1814–1818. [CrossRef] [PubMed]

99. McCormick, F.; Clark, B.F.; la Cour, T.F.; Kjeldgaard, M.; Norskov-Lauritsen, L.; Nyborg, J. A model for the
tertiary structure of p21, the product of the ras oncogene. Science 1985, 230, 78–82. [CrossRef]

100. Möller, W.; Amons, R. Phosphate-binding sequences in nucleotide-binding proteins. FEBS Lett. 1985, 186,
1–7. [CrossRef]

101. Saraste, M.; Sibbald, P.R.; Wittinghofer, A. The P-loop—A common motif in ATP- and GTP-binding proteins.
Trends Biochem. Sci. 1990, 15, 430–434. [CrossRef]

102. Walker, J.E.; Saraste, M.; Runswick, M.J.; Gay, N.J. Distantly related sequences in the alpha- and beta-subunits
of ATP synthase, myosin, kinases and other ATP-requiring enzymes and a common nucleotide binding fold.
EMBO J. 1982, 1, 945–951. [CrossRef] [PubMed]

103. Wittinghofer, A.; Vetter, I.R. Structure-function relationships of the G domain, a canonical switch motif.
Annu. Rev. Biochem. 2011, 80, 943–971. [CrossRef] [PubMed]

104. Deng, J.; Lewis, P.A.; Greggio, E.; Sluch, E.; Beilina, A.; Cookson, M.R. Structure of the ROC domain from
the Parkinson’s disease-associated leucine-rich repeat kinase 2 reveals a dimeric GTPase. Proc. Natl. Acad.
Sci. USA 2008, 105, 1499–1504. [CrossRef] [PubMed]

105. Liao, J.; Wu, C.-X.; Burlak, C.; Zhang, S.; Sahm, H.; Wang, M.; Zhang, Z.-Y.; Vogel, K.W.; Federici, M.;
Riddle, S.M.; et al. Parkinson disease-associated mutation R1441H in LRRK2 prolongs the “active state” of
its GTPase domain. Proc. Natl. Acad. Sci. USA 2014, 111, 4055–4060. [CrossRef] [PubMed]

106. Civiero, L.; Russo, I.; Bubacco, L.; Greggio, E. Molecular Insights and Functional Implication of LRRK2
Dimerization. Adv. Neurobiol. 2017, 14, 107–121. [PubMed]

107. Liu, Z.; Mobley, J.A.; DeLucas, L.J.; Kahn, R.A.; West, A.B. LRRK2 autophosphorylation enhances its GTPase
activity. FASEB J. 2016, 30, 336–347. [CrossRef] [PubMed]

108. Gasper, R.; Meyer, S.; Gotthardt, K.; Sirajuddin, M.; Wittinghofer, A. It takes two to tango: Regulation of G
proteins by dimerization. Nat. Rev. Mol. Cell Biol. 2009, 10, 423–429. [CrossRef]

109. Bos, J.L.; Rehmann, H.; Wittinghofer, A. GEFs and GAPs: Critical Elements in the Control of Small G Proteins.
Cell 2007, 129, 865–877. [CrossRef]

110. Milburn, M.V.; Tong, L.; deVos, A.M.; Brünger, A.; Yamaizumi, Z.; Nishimura, S.; Kim, S.H. Molecular switch
for signal transduction: Structural differences between active and inactive forms of protooncogenic ras
proteins. Science 1990, 247, 939–945. [CrossRef]

111. Vetter, I.R.; Wittinghofer, A. The guanine nucleotide-binding switch in three dimensions. Science 2001, 294,
1299–1304. [CrossRef]

112. John, J.; Sohmen, R.; Feuerstein, J.; Linke, R.; Wittinghofer, A.; Goody, R.S. Kinetics of interaction of
nucleotides with nucleotide-free H-ras p21. Biochemistry 1990, 29, 6058–6065. [CrossRef] [PubMed]

113. Klebe, C.; Bischoff, F.R.; Ponstingl, H.; Wittinghofer, A. Interaction of the nuclear GTP-binding protein Ran
with its regulatory proteins RCC1 and RanGAP1. Biochemistry 1995, 34, 639–647. [CrossRef] [PubMed]

114. Cherfils, J.; Zeghouf, M. Regulation of small GTPases by GEFs, GAPs, and GDIs. Physiol. Rev. 2013, 93,
269–309. [CrossRef] [PubMed]

