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Revisiting the Roco G-protein cycle

Susanne Terheyden*1', Franz Y. Hot', Bernd K. Gilsbach*1", Alfred Wittinghofer+ and Arjan Kortholt*?

*Department of Cell Biochemistry, University of Groningen, Nijenborgh 7, 9747 AG Groningen, The Netherlands
‘Max-Planck-Institut fur Molekulare Physiologie, Otto-Hahnstrasse 11, 44227 Dortmund, Germany
FDepartment of Biochemistry, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

Mutations in leucine-rich-repeat kinase 2 (LRRK?2) are the most
frequent cause of late-onset Parkinson’s disease (PD). LRRK2
belongs to the Roco family of proteins which share a conserved
Ras-like G-domain (Roc) and a C-terminal of Roc (COR) domain
tandem. The nucleotide state of small G-proteins is strictly
controlled by guanine—nucleotide-exchange factors (GEFs) and
GTPase-activating proteins (GAPs). Because of contradictory
structural and biochemical data, the regulatory mechanism of the
LRRK2 Roc G-domain and the RocCOR tandem is still under
debate. In the present study, we solved the first nucleotide-bound
Roc structure and used LRRK?2 and bacterial Roco proteins to
characterize the RocCOR function in more detail. Nucleotide
binding induces a drastic structural change in the Roc/COR
domain interface, a region strongly implicated in patients with
an LRRK2 mutation. Our data confirm previous assumptions that
the C-terminal subdomain of COR functions as a dimerization

device. We show that the dimer formation is independent of
nucleotide. The affinity for GDP/GTP is in the micromolar
range, the result of which is high dissociation rates in the s~!
range. Thus Roco proteins are unlikely to need GEFs to achieve
activation. Monomeric LRRK2 and Roco G-domains have a
similar low GTPase activity to small G-proteins. We show that
GTPase activity in bacterial Roco is stimulated by the nucleotide-
dependent dimerization of the G-domain within the complex.
We thus propose that the Roco proteins do not require GAPs
to stimulate GTP hydrolysis but stimulate each other by one
monomer completing the catalytic machinery of the other.

Key words: dimerization, GAD, guanosine-5'-triphosphatase
(GTPase), leucine-rich-repeat kinase 2 (LRRK2), Parkinson’s
disease.

INTRODUCTION

Parkinson’s disease (PD) is a common and devastating
neurodegenerative disorder affecting 1-2 % of the population
over 65 years of age. There is no treatment for PD and the exact
cause is unknown [1]. Mutations in human leucine-rich-repeat
kinase 2 (LRRK?2) are the most frequent cause of late-onset PD
[2,3]. They are found in 5-6 % of the patients with familial PD
and have also been associated with sporadic PD [4]. LRRK2
belongs to the Roco family of proteins, which are characterized
by the presence of leucine-rich-repeats (LRRs) and a tandem of
Ras-like G-domain (Roc; Ras of complex proteins), connected
to COR (C-terminal of Roc) and often also a kinase domain [5].
The various LRRK2 mutations that have been identified in PD
are concentrated in the central region of the protein: mutation on
one residue within the LRR domain, one in the Roc domain that
can have multiple substitutions, one in the COR domain and two
in the kinase domain [6]. The multiple disease-linked mutations
in the LRRK2 represent a unique opportunity to biochemically
explore the pathogenicity of LRRK2 and identify the therapeutic
targets for this neurodegenerative disorder. LRRK?2 kinase activity
is critically linked to clinical effects and the most prevalent PD
mutation, LRRK2 G2019S, in the kinase domain results in an
enhanced kinase activity, suggesting a possible PD-related gain
of abnormal or toxic function [7-9]. Therefore the function of the
LRRK?2 kinase domain has been studied extensively and inhibitors

of LRRK?2 kinase activity are a heavily pursued class of drug
targets [10].

