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Abstract

Mutation in LRRK2 (Leucine-rich repeat kinase 2) is a common cause of Parkinson’s disease.
Aberrant LRRK2 kinase activity is associated with disease pathogenesis, and thus it is an
attractive drug target for combating PD. Intense efforts in the past nearly two decades have
focused on developing small-molecule inhibitors of the kinase domain of LRRK2, which have
identified potent kinase inhibitors. However, most LRRK2 kinase inhibitors have shown adverse
effects; therefore, alternative mechanism-based strategies are desperately needed. In this review,
we will discuss the new insights gleaned from recent cryo-EM structures of LRRK2 towards
understanding the mechanisms of actions of LRRK2 and explore the potential new therapeutic
avenues.
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Historical overview of LRRK2 and its association with Parkinson’s Disease

In 2002, a 13.6¢M region at chromosome 12p11.2-q13.1 was linked to inheritable autosomal
dominant Parkinson’s disease (PD) and named PARKS&[1]. Two years after, in 2004, two
research groups independently identified Leucine-Rich-Repeat Kinase 2 (LRRK2) as the
causative gene in PARKS8[2, 3]. To date, several PD-associated mutations in LRRKZ2 have
been identified, and together, they constitute the most common cause of inheritable PD
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[1-8]. Mutations in LRRKZaccount for up to 30% of familial PD cases, and they have also
been associated with the risk for sporadic PD [9, 10]. Conversely, a variant of LRRKZ, the
R1398H polymorphism, has been linked to a reduced risk of PD [11].

The precise function of LRRK2 remains unclear, although it has been found bound to
microtubules, localized to the trans-Golgi network and plasma membranes, and may play
arole in vesicular trafficking, axonal transport, and ciliation [12-21]. LRRK2 can be
classified as belonging to the Roco family (see Glossary) of proteins, which is defined by
the occurrence of a Ras-like GTPase domain called Ras of complex proteins (Roc) upstream
of a unique domain named C-terminal of Roc (COR) [22, 23]. The Roc domain is a

bona fide GTPase that hydrolyzes GTP and undergoes nucleotide-dependent conformational
changes reminiscent of the canonical GTPase [24]. The PD-associated mutations in the

Roc domain reduce its GTPase activity and impair its conformational dynamics [24-27].
However, the mechanisms by which these occur remain elusive, and the role of the Roc-
COR di-domain in the activity of LRRK2 is still unclear.

The most common PD-associated mutation in LRRK2 (G2019S) resides within the
activation loop of the kinase domain, and it causes an aberrant increase in kinase

activity [28-30]. Interestingly, the PD-associated mutations in the Roc domain also cause
overactivation of LRRK2 kinase activity [31, 32], thus suggesting the potential existence

of yet-to-be characterized allosteric effects between the two domains. The association of
aberrant kinase activity with disease pathogenesis has made LRRK2 an attractive drug
target for combating PD. Most of the efforts, to date, have been focused on developing
small-molecule inhibitors of LRRK2 kinase activity and, so far, have resulted in several
highly potent kinase inhibitors, and one compound has progressed to phase 1b clinical

trial [33, 34]. Several preclinical studies showed adverse effects upon inhibition of LRRK2
kinase activity; therefore, alternative strategies are being actively explored (see Text Box for
more details) [35]. As such, there is a need for understanding the molecular mechanism of
action of LRRK2 for the development of mechanism-based drug discovery strategies. In this
review, we will discuss the current understanding of the mechanisms of actions of LRRK2
and explore the potential new therapeutic avenues gleaned from the recent studies (Box 1).