115. Nixon-Abell, J.; Berwick, D.C.; Grannó, S.; Spain, V.A.; Blackstone, C.; Harvey, K. Protective LRRK2 R1398H
Variant Enhances GTPase and Wnt Signaling Activity. Front. Mol. Neurosci. 2016, 9, 18. [CrossRef] [PubMed]

http://dx.doi.org/10.1096/fj.14-264028
http://www.ncbi.nlm.nih.gov/pubmed/25609428
http://dx.doi.org/10.1016/j.jneuroim.2010.07.021
http://www.ncbi.nlm.nih.gov/pubmed/20728949
http://dx.doi.org/10.1371/journal.pone.0039132
http://www.ncbi.nlm.nih.gov/pubmed/22723946
http://dx.doi.org/10.1038/349117a0
http://www.ncbi.nlm.nih.gov/pubmed/1898771
http://dx.doi.org/10.1073/pnas.84.7.1814
http://www.ncbi.nlm.nih.gov/pubmed/3104905
http://dx.doi.org/10.1126/science.3898366
http://dx.doi.org/10.1016/0014-5793(85)81326-0
http://dx.doi.org/10.1016/0968-0004(90)90281-F
http://dx.doi.org/10.1002/j.1460-2075.1982.tb01276.x
http://www.ncbi.nlm.nih.gov/pubmed/6329717
http://dx.doi.org/10.1146/annurev-biochem-062708-134043
http://www.ncbi.nlm.nih.gov/pubmed/21675921
http://dx.doi.org/10.1073/pnas.0709098105
http://www.ncbi.nlm.nih.gov/pubmed/18230735
http://dx.doi.org/10.1073/pnas.1323285111
http://www.ncbi.nlm.nih.gov/pubmed/24591621
http://www.ncbi.nlm.nih.gov/pubmed/28353281
http://dx.doi.org/10.1096/fj.15-277095
http://www.ncbi.nlm.nih.gov/pubmed/26396237
http://dx.doi.org/10.1038/nrm2689
http://dx.doi.org/10.1016/j.cell.2007.05.018
http://dx.doi.org/10.1126/science.2406906
http://dx.doi.org/10.1126/science.1062023
http://dx.doi.org/10.1021/bi00477a025
http://www.ncbi.nlm.nih.gov/pubmed/2200519
http://dx.doi.org/10.1021/bi00002a031
http://www.ncbi.nlm.nih.gov/pubmed/7819259
http://dx.doi.org/10.1152/physrev.00003.2012
http://www.ncbi.nlm.nih.gov/pubmed/23303910
http://dx.doi.org/10.3389/fnmol.2016.00018
http://www.ncbi.nlm.nih.gov/pubmed/27013965


Int. J. Mol. Sci. 2019, 20, 147 20 of 21

116. Haebig, K.; Gloeckner, C.J.; Miralles, M.G.; Gillardon, F.; Schulte, C.; Riess, O.; Ueffing, M.; Biskup, S.;
Bonin, M. ARHGEF7 (Beta-PIX) acts as guanine nucleotide exchange factor for leucine-rich repeat kinase 2.
PLoS ONE 2010, 5, e13762. [CrossRef] [PubMed]

117. Nguyen, A.P.T.; Moore, D.J. Understanding the GTPase Activity of LRRK2: Regulation, Function, and
Neurotoxicity. Adv. Neurobiol. 2017, 14, 71–88. [PubMed]

118. Stafa, K.; Trancikova, A.; Webber, P.J.; Glauser, L.; West, A.B.; Moore, D.J. GTPase activity and neuronal
toxicity of Parkinson’s disease-associated LRRK2 is regulated by ArfGAP1. PLoS Genet. 2012, 8, e1002526.
[CrossRef]

119. Xiong, Y.; Dawson, V.L.; Dawson, T.M. LRRK2 GTPase Dysfunction in the Pathogenesis of Parkinson’s
disease. Biochem. Soc. Trans. 2012, 40, 1074–1079. [CrossRef]

120. Xiong, Y.; Yuan, C.; Chen, R.; Dawson, T.M.; Dawson, V.L. ArfGAP1 is a GTPase Activating Protein for
LRRK2: Reciprocal Regulation of ArfGAP1 by LRRK2. J. Neurosci. 2012, 32, 3877–3886. [CrossRef]

121. Dusonchet, J.; Li, H.; Guillily, M.; Liu, M.; Stafa, K.; Derada Troletti, C.; Boon, J.Y.; Saha, S.; Glauser, L.;
Mamais, A.; et al. A Parkinson’s disease gene regulatory network identifies the signaling protein RGS2 as a
modulator of LRRK2 activity and neuronal toxicity. Hum. Mol. Genet. 2014, 23, 4887–4905. [CrossRef]

122. Nixon-Abell, J.; Berwick, D.C.; Harvey, K. L’RRK de Triomphe: A solution for LRRK2 GTPase activity?
Biochem. Soc. Trans. 2016, 44, 1625–1634. [CrossRef] [PubMed]