The Roc domain of LRRK?2 belongs to the family of small G-
proteins [5]. G-proteins are GTP-binding proteins which switch
between an active GTP- and an inactive GDP-bound state. In Roco
family members, the G-domain always occurs in tandem with
the COR domain. Contradictory biochemical and structural data
have been reported for the LRRK2 RocCOR module, therefore
its function is still not well understood [11-13]. However, it
is known that the G-domain of LRRK2 functions as a bona
fide GTP-binding protein and that GTP binding is essential for
the regulation of LRRK2 kinase activity [14—18]. Our previous
studies with the Roco protein from Chlorobium tepidum suggested
that COR is a dimerization device and that stimulation of the
GTPase activity depends on dimerization [12]. However, the
structure of the RocCOR domain from C. tepidum was solved
in the absence of nucleotide. Therefore the effect of nucleotide
binding on the structure, in particular its effect on the switch
regions of the protein, needs to be investigated. We also need
to show and/or confirm whether COR dimerization, the low
nucleotide affinity and low GTPase activity is a general feature
of the Roco proteins and qualifies them as G-proteins activated
by dimerization (GADs). In the present study, we investigated
the structure and the function of the RocCOR module in more
detail. Our results show that the Roco proteins have a relatively
low affinity for and fast dissociation of nucleotide, COR functions

Abbreviations: COR, C-terminal of Roc; GAD, G-protein activated by dimerization; GAP, GTPase-activating protein; GEF, guanine-nucleotide-exchange
factor; GppNHp, 5'-guanylyl imidodiphosphate; HEK, human embryonic kidney; HRP, horseradish peroxidase; LRR, leucine-rich-repeat; LRRK2, leucine-
rich-repeat kinase 2; mart, 30-O-(N-methyl)anthranoyl; PD, Parkinson’s disease; Roc, Ras of complex proteins; SEC, size-exclusion chromatography; TEV,

tobacco etch virus.
T These authors contributed equally to this work.

2 To whom correspondence should be addressed (email A.Kortholt@rug.nl).
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as a dimerization device and dimerization is essential for GTPase
activity.

EXPERIMENTAL
Recombinant expression and purification of Roco proteins

The coding sequence of the Methanosarcina barkeri Roco2
(Swiss: Q46A62) Roc (amino acids 318-480) and RocCORAC
(amino acids 287 —629) fragments were cloned into a pGEX4T]1
vector containing an N-terminal GST tag and TEV (tobacco
etch virus) cleavage site. The RocCOR (amino acids 287-
790) fragment was ligated into pProExHTb, which contains
an N-terminal histidine tag. The RocCOR R404A/R405A
mutant was created by the Quick Change method and
verified by sequencing. The resulting expression plasmids were
transformed in BL21(DES3) cells and grown in Terrific broth (TB)
medium. Expression of the GST-Roc, His—RocCOR and GST-
RocCORAC fragments was induced with 0.1 mM IPTG at a D¢y,
of 0.7 in shaking culture. Utilizing the LEX bioreactor (Harbinger
Biotech), the cells were grown to a Dy of 3 before induction.
After overnight expression at 18°C, cells were harvested by
centrifugation, washed (resuspended and pelleted) with TBS and
resuspended in buffer A (30 mM Hepes, pH 7.5, 150 mM NaCl,
5 mM MgCl,, 3 mM 2-mercaptoethanol, 0.1 mM GDP and 5 %
glycerol). Cells were lysed using sonication and purified by GSH
or Ni-NTA (nitrilotriacetic acid)/Talon affinity chromatography.
The protein was eluted in buffer A containing either 20 mM
GSH or 200 mM imidazole. GST-fusion proteins were cleaved
with TEV protease. Subsequently size-exclusion chromatography
(SEC) with buffer A was performed.

Size determination by SEC

Before performing the SEC experiments, all proteins were loaded
with GppNHp (5'-guanylyl imidodiphosphate), GDP or GDP with
2 mM AICI; and 20 mM NaF (GDP + AlF,) by incubation with
10 mM EDTA and a 20-fold excess of the indicated nucleotides
for 2 h at room temperature. SEC experiments were performed
on S75 (10/300) and S200 (10/300) superdex columns (GE
Healthcare). To keep the protein in a nucleotide-bound state
during the experiment, an excess of the corresponding nucleotide
(0.1 mM GppNHp, 0.1 mM GDP, 0.1 mM GDP + 20 mM NaF
+ 2 mM AICl;) was added to the SEC buffer (30 mM Tris/HCI,
pH 7.5, 50 mM NaCl, 5 mM MgCl,, 3 mM 2-mercaptoethanol
and 2.5 % glycerol).