The structure of LRRK2

The primary structure of LRRK2 consists of 2,527 amino acids (Figure 1). Bioinformatic
analysis of the amino acid sequence revealed sequence similarity to seven different well-
studied protein folds, including, from N-terminus; 1) an Armadillo repeat domain (ARM),
which is composed of multiple copies of pairs of U-shaped a-helices connected by a
hairpin-turns forming an alpha-solenoid structure, 2) an Ankyrin repeat domain (ANK),
which is also a solenoid structure formed with linear arrays of tandem copies of a motif
composing of a a-helix-loop-a-helix repeating units, 3) a Leucine-rich repeat domain
(LRR), which is composed of B-strand-turn-a-helix repeating units forming a horseshoe-
shaped solenoid domain, 4) a GTPase domain called Ras of complex proteins (Roc) that
consists of six p-strands and five a.-helixes together with the interconnecting loops form the
G protein signature structural features, 5) a unique domain called C-terminal of Roc (COR),
which consists of two lobes, one composing mainly of a-helixes and loops and the other
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composing of B-strand-a.-helix-p-strand motif, 6) a kinase domain (Kin) consisting of five
B-strains and one a-helix in the N-terminal lobe and the C-terminal lobe consists of six
a-helices and two long loops, together representing all the conserved features of a kinase
domain, and lastly 7) a WD40 domain (WD40) composing of seven blades each consisting
of four anti-parallel p-strands and together forming a solenoid circular p-propeller structure.
The remaining 27 amino acids form an a-helix extending from the WD40 domain (Figure
1).

Besides the atypically long primary structure and the occurrence of many domains, the

three uncommon structural features that make LRRK2 unique are the number of solenoid
repeat domains (ARM, ANK, LRR, and WD40) it contains, the co-existence of two different
enzymes (GTPase and kinase) in the same polypeptide chain, and the defining Roc-COR
tandem domain, which forms a tight complex. The ANK and LRR domain, which are in

the N-terminal ‘arm’ of Roc, is wrapped around the kinase domain, which is the C-terminal
‘arm’ of COR [13, 36] (Figure 1). The WD40 domain is tethered to the kinase domain by the
C-terminal helix [13, 36] (Figure 1). The ARM domain is less resolved and extended away
from the protein core [36].

As discussed below, LRRK?2 appears to adopt many different conformations /in vitro, and

it likely undergoes significant conformational changes as it carries out its function. It is
unclear where the conformations captured by cryo-EM lie along the range of LRRK2
activity, or if they are on the path. Therefore, the role of the domains and their arrangement
with respect to one another in the cycle of LRRK2 activity is not yet clear. However, a
recent study showed that the Roc-COR tandem domain dynamically moved relative to the
kinase domain and, in doing so, altered the interactions and conformation of the kinase
domain [37], thus presenting a plausible model in which the motions occurring in Roc-COR
regulates the kinase activity of LRRK2. Indeed, a recent cryo-EM structure of an LRRK2-
Rab29 complex revealed an ‘activated’ conformation in which the COR domain of LRRK2
interacts directly with the activation loop of its kinase domain, thus supporting the notion
of Roc-COR playing a role in regulating LRRK2 kinase activity [38]. Roc-COR has also
been speculated to be involved in the dimerization of LRRK2, which has also been observed
in the bacterial Roco protein [39, 40]. Indeed, prior to the availability of LRRK2 samples
amenable for biochemical and structural characterization, studies using the bacterial model
system had provided insights into the mechanisms of the Roco family of proteins [39-44].
However, this review mainly focuses on LRRK2. To date, several quaternary structures of
LRRK2, including monomer, dimer, trimer, tetramer, and polymer on microtubules, have
been observed [12, 13, 36, 38]; however, the significance of each of these conformational
states to the function of LRRK2 remains unclear.

The kinase activity of LRRK2

The kinase activity of LRRK2 has been demonstrated by several studies, including
autophosphorylation, phosphorylation of generic kinase substrates and specific peptide
substrates, and phosphorylation of a sub-group of Rab GTPases associated with vesicular
trafficking [17, 21, 29, 45-48]. These G-proteins are currently the strongest candidates for
the biological substrates of LRRK2. LRRK2 kinase activity has been shown to regulate
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lysosomal glucocerebrosidase via the phosphorylation of Rab10 in cells derived from a PD
patient [49], thus providing support that Rab10 is a substrate of LRRK2; however, it remains
unclear whether other yet unidentified substrates exist.