123. Meyer, S.; Böhme, S.; Krüger, A.; Steinhoff, H.-J.; Klare, J.P.; Wittinghofer, A. Kissing G Domains of MnmE
Monitored by X-Ray Crystallography and Pulse Electron Paramagnetic Resonance Spectroscopy. PLoS Biol.
2009, 7, e1000212. [CrossRef] [PubMed]

124. Schweins, T.; Geyer, M.; Scheffzek, K.; Warshel, A.; Kalbitzer, H.R.; Wittinghofer, A. Substrate-assisted
catalysis as a mechanism for GTP hydrolysis of p21ras and other GTP-binding proteins. Nat. Struct. Biol.
1995, 2, 36–44. [CrossRef] [PubMed]

125. Meyer, S.; Wittinghofer, A.; Versées, W. G-domain dimerization orchestrates the tRNA wobble modification
reaction in the MnmE/GidA complex. J. Mol. Biol. 2009, 392, 910–922. [CrossRef] [PubMed]

126. Biosa, A.; Trancikova, A.; Civiero, L.; Glauser, L.; Bubacco, L.; Greggio, E.; Moore, D.J. GTPase activity
regulates kinase activity and cellular phenotypes of Parkinson’s disease-associated LRRK2. Hum. Mol. Genet.
2013, 22, 1140–1156. [CrossRef] [PubMed]

127. Gloeckner, C.J.; Kinkl, N.; Schumacher, A.; Braun, R.J.; O’Neill, E.; Meitinger, T.; Kolch, W.; Prokisch, H.;
Ueffing, M. The Parkinson disease causing LRRK2 mutation I2020T is associated with increased kinase
activity. Hum. Mol. Genet. 2006, 15, 223–232. [CrossRef] [PubMed]

128. Greggio, E.; Zambrano, I.; Kaganovich, A.; Beilina, A.; Taymans, J.-M.; Daniëls, V.; Lewis, P.; Jain, S.; Ding, J.;
Syed, A.; et al. The Parkinson disease-associated leucine-rich repeat kinase 2 (LRRK2) is a dimer that
undergoes intramolecular autophosphorylation. J. Biol. Chem. 2008, 283, 16906–16914. [CrossRef]

129. Sen, S.; Webber, P.J.; West, A.B. Dependence of Leucine-rich Repeat Kinase 2 (LRRK2) Kinase Activity on
Dimerization. J. Biol. Chem. 2009, 284, 36346–36356. [CrossRef]

130. Rudi, K.; Ho, F.Y.; Gilsbach, B.K.; Pots, H.; Wittinghofer, A.; Kortholt, A.; Klare, J.P. Conformational
heterogeneity of the Roc domains in C. tepidum Roc-COR and implications for human LRRK2 Parkinson
mutations. Biosci. Rep. 2015, 35, e00254. [CrossRef]

131. James, N.G.; Digman, M.A.; Gratton, E.; Barylko, B.; Ding, X.; Albanesi, J.P.; Goldberg, M.S.; Jameson, D.M.
Number and Brightness Analysis of LRRK2 Oligomerization in Live Cells. Biophys. J. 2012, 102, L41–L43.
[CrossRef]

132. Li, X.; Wang, Q.J.; Pan, N.; Lee, S.; Zhao, Y.; Chait, B.T.; Yue, Z. Phosphorylation-Dependent 14-3-3 Binding
to LRRK2 Is Impaired by Common Mutations of Familial Parkinson’s Disease. PLoS ONE 2011, 6, e17153.

133. Nichols, R.J.; Dzamko, N.; Morrice, N.A.; Campbell, D.G.; Deak, M.; Ordureau, A.; Macartney, T.; Tong, Y.;
Shen, J.; Prescott, A.R.; et al. 14-3-3 binding to LRRK2 is disrupted by multiple Parkinson’s disease-associated
mutations and regulates cytoplasmic localization. Biochem. J. 2010, 430, 393–404. [CrossRef] [PubMed]

134. Rudenko, I.N.; Cookson, M.R. 14-3-3 proteins are promising LRRK2 interactors. Biochem. J. 2010, 430, 5–6.
[CrossRef] [PubMed]

135. Daniëls, V.; Vancraenenbroeck, R.; Law, B.M.; Greggio, E.; Lobbestael, E.; Gao, F.; De Maeyer, M.;
Cookson, M.R.; Harvey, K.; Baekelandt, V.; et al. Insight into the mode of action of the LRRK2 Y1699C
pathogenic mutant. J. Neurochem. 2011, 116, 304–315. [CrossRef] [PubMed]