Cell culture and immunoprecipitation

Human embryonic kidney (HEK)-293T-cells were maintained in
Dulbecco’s modified essential medium supplemented with 10 %
FBS and incubated in 37°C/10 % CO, incubator. Transfection
was performed by standard calcium phosphate method [19].
After transfection with appropriate plasmids for 48 h, cells
were lysed in lysis buffer containing 50 mM Tris/HCI (pH 7.5),
150 mM NaCl, 5 mM MgCl,, 1 mM EGTA, 100 uM GDP, 2 mM
DTT, 5% glycerol and protease inhibitors (10 pg/ml leupeptin,
pepstatin A, aprotinin, 1 mM benzamidine and 1 mM PMSF).
Immunoprecipitation was performed by mouse anti-FLAG (MS5)
antibody (Sigma) or mouse anti-GFP antibody (Roche) with
Protein A/Protein G-Plus agarose (Merck) overnight at 4°C.
The precipitated samples were washed four times with lysis
buffer and resuspended in 1X Laemmli buffer. Samples were
separated by SDS/PAGE and transferred on to PVDF membrane

© The Authors Journal compilation © 2015 Biochemical Society

(Whatman). Rabbit anti-FLAG (M2) antibody (Cell Signaling),
mouse anti-GFP (Roche) or rabbit anti-GFP (Cell Signaling) were
used for primary antibodies. Rabbit anti-mouse HRP (horseradish
peroxidase)-conjugated antibody and HRP-conjugated Protein A
were used as secondary antibodies for mouse and rabbit primary
antibodies. Blots were incubated with SuperSignal West Pico
chemiluminescent substrate (Pierce) for signal development and
detected by exposure to X-ray film (Fuji).

Crystallography

The RocCORAC protein crystallized in 50 mM Tris/HCI
(pH 8.5), 50 mM Na,SO,, 50mM Li,SO, and 30% (w/v)
PEG400 in hanging drop. For cryoprotection, another 20 %
glycerol was added to the reservoir solution. The dataset
was collected on beamline X10SA at the Swiss Light Source
(Paul Scherrer Institute, Villigen, Switzerland) and was indexed,
integrated and scaled with the XDS package. The structure was
solved by molecular replacement using the Roc domain of C.
tepidum (PDB code 3DPU) as a template. The model was built in
COOT and refined with REFMACS5 (CCP4 suite). Figures were
generated in PyYMOL (DeLano Scientific).

GTPase activity

To measure the GTPase activity, 5 uM M. barkeri RocCORAC,
RocCOR or RocCOR R404A/R405A Roco protein was incubated
in buffer A (without GDP) with 200 uM GTP in the presence
of [y-*P]GTP. Samples were taken at the indicated time-points
and immediately quenched by mixing with ice-cold 20 mM
phosphoric acid with 5 % activated charcoal. All non-hydrolysed
GTP was stripped by charcoal and precipitated by centrifugation.
The inorganic phosphate remaining in the supernatant was
subjected to scintillation counting.

Nucleotide affinity

To remove the bound nucleotide, the M. barkeri RocCOR
fragment was incubated overnight at 4°C with alkaline
phosphatase (1.5 units/mg protein). HPLC was used to monitor
degradation of the GDP. Subsequently, SEC was performed with
buffer A (without nucleotide) to obtain nucleotide-free protein.
The affinity for GDP and GppNHp was measured employing 30-
O-(N-methyl)anthranoyl (mant)-nucleotides (1 M). The protein
was titrated stepwise at 20°C until saturation was reached.
Fluorescence-polarization was measured using the FluoroMax-
4 (Horiba Scientific). Mant-nucleotides were excited at 366 nm
and emission was recorded at 450 nm. The signal was integrated
over at least 5 min. The dissociation constant (K},) was calculated
by fitting a quadratic equation to the data using GraFit5 (Erithacus
Software).

RESULTS AND DISCUSSION
Dimerization is independent of nucleotide binding

Because of the lack of sufficient amounts of stable recombinant
human Roco protein and to support and extend previous data from
a bacterial homologue [12], we used M. barkeri Roco proteins to
study the dimerization mechanism in more detail. Previously we
have shown that homologous Roco-proteins from bacteria and
Dictyostelium can be used to infer/deduce the biochemical and
structural properties of LRRK2 [12,20]. M. barkeri possesses four
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(A) Coomassie Blue-stained SDS/PAGE gels showing the final purity of the purified M. barkeri Roco2 fragments. (B—D) SEC analysis of (B) RocCOR (amino acids 287—790), (C) RocCORAC (amino
acids 287-629) and (D) Roc (amino acids 318-480) in the presence or absence of excess of the indicated nucleotides. Apparent molecular masses were obtained from equilibration with standard

marker proteins (GE Healthcare). AU, arbitrary units.