To date, it appears that each of the four most-characterized PD-associated mutation sites in
LRRK2 leads to an increase in kinase activity. For example, several studies have observed
that the most common mutation in LRRK2, G2019S, exhibited higher kinase activities than
the wild-type [29, 46]. Similarly, the adjacent 12020T mutation has also been shown to

have higher kinase activity against myelin basic protein and autophosphorylation [29, 50].
However, the 12020T LRRK2 mutant has been observed to exhibit lower kinase activity
against moesin /n vitro [46], thus potentially reflecting the complexity of the mechanisms
regulating LRRK?2 activity. Adding to this potential complexity, the PD-associated mutations
in the Roc and COR domains at position R1441 and Y1699, respectively, have also

been observed to exhibit higher kinase activity [31], thus suggesting a potential allosteric
regulatory mechanism governing LRRK2 kinase activity. Taken together, the data show that
the aberrant increase in the kinase of LRRK2 is associated with the pathogenesis of PD

and that this could occur by both mutations within the kinase domain or those in the other
domains.

The mechanism by which LRRK2 kinase activity is regulated and how it is affected by

the PD-associated mutations remains unclear. However, G2019S resides in the so-called
DFG motif (DYG in LRRK?2) in the activation loop of the kinase domain, which suggests
that the regulatory mechanism of LRRK2 kinase activity is, at least in part, similar to

that of other well-characterized kinases [51], where the aspartic acid of the DFG motif

is a key catalytic residue, and thus its positioning is critical for catalysis. Additionally,

the phenylalanine of DFG plays a role in the assembly of the so-called Regulatory Spine
(R-spine) essential for the activation of conical kinases. Therefore, the G2019S mutation,
changing the DYG motif to DYS, is expected to alter interactions and impair the regulatory
mechanism described above. However, how the PD-associated mutations outside of the
kinase domain of LRRK2 regulate its kinase activity remains a mystery. Recently, molecular
dynamic and hydrogen-deuterium exchange mass-spectrometry studies showed dynamic
interactions between the kinase domain with the Roc-COR di-domain, which suggests that
these interactions might constitute an allosteric regulatory mechanism of LRRK2 kinase
activity [37]. Indeed, a recent cryo-EM structure of an activated LRRK2 showed direction
interactions between the kinase and COR domains leading to the assembly of the R-spine
and ordering of the activation loop. Understanding the mechanism by which this allostery
occurs is undoubtedly essential for understanding LRRK2 activity regulation and potentially
unlocking new avenues for therapeutic discovery.

The role of the G-domain in regulating the kinase activity of LRRK2

Several lines of evidence support that the Roc domain of LRRK2 may be the allosteric
regulator of its kinase activity. For example, the capacity of LRRK2 to bind GTP and

its ability to hydrolyze GTP is required for proper kinase activity [52, 53]. The artificial
mutations within the Roc domain (K1347A, T1348N) that abrogate GTP binding displayed
weakened or no kinase activity /n vitroor in cells [53]. Most of the PD-associated mutations
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in the Roc-COR tandem domain (R1441C, R1441H, Y1699C) that enhance GTP affinity
and reduce GTP hydrolysis showed increased LRRK2 kinase activity [25]. More recently, it
has been shown that the G2019S mutation in LRRK2 induced neurodegeneration in a rodent
model via a mechanism that is dependent on both kinase and GTPase activity [54].

Moreover, the dopaminergic neuronal loss induced by the G2019S mutation in the striatum
of a rat model was significantly attenuated when the GTP-locked mutants (T1348N,
R1398L) were also introduced [54]. As such, it appears that both conformation and GTPase
activity of Roc modulate the kinase activity of LRRK2. How the Roc domain regulates the
activity of its kinase activity of LRRK2 remains unclear; however, the literature suggests
two plausible mechanisms.