http://dx.doi.org/10.1371/journal.pone.0013762
http://www.ncbi.nlm.nih.gov/pubmed/21048939
http://www.ncbi.nlm.nih.gov/pubmed/28353279
http://dx.doi.org/10.1371/journal.pgen.1002526
http://dx.doi.org/10.1042/BST20120093
http://dx.doi.org/10.1523/JNEUROSCI.4566-11.2012
http://dx.doi.org/10.1093/hmg/ddu202
http://dx.doi.org/10.1042/BST20160240
http://www.ncbi.nlm.nih.gov/pubmed/27913671
http://dx.doi.org/10.1371/journal.pbio.1000212
http://www.ncbi.nlm.nih.gov/pubmed/19806182
http://dx.doi.org/10.1038/nsb0195-36
http://www.ncbi.nlm.nih.gov/pubmed/7719852
http://dx.doi.org/10.1016/j.jmb.2009.07.004
http://www.ncbi.nlm.nih.gov/pubmed/19591841
http://dx.doi.org/10.1093/hmg/dds522
http://www.ncbi.nlm.nih.gov/pubmed/23241358
http://dx.doi.org/10.1093/hmg/ddi439
http://www.ncbi.nlm.nih.gov/pubmed/16321986
http://dx.doi.org/10.1074/jbc.M708718200
http://dx.doi.org/10.1074/jbc.M109.025437
http://dx.doi.org/10.1042/BSR20150128
http://dx.doi.org/10.1016/j.bpj.2012.04.046
http://dx.doi.org/10.1042/BJ20100483
http://www.ncbi.nlm.nih.gov/pubmed/20642453
http://dx.doi.org/10.1042/BJ20101200
http://www.ncbi.nlm.nih.gov/pubmed/20795948
http://dx.doi.org/10.1111/j.1471-4159.2010.07105.x
http://www.ncbi.nlm.nih.gov/pubmed/21073465


Int. J. Mol. Sci. 2019, 20, 147 21 of 21

136. Guo, L.; Gandhi, P.N.; Wang, W.; Petersen, R.B.; Wilson-Delfosse, A.L.; Chen, S.G. The Parkinson’s disease
associated protein, leucine-rich repeat kinase 2 (LRRK2), is an authentic GTPase that stimulates kinase
activity. Exp. Cell Res. 2007, 313, 3658–3670. [CrossRef] [PubMed]

137. Mata, I.F.; Kachergus, J.M.; Taylor, J.P.; Lincoln, S.; Aasly, J.; Lynch, T.; Hulihan, M.M.; Cobb, S.A.; Wu, R.-M.;
Lu, C.-S.; et al. Lrrk2 pathogenic substitutions in Parkinson’s disease. Neurogenetics 2005, 6, 171–177.
[CrossRef]

138. Mata, I.F.; Taylor, J.P.; Kachergus, J.; Hulihan, M.; Huerta, C.; Lahoz, C.; Blazquez, M.; Guisasola, L.M.;
Salvador, C.; Ribacoba, R.; et al. LRRK2 R1441G in Spanish patients with Parkinson’s disease. Neurosci. Lett.
2005, 382, 309–311. [CrossRef]

139. Xiong, Y.; Coombes, C.E.; Kilaru, A.; Li, X.; Gitler, A.D.; Bowers, W.J.; Dawson, V.L.; Dawson, T.M.; Moore, D.J.
GTPase Activity Plays a Key Role in the Pathobiology of LRRK2. PLoS Genet. 2010, 6, e1000902. [CrossRef]

140. Gandhi, P.N.; Wang, X.; Zhu, X.; Chen, S.G.; Wilson-Delfosse, A.L. The Roc domain of leucine-rich repeat
kinase 2 is sufficient for interaction with microtubules. J. Neurosci. Res. 2008, 86, 1711–1720. [CrossRef]

141. Greggio, E.; Jain, S.; Kingsbury, A.; Bandopadhyay, R.; Lewis, P.; Kaganovich, A.; van der Brug, M.P.;
Beilina, A.; Blackinton, J.; Thomas, K.J.; et al. Kinase activity is required for the toxic effects of mutant
LRRK2/dardarin. Neurobiol. Dis. 2006, 23, 329–341. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.yexcr.2007.07.007
http://www.ncbi.nlm.nih.gov/pubmed/17706965
http://dx.doi.org/10.1007/s10048-005-0005-1
http://dx.doi.org/10.1016/j.neulet.2005.03.033
http://dx.doi.org/10.1371/journal.pgen.1000902
http://dx.doi.org/10.1002/jnr.21622
http://dx.doi.org/10.1016/j.nbd.2006.04.001
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	The Discovery of a Roco Protein Family 
	A Very Wide Evolutionary Range 
	Physiological Functions of Roco Proteins 
	Roco Proteins from Dictyostelium Discoideum 
	Roco Proteins from Vertebrates 

	The Central RocCOR Domain Tandem of Roco Proteins: Structural Insights 
	Roco Proteins: Conventional G-Proteins, GADs or Yet Another Type of G Proteins? 
	Proposal of a New Working Mechanism for Roco Proteins 
	Perspectives 
	References