Roco proteins; all consisting of LRRs, a Roc- and a COR domain.
In contrast with the human LRRK2 protein, we were able to
express and purify a Roc (amino acids 318-480), a RocCORAC
(amino acids 287-629) and a RocCOR (amino acids 287-790)
fragment from M. barkeri Roco2 in Escherichia coli (Figure 1A
and Supplementary Figure S1). RocCORAC does not include
the C-terminal subdomain of COR, which we have previously
shown to be responsible for dimer formation of RocCOR from
C. tepidum [12]. By SEC we analysed the oligomeric state of
the different Roco constructs. The RocCOR construct elutes at
an apparent mass of 122 kDa, indicating that it forms a dimer in
solution (Figure 1B). In contrast, the Roc and the RocCORAC
constructs are both monomeric in solution, with an apparent
mass of 12 kDa and 39 kDa (Figures 1C and 1D), showing that

the C-terminal subdomain of M. barkeri COR is essential for
dimerization.

To test if the dimerization of the M. barkeri RocCOR tandem is
nucleotide dependent, we loaded the protein with GDP (inactive),
GppNHp (active) or GDP + AIF, (mimic of the transition
state during GTP hydrolysis) and subsequently performed SEC
experiments (Figures 1B—1D). To ensure that the protein was
nucleotide-bound during the complete course of the experiment,
an excess of the nucleotides was added to the buffer. The
size exclusion experiments revealed only very small nucleotide-
dependent shifts in the apparent masses of the three constructs,
probably reflecting nucleotide-dependent structural changes (see
also below), suggesting that dimer formation is constitutive and
not regulated by the nature of nucleotide bound to the Roc domain.

© The Authors Journal compilation © 2015 Biochemical Society



142 S. Terheyden and others

Table 1

Values in parentheses are for the highest resolution shell. 1 A = 0.1 nm

Data collection and X-ray refinement statistics

Crystal RocCORAC
Data collection Native
Space group P6,22
Cell dimensions
a b, c(h) 109.4, 109.4, 223
o By () 90, 90, 120
Resolution (A) 49(2.9)
R-measured 0.073(0.8)
lfo 21.84 (2.84)
Completeness 99.6 (98.6)
Redundancy 8(8)
Refinement
Resolution (A) 29
Total number of reflections 17273
Number of reflections used 16363
Hwork/Hfree 0.24/0.27
Number of atoms
Protein 2643
Ligand/ion 48
Water 30
B-factors
Protein 62.31
Ligand/ion 7812
Water 70.39
RMSD .
Bond lengths (A) 0.005
Bond angles (°) 0.985

The structure of GDP-bound monomeric Roc

Since the previous structure of the Roc domain from C. tepidum
was solved in the absence of nucleotide, we set out to analyse
nucleotide binding to the Roco G-domain at the molecular level.
We were able to crystallize and solve the structure of GDP-bound
M. barkeri RocCORAC (Figure 2). Crystals were obtained in
space group P6(1) 2 2 and the structure was solved by molecular
replacement using the Roc domain of C. tepidum Rocol (PDB
code 3DPU) as a template (Table 1). A single RocCORAC
molecule was found in the asymmetric unit. The Roc domain
shows the typical canonical monomeric G-protein fold with a
central six-stranded S-sheet and a-helices on each side of the sheet
(Figures 2A and 2B). Helices, 8-sheets and the highly conserved
G1-G5 motifs are arranged as reported for other monomeric G-
proteins (Figure 2B) [21]. The G1 motif, also called the P-loop, is
essential for the binding of the S-phosphate of the nucleotide,
as well as for the interaction with a magnesium-ion in the
nucleotide-binding pocket. The G1 motif loop of RocCORAC
(GDGEAGKT) and the guanine-base-binding G4 (NKID) and
G5 (normally SAK, here SCK) motifs overlay notably with
the Ras structure and the magnesium-ion is coordinated with
the B-phosphate in the canonical fashion. The switch regions,
which are the sensors of the nucleotide (GDP/GTP) state of
G-proteins and required for interaction with effectors, have a
particular conformation different from that of other G-domains, as
expected.

Superimposition of the swapped dimer structure from the
human Roc dimer (PDB code 2ZEJ) [12] with the Roc domain
from C. tepidum had revealed serious clashes between the
second G-domain and the N-terminal subdomain of COR [12].
Importantly, the latter region is highly conserved in all Roco
proteins, including LRRK?2 (Supplementary Figure S1) [5]. The
overall fold of the N-terminal part of COR (COR-N) in the

© The Authors Journal compilation © 2015 Biochemical Society

monomeric RocCORAC structure is highly similar to that in
the previously described C. tepidum RocCOR dimer (Figure 2C)
[12]. Although the RocCORAC COR-N is slightly tilted, the
interactions between Roc and COR-N are highly similar in the M.
barkeri and C. tepidum structures.