LRRK2 potentially exists in equilibrium between membrane-bound dimeric and cytosolic
monomeric conformations [55], where the dimeric form has been shown to have higher
kinase activity than that of the monomeric conformation [56], thus suggesting that the kinase
activity might be activated upon dimerization. A recent cryo-electron tomography study of
LRRK2 bound to microtubules 7 situ showed the Roc-COR di-domain at the homo-dimeric
interface [12]. Although it remains unclear whether or not this dimeric interaction occurs in
un-bounded soluble LRRKZ2, it has been observed in the Chlorobaculum tepidum homolog
Roco protein, where homodimerization occurred via a direct interaction between the Roc
and COR domains in a guanine nucleotide-dependent manner — a dynamic equilibrium
between GDP-bound dimeric and GTP-bound monomeric conformations [39]. This evidence
suggests a plausible mechanism whereby nucleotide binding to the Roc domain regulates
dimerization of LRRK2 and thereby its kinase activity.

Alternatively, or additionally, the Roc domain may intramolecularly interact with the

kinase domain and, in doing so, modulates its kinase activity. Evidence for this potential
mechanism came from a recent hydrogen-deuterium exchange study showing the Roc-COR
di-domain undergoes a dynamic motion relative to the kinase domain [37]. In the ‘compact’
conformation, Roc-COR interacts directly with the active-site structures of the kinase
domain known in canonical kinases to govern the phosphotransfer reaction, including the
activation loop and the a.C helix [37] (Figure 2). This model is supported by a very

recent cryo-EM structure of an LRRK2-Rab29 complex that showed an active conformation
of the kinase domain interacting directly with the COR domain [38]. What drives the
potential reciprocating motion between the ‘compact’ and ‘extended’ conformations remains
unclear; however, clues can be gleaned from the wealth of knowledge on G-protein mediate
conformational changes in other systems, the detailed structural and mechanistic studies of
the Roc domain, and the recent cryo-EM structures of LRRK2.,

G-domain activity and conformational changes

G proteins are molecular switches that toggle between the “on” and “off” states upon
binding to GTP or GDP, respectively [57]. The conformational changes that occur upon
binding GTP result in the assembly of protein surfaces for binding to effectors to propagate
signaling or drive mechanical motions and protein assemblies. Although G proteins have
intrinsic GTP hydrolysis activity, they can be regulated by several types of proteins. GTPase
activating proteins (GAPs) facilitate GTP hydrolysis leading to the switching from “on”
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to “off” conformation of the G protein. In contrast, guanine nucleotide exchange factors
(GEFs) facilitate the binding of GTP to the G proteins by increasing the rate of exchange
of GDP for GTP and, thereby, switching to the “on” conformation. The G-domain of G
proteins is about 20-kD, which consists of the structural features required to carry out the
basic function of nucleotide binding, hydrolysis, and switching.

The Roc domain of LRRK2 is a 22-kD G-domain that is independently folded and active as
a GTPase [24]. Although Rac shares very low amino acid sequence conservation with other
G proteins, it possesses all the signature structural features of a typical G protein, including
the P-loop, Switch I, Switch 11, and the G-binding motifs. However, Roc is unique in that,
by definition, it always coexists with the COR domain, suggesting that the way in which Roc
functions might also be unique relative to that of the typical G proteins. A notable difference
in the amino acid sequence of Roc compared to the typical G protein is an arginine residue
at position 1398 of Roc, while other G proteins contain a glutamine residue at the equivalent
position. This glutamine residue in the typical G proteins catalyzes GTP hydrolysis by
activating a nearby water molecule for nucleophilic attack at the gamma-phosphate of GTP.
How an arginine residue at the equivalent position in Roc affects its activity is a mystery
and may indicate a unique mechanism of action. Another data point suggesting that the
mechanism of Roc might be distinct from that of the typical GTPases is that, although the
intrinsic GTPase activity of the isolated Roc domain is similar to that of Ras (kg = 0.020
min~1 vs. 0.028 min~1, respectively), its affinity for GTP is significantly lower (K4 = 7.85
UM vs. 79.1 pM, respectively) [13, 24, 58].

How these unique features of Roc integrate with the COR domain to exert its switching
function on the activity of LRRK2 remains elusive. However, in an isolated construct
called Roceyt consisting of residues 1329-1525, Roc exists in both monomeric and dimeric
conformations [24-26]. Although this homo-dimeric conformation of Roc has not been
observed in the structures of LRRK2 determined so far and is thus unlikely to occur in the
context of the full-length protein, it does occur in Rocey: in @ nucleotide-dependent manner.
Specifically, Wu et al. elegantly showed that dimeric Rocey: broke up into monomers

upon binding GTP and dynamically converted back to dimers in the GDP-bound form, all
occurring in the same protein sample [25]. This showed that the formation of Rocey; dimers
is a consequence of the nucleotide-dependent conformational changes of the signature
structural features, such as Switch | and Switch 11, as would occur during the switching
actions of canonical G proteins. Using this dimer-monomer equilibrium of Rocgy; as a
measure of its nucleotide-dependent conformational changes, we showed that all the PD-
associated mutations in the Roc domain impaired this conformational dynamic and trapped
it in the monomeric state, even in the absence of GTP [25-27]. This implies that the PD-
associated mutations in Roc each traps it in a persistently activated or “on” state, which begs
the question, what does this state do to the full-length LRRK2? Applying these observations
to the context of the full-length LRRK?2, where the switch regions and the PD-associated
mutations in Roc reside at the interface with COR (Figure 3), it seems plausible that the
nucleotides and PD-mutations potentially affect the interaction between Roc and COR in a
similar fashion as they affected the Roc-Roc homodimer described above. For example, the
nucleotide-dependent conformational changes in Roc could potentially alter its interactions
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with COR, and that the PD-associated mutations in Roc may impair this process and trap it
in a persistently ‘activated’ state.

Potential mechanism of Roc conformational changes regulating kinase activity

The precise mechanism of nucleotide-mediated conformational changes in Roc and how
they are conveyed to the other domains in LRRK2 is entirely unknown. However, the fact
that Roc always exists in tandem with the COR domain suggests that the two domains
might function as a unit. This notion is supported by the recent cryo-EM structures of
LRRK2, revealing that Roc is cradled deeply in the middle of the COR domain [13, 36]
(Figure 3). As described above, in the center of this Roc-COR interface lies the Switch

Il of Roc, which is known to undergo conformational changes upon binding guanine
nucleotides and, as its name implies, is critical for mediating the switching mechanism

of G proteins [57]. Moreover, the PD-associated mutations that impair the conformational
dynamics of Roc described above reside at the interface between Roc and COR (Figure 3).
Given the biochemical and structural data described above, it seems plausible that GDP and
GTP binding pushes and pulls Switch 1 relative to COR creating relative motion between
the domains N-terminus of Roc and C-terminus of COR. Since the N- and C-terminus

half of LRRK2 are covalently linked to the N-terminus of Roc and C-terminus of COR,
respectively, we imagine that a motion in Roc with respect to COR would likely result in the
drastic global conformational change in LRRK2 (Figure 4). This model would explain that
the PD-associated mutations in Roc impair the potential Roc-COR-mediated conformational
changes in LRRKZ2, leading to the dysregulation of its kinase activity. Indeed, during our
revision of this manuscript, a cryo-EM structure reported in BioRxiv showed that the
interactions between Roc and COR in the kinase-active state are different than those in

the kinase-inactive state, where the helix-C of Roc is tilled 15° relatively between the two
states [38].