Although switch 1 could not be traced in the C. tepidum
structure, it can be clearly identified in the Roc CORAC structure.
Whereas switch 2 comprises a loop between pB-strand-3 and
helix-2 in most Ras-like proteins [21], in RocCORAC, switch
2 consists of a short helix. Helix «2 is moved towards the
nucleotide-binding pocket in order to allow the switch 2 loop to
form this additional helix (Figures 2C and 2D). Whereas switch
1 is oriented towards the solvent, switch 2 is situated in the
conserved Roc/COR interface (Figure 2E). There are a number of
hydrophobic side chains from helix-2 and switch 2 pointing into
the hydrophobic pocket between Roc and COR and an additional
hydrogen bond interaction between Tyr** from COR and Glu*!
and Thr**¢ in switch 2 of Roc (Figure 2E). In comparison with the
nucleotide-free C. tepidum Roc domain, the present GDP-bound
Roc domain structure reveals a major rearrangement of switch 2
which influences the orientation of COR-N (Figures 2D and 2F).
In the M. barkeri structure, the COR-N is shifted with respect
to the Roc domain. Neglecting this relative shift in orientation,
the G-domain (Figure 2C) and COR-N (Figure 2G) superimpose
rather well.

The main function of the small and large G-proteins is to
structurally switch between a GDP- and a GTP-bound state and to
thus allow coupling to a downstream effector. Assuming that the
Roc domain acts as a structural switch and there is no indication
that it would not, we might assume from structural considerations
that the nucleotide state mediates intramolecular conformational
changes between the domains. Switch 2 is a very promising
candidate to be a mediator of such intramolecular signalling
through the Roc/COR domain interface. In such a scenario, the
GDP-GTP transition would cause a conformational change in
switch 2 and in the Roc/COR interface with implications for
the activation mechanism of the protein. A strong argument
for such a mechanism comes from the fact that the Roc and
COR always occur in tandem and that the interface residues
are highly conserved from bacterial to human Roco proteins
(Supplementary Figure S1). The significance of the interface is
highlighted by the finding that patients with LRRK2 mutations
of the Roc and COR domains are most probably situated in this
interface [12].

Dimerization is essential for GTPase activity

To measure the GTPase activity, the recombinant M. barkeri
proteins were incubated with [y-**P]JGTP and the subsequent P,
release was measured over time (Figure 3). The RocCOR dimer
showed a hydrolysis activity of 1.3x1072 min~' (Figure 3),
which is in a similar range as reported for the C. tepidum and
LRRK?2 Roco proteins [12,13,22] and similar to what has been
reported for Ras. Previously, it was shown that GTPase activity of
C. tepidum is regulated by dimerization [12]. Consistent with
this, the RocCORAC monomer (1.7x107* min~') shows an
approximately 10-fold decreased GTPase activity compared with
the RocCOR dimer (Figure 3). C. tepidum Roco uses an arginine
finger that is essential for stimulating GTP hydrolysis in the
neighbouring Roc domain [12]. A detailed look at the M. barkeri
RocCORAC structure revealed two arginine residues (Arg*** and
Arg*®) that are located in the same loop and in a position to
point towards the y-phosphate, similar to the C. tepidum Roco
arginine finger (Arg>*) (Figure 2A; Supplementary Figure S1).
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Figure 2 Structure of M. barkeri RocCORAC bound to GDP

(A) Ribbon diagram of the RocCORA C fragment (287—629). The Roc domain (green) is bound to GDP (ball and stick) and contains B-phosphate-bound magnesium (red cross). Structural elements
of a canonical G-protein such as switch 1 and 2 are highlighted. The COR domain is shown in blue. (B) Topology diagram of the M. barkeri Roc domain. Structural elements of a canonical G-protein
are highlighted corresponding to (A). (C) Overlay of C. tepidum (cyan) and M. barkeri (yellow) Roc domains. The switch 2 regions are highlighted in blue and orange respectively. (D) Close up of
the switch regions highlighting the rearrangement of switch 2 when nucleotide is bound. The dotted line represents switch 1 of C. tepidum Roc domain which was not resolved in the structure. (E)
The hydrophobic interface between the Roc domain (green) and the COR domain (blue) in close proximity to the switch 2 region (yellow). The hydrogen bonds between Thrs®, Tyr%6% and Glu®'
are shown in black. Hydrophobic residues forming the interface are highlighted (ball and stick). (F) Roc/COR interface shown by the surface representation of the N-terminal subdomains of COR
(COR-N) from C. tepidum and M. barkeri with switch regions of the Roc domain in ribbon representation. Switch 2 lies within the RocCOR interface. The rearrangement of switch 2 also influences
the orientation of COR-N. (G) Overlay ribbon diagrams of COR-N of M. barkeri (yellow) and C. tepidum (cyan).
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The dimeric RocCOR R404A/R405A double mutant showed a
similarly low GTP hydrolysis rate (3.9x107* min~"') as the
RocCORAC monomer (Figure 3). This strongly suggests, by
analogy to the mechanism of the C. tepidum protein, that within
the RocCOR dimer, the arginine finger of one monomer completes
the catalytic machinery of the other monomer.