Concluding remarks

It is an exciting time for PD research and LRRK2, particularly with the recent structural and
biochemical data providing insights into its mechanism of action. LRRK2 is fundamentally
an interesting enzyme in that it consists of two distinct enzymes in the same polypeptide
chain. Defining how the activity of one potentially modulates the activity of the other

is essential for understanding LRRK2. Understanding the mechanism of LRRK2 would
undoubtedly open new avenues for drug discovery to combat PD. The currently available
data in the literature suggest that the Roc-COR di-domain is the nucleotide-dependent
allosteric regulator of LRRK2 activity. As such, it seems that Roc-COR is an attractive target
for allosterically modulating the kinase activity of LRRK2. This strategy may circumvent
the adverse effects observed in the currently known inhibitors of the kinase domain of
LRRK2.

To do so, a better understanding of the mechanism of conformational changes that occur
within Roc-COR and how that is reciprocated to the other domains of LRRK2. Several
key remaining questions to unraveling the mechanism of LRRK2 include a) what is the
active conformation of LRRK2, b) what is the role of each domain in the functioning
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of LRRK2, c) what is the mechanism by which LRRK2 switches from an inactive to

an active conformation? Answering these questions will likely depend on the ability to

trap LRRK2 in its various conformations for structural and biochemical characterizations.
Studies are underway in several groups to trap LRRK2 in specific conformations via protein
engineering, binding of small molecules, and trapping with antibodies and aptamers in the
quest to find the answers to these questions.
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GLOSSARY:

Activation loop
A flexible loop close to the active site. In most kinases, activation occurs by the
phosphorylation of specific residues in the activation loop.

Allosteric modulators
Compounds or proteins that modulate the activity of an enzyme or a receptor by interacting
with areas outside of their orthosteric sites.

GTPase activating protein (GAP)
A negative regulator of GTPase protein that promote the conversion of the GTP-bound form
to the GDP-bound form.

Guanine nucleotide exchange factor (GEF)
A protein that facilitates the release of GDP from the small G-protein.

Nanobodies
Small single-domain antibodies derived from heavy chain only antibodies present in
camelids and cartilaginous fishes.

R-spine
The regulatory spine is a collection of residues that dynamically assemble as a part of
regulation of kinase activity. An assembled R-spine is a hallmark of an active kinase.

Roco Family
A family of proteins characterized by containing Roc (a Ras-like GTPase domain) and COR
(C-terminal of Roc) domains in tandem.

Small-molecule inhibitors
Bioactive small molecules with a molecular weight of less than 900 Daltons.
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TEXT BOX
New avenues for therapeutic discovery

LRRK2 remains the most promising drug target for combating Parkinson’s disease
(PD), and the predominant therapeutic strategy in the recent 18 years has been on
developing small-molecule inhibitors targeting the kinase domain of LRRK2. LRRK2
is an attractive drug target for several practical reasons, including being an enzyme
consisting of active sites well suited for binding potential drugs and the preexisting
deep experience in kinase drug discovery in the field. Indeed, LRRK2 kinase activity
has been effectively inhibited by a broad set of kinase inhibitors that compete for ATP
in the ATP-binding pocket as well as LRRK2-specific compounds [33, 34], including
two compounds, DNL201 and DNL151, in clinical trials [59]. Although a recent study
in nonhuman primates showing that the histopathological changes caused by LRRK2
kinase inhibitors were reversible after drug withdrawal has helped alleviate concerns
about the toxicity observed in earlier preclinical studies [60-63], they have prompted
interest in potential alternative strategies, including targeting the Roc domain or specific
domain-domain interfaces [35].

To this end, three compounds targeting the GTP affinity of Roc showed rescuing

effects against LRRK2-associated impairment and toxicity in neuronal cultures and
mouse models [64-66]. Moreover, impairing GTP-binding by introducing a point
mutation T1348N into the PD-associated mutant G2019S resulted in the attenuation of
dopaminergic neuronal loss in a rat model [54]. While these studies suggest that targeting
the GTP-binding site of Roc may have therapeutic effects, there are several drawbacks to
this strategy; including the potential off-target side effects as the GTP-binding pockets of
different small G-proteins are remarkably similar, and thus specificity would be difficult
to achieve, and their superior affinity for Roc needed in order to compete with the high
cellular concentration of GTP (~ 0.5 mM) [67].