Roco proteins have low nucleotide affinity

Classical G-proteins have a very high affinity for nucleotides
in the nanomolar to picomolar range and therefore need GEFs
(guanine-nucleotide—exchange factors) to accelerate nucleotide
dissociation and thus enable the exchange from GDP to the more
abundant GTP [23]. Titration of the nucleotide-free M. barkeri
RocCOR protein with fluorescent-labelled mant-GDP or the GTP
analogue mant-GppNHp revealed that binding of nucleotide can
be saturated with an equilibrium constant of 1.8 uM and 8.1 uM
respectively (Figure 4A). Highly similar nucleotide affinities were
reported for the Roc domain of human LRRK?2, Dictyostelium
GbpCand C. tepidum [12,13,15], suggesting that all Roco proteins
have a relatively low nucleotide affinity (micromolar range).
Correspondingly, using mant-GDP and stop flow analysis, we
found GDP dissociation rates of 0.33 s~' and 0.17 s~' for
RocCOR and Roc respectively (Figure 4B). This shows that the
nucleotide dissociation from Roc is not influenced by COR and
that GEFs are not required for activation in a physiologically
relevant time frame.

LRRK2 dimerizes via the COR domain

It has been shown that LRRK2 also forms a dimer with low
nucleotide affinity and slow GTPase activity and that dimerization
is essential for kinase activity [13,22,24,25]. Although the
biochemical data reported for the bacterial proteins and LRRK2
complement each other, the 3D structure of C. tepidum RocCOR
and the M. barkeri RocCORAC structure shown in the present
paper contradict the structure of the LRRK2 Roc domain in
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that dimerization via COR would produce a serious clash in
LRRK2. Thus the dimerization mechanism of LRRK?2 is still
unclear [11,12]. Whereas the Roc domain of C. tepidum and M.
barkeri have a normal G-domain fold, the LRRK2 Roc domain
was found as domain-swapped, in which the N-terminal part of
one G-domain interacts with the C-terminal of the other, forming
a constitutive dimer [11]. However, Deng et al. [11] could not
convincingly show dimer formation of the Roc domain in solution,
whereas Liao et al. [13] showed that the human LRRK2 Roc
domain forms primarily a monomer in solution.

In the present study, we performed co-immunoprecipitation
experiments in lysate of HEK-293T-cells (Figure 5). Various
GFP-fused truncated LRRK?2 constructs were co-expressed with
FLAG-tagged LRRK2, immunoprecipitated and the pull-down
fraction was visualized by Western blotting (Figures 5A and
5B). FLAG-tagged RocCOR (amino acids 1293-1840) strongly
interacts with GFP-fused RocCOR and a similar strong interaction
was detected with the COR (amino acids 1511-1840) domain
alone (Figure 5A, lanes 4 and 2). In contrast, GFP-Roc (1334—
1516) is not co-purified with FLAG-tagged RocCOR (Figure 5A,
lane 1), supporting the notion that COR is necessary for
dimerization. When using GFP-RocCORAC (amino acids 1293—
1674), which lacks the C-terminal part of the COR domain
(CORAC), less FLAG-tagged RocCOR was co-precipitated
(Figure 5A, lane 3) when compared with using GFP-RocCOR
as a bait (Figure 5A, lane 4). Furthermore, FLAG- or GFP-
tagged COR only showed strong interactions with constructs
that contain the complete COR domain (Figure 5B, lanes 4—
6), whereas Roc alone is unable to interact with Roc, COR
or RocCORAC (Figure 5B, lanes 1, 2 and 4). RocCORAC
cannot be co-purified with Roc, COR or RocCORAC (Figure 5B,
lanes 2, 3 and 5), further supporting the role of the C-terminal
subdomain.

Together these experiments show that the bacterial RocCOR
tandem is a good mimic of the human RocCOR tandem
from LRRK2 and that the C-terminal subdomain of
LRRK2 COR is essential for stable dimer formation (see
above) [12].
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Figure 4 Roco proteins have a low nucleotide affinity
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(A) Affinities of mant-nucleotides to M. barkeri RocCOR measured by fluorescence-polarization. The protein was added stepwise to 1 .M mant-GDP (left) or mant-GppNHp (right). The experiment
was repeated three times and for calculating the equilibrium constant; the data were fitted to a quadratic equation. (B) Stopped-flow measurement of GDP dissociation from M. barkeri Roc and
RocCOR. mant-GDP (1 M) was pre-incubated with 10 .«M of protein in GDP-free buffer A (see the Experimental section). GDP (200 ..M) was injected and the fluorescent change was monitored
over time (excitation at 366 nm, emission at 450 nm, 20°C). The experiment was repeated five times and values were averaged. The resulting curves were fitted with a single exponential curve to

calculate the dissociation rate constant kq using GraFit (Erithacus Software).

Functional cycle of Roco proteins

The cycle of ‘classical’ small G-protein is strictly controlled
by GEFs, which catalyse the exchange from GDP to GTP,
whereas the intrinsically-low GTP hydrolysis is increased by
GAPs (GTPase-activating proteins) [21]. There are a few reports
suggesting GAPs and GEFs for LRRK2, however, none of them
could show binding of these putative regulators to the Roc domain
or any significant increase in the corresponding rates [26-28]. All
the Roco proteins studied thus far, including LRRK2, show a
much lower nucleotide affinity when compared with ‘classical’
small G-proteins and therefore most probably do not need GEFs
for activation [12,15]. It is well established that LRRK?2 and other
Roco proteins are active as dimers [12,29,30]. We thus interpret
our data to show that Roco proteins, including LRRK?2, belong
to the GAD family of G-proteins [31]. Roco proteins are dimers,
most probably constitutive, by interaction via the COR domains.

Based on the available Roco structures and by analogy to other
GAD proteins [31], we speculate that in the GDP-bound inactive
state the G-domains are flexible, but in the active form the G-
domains come into close proximity to each other. This GDP-
GTP transition is most probably causing conformational change
in other parts of the protein and subsequently in its activation.
However, to completely understand this step of the activation
mechanism it will be essential to determine how the different
Roco/LRRK2 domains interact with each other to create the
biological output of the protein. The GTPase reaction is also
dependent on dimerization, because efficient catalytic machinery
is formed by complementation of the active site of one protomer
with that of the other protomer. In this way, the GTPase reaction
functions as a timing device for the biological function of the
protein.

Two common PD-related mutations have been found in
the RocCOR domain: Arg'#' with multiple substitutions

© The Authors Journal compilation © 2015 Biochemical Society
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Figure 5 Immunoprecipitation of human LRRK2 domain fragments

(R) FLAG-tagged RocCOR was co-expressed with GFP-tagged Roc, COR, RocCORAC and RocCOR in HEK-293T-cells. Anti-FLAG (M5) antibody (Sigma) and anti-GFP antibody (Roche) were used
for precipitating the FLAG- and GFP-tagged proteins respectively. Immunoprecipitated samples were separated by SDS/PAGE and subjected to Western blotting with anti-FLAG (M2) antibody (Cell
Signaling) or anti-GFP antibody (Roche). (B) The indicated LRRK domains tagged with either FLAG or GFP were co-expressed in HEK-293T cells and immunoprecipitated as described for (A).

(cysteine/glycine/histidine) in the Roc domain and Y1699C in
the COR domain [2,3]. Previous studies showed that both the
PD mutations in the Roc and the COR result in decreased
GTPase activity [14,16,17]. LRRK2 (Arg'*!) is not conserved
in prokaryotes; the corresponding residue in M. barkeri Roco
would be Phe*” (Supplementary Figure S1). Consistent with the
previous data, this residue points into the hydrophobic interface
between the Roc and the COR (Figure 2A) [12]. Furthermore,
the C. tepidum structure showed that the conserved LRRK2 COR
Tyr'® residue also points into the same intradomain interface
[12]. This strongly suggests that the reduced GTPase activity of
these LRRK2 PD-mutants is most probably caused by altered
interactions between the Roc and COR domains in the dimer.