A new front of targeting LRRK2 focuses on allosteric modulators of GTP-binding

by modulating the conformational states of Roc, which could potentially circumvent

the formidable challenges mentioned above. A recent study showed that disrupting
LRRK2 dimerization by poisoning the interface between Roc and COR with a stabilized
helical peptide resulted in decreased kinase activity [68]. Similarly, the binding of
nanobodies to LRRK2, presumably locking it in certain conformations, also attenuated
its kinase activity [69]. Understanding where these peptides and nanobodies bind and
how they alter the conformation of LRRK2 would facilitate their optimization. The recent
availability of structural data has provided frameworks for structure-based design of
small-molecule inhibitors and provided insights that opened new avenues for structured-
based design of conformational-locking antibodies and other biologics targeting LRRK2.
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OUTSTANDING QUESTIONS:
. What is the active conformation of LRRK2?
. What is the role of each domain in the functioning of LRRK2?

. What is the mechanism by which LRRK2 switches from an inactive to an
active conformation?
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HIGHLIGHTS:
. Mutation in LRRK2 is a common cause of Parkinson’s disease.
. Over the past nearly two decades, detailed structural and biochemical studies

of the Roc domain of LRRK2 revealed a dynamic nucleotide-dependent
conformational equilibrium; however, how this reciprocates to other domains
remains unclear.

. The recently determined cryo-EM partial structures of LRRK2 reveal how the
domains might interact with one another and enable examining Roc activity in
the context of the full-length protein.

. The available data suggest that the Roc-COR tandem domain may
allosterically regulate the kinase activity of LRRK2.
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Figure 1. Structure of LRRK2.
a) The primary structure of LRRK2 consists of 2527 amino acids folded into seven domains,

including Armadillo (ARM), Ankyrin (ANK), Ras of complex proteins (Roc), C-terminal
of Roc (COR), kinase (Kinase), and WD40. b) Ribbon presentation of LRRK2 showing the
Roc domain (yellow) cradled in the center of the COR domain (orange). The ANK domain
(purple) and LRR domain (blue) wrap around the Kin domain (red). The WD40 domain
(green) tethers the kinase domain via a long C-terminal helix. This conformation is believed
to be a kinase-inactive state. (PDB ID: 7L14)
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a

Kinase inactive

Figure 2. Potential allosteric regulation of kinase activity.
a) Ribbon representation showing the Roc-COR tandem domain (yellow-orange) is mostly

separated from the Kin domain in a kinase-inactive conformation (PDB ID: 7L14). b)

A theoretic model of Roc allosterically modulates the kinase of LRRK2 constructed by
manually rotating Roc of PDB ID 7L14 closer to its kinase domain based on recent structural
data [38]. The Roc-COR tandem domain has rotated closer to and interacts directly with

the Kin domain in a kinase-active conformation. This movement might be regulated by a
rotation of Roc relative to COR by about 15 degrees [38].
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Figure 3. The Roc-COR interface.
Semi-transparent surface rendering of the Roc-COR domain of LRRK2 (yellow-orange)

showing the Switch 11 (blue) is buried deep in the center of the interface cleft of COR. Both
PD-mutations in Roc and in COR reside at the interface between the two domains. (PDB ID:
7L14)
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Figure 4.
A theoretical model of GDP-GTP-dependent conformational change in Roc leading to

a global structural change in LRRK2. The nucleotide-dependent conformational changes in
Roc-COR, in addition to modulating the kinase activity of LRRK2 by the direct interaction
between COR and kinase domain as described in [38] and depicted in Figure 2 above,
potentially leads to a broad global conformational change and modulate the other activities
of LRRKZ2, such as substrate binding and subcellular localization.
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