© The Authors Journal compilation © 2015 Biochemical Society

Importantly, this also implies that targeting the RocCOR domain
may be an interesting therapeutic approach. Therefore it will be
important to get a more detailed understanding of the complete
G-protein cycle of LRRK2. Structures of Roco proteins in the
different nucleotide states will be important in this enterprise.

ACKNOWLEDGEMENTS

We give special thanks to Dr Ingrid Vetter for her help with the diffraction data analysis.
We acknowledge Dr Katja Gotthard and the MPI Dortmund X-ray community for support
and data collection. The datasets were collected at the Swiss light Source, Paul Scherrer



The Roco G-protein cycle 147

Institute, Villigen, Switzerland. Alfred Wittinghofer thanks the Max Planck Society for
support.

AUTHOR CONTRIBUTION

Susanne Terheyden and Bernd Gilsbach performed all biochemical and structural
experiments with the bacterial proteins and Franz Ho with human LRRK2. Alfred
Wittinghofer and Arjan Kortholt designed the experiments and all authors contributed
to writing of the paper.

FUNDING

This work is supported by the Michael J. Fox Foundation LRRK2 Biological Structure and
Function Consortium and The Netherlands Organisation for Scientific Research-Vidi grant
(to AK).

REFERENCES

1

2

10

"

12

13

Lees, A. J., Hardy, J. and Revesz, T. (2009) Parkinson's disease. Lancet 373, 20552066
CrossRef PubMed

Paisan-Ruiz, C., Jain, S., Evans, E. W,, Gilks, W. P, Simdn, J., van der, B. M., Lopez de
Munain, A., Aparicio, S., Gil, A. M., Khan, N. et al. (2004) Cloning of the gene containing
mutations that cause PARK8-linked Parkinson's disease. Neuron 44, 595-600

CrossRef PubMed

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

Gilks, W. P, Abou-Sleiman, P. M., Gandhi, S., Jain, S., Singleton, A., Lees, A. J., Shaw,
K., Bhatia, K. P., Bonifati, V., Quinn, N. P. et al. (2005) A common LRRK2 mutation in
idiopathic Parkinson’s disease. Lancet 365, 415-416 PubMed

Bosgraaf, L. and van Haastert, P. J. (2003) Roc, a Ras/GTPase domain in complex
proteins. Biochim. Biophys. Acta 1643, 5-10 CrossRef PubMed

Cookson, M. R. and Bandmann, O. (2010) Parkinson’s disease: insights from pathways.
Hum. Mol. Genet. 19, R21-R27 CrossRef PubMed

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. (2006) Kinase activity is
required for the toxic effects of mutant LRRK2/dardarin. Neurobiol. Dis. 23, 329-341
CrossRef PubMed

Luzon-Toro, B., Rubio, d.I.T., Delgado, A., Pérez-Tur, J. and Hilfiker, S. (2007)
Mechanistic insight into the dominant mode of the Parkinson’s disease-associated
(62019S LRRK2 mutation. Hum. Mol. Genet. 16, 2031-2039 CrossRef PubMed

West, A. B., Moore, D. J., Biskup, S., Bugayenko, A., Smith, W. W,, Ross, C. A., Dawson,
V. L. and Dawson, T. M. (2005) Parkinson's disease-associated mutations in leucine-rich
repeat kinase 2 augment kinase activity. Proc. Natl. Acad. Sci. U.S.A. 102, 16842—16847
CrossRef PubMed

Cohen, P.and Alessi, D. R. (2013) Kinase drug discovery: what's next in the field? ACS
Chem. Biol. 8, 96104 CrossRef PubMed

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

Gotthardt, K., Weyand, M., Kortholt, A., van Haastert, P. J. and Wittinghofer, A. (2008)
Structure of the Roc-COR domain tandem of C. tepidum, a prokaryotic homologue of the
human LRRK2 Parkinson kinase. EMBO J. 27, 2239-2249 CrossRef PubMed

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. (2014) Parkinson disease-associated mutation R1441H
in LRRK2 prolongs the “active state” of its GTPase domain. Proc. Natl. Acad. Sci. U.S.A.
111, 4055-4060 CrossRef PubMed

Received 26 August 2014/9 October 2014; accepted 15 October 2014
Published as BJ Immediate Publication 15 October 2014, doi:10.1042/BJ20141095

20

21

22

23

24

25

26

27

28

29

30

31

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

Ito, G., Okai, T., Fujino, G., Takeda, K., Ichijo, H., Katada, T. and Iwatsubo, T. (2007) GTP
binding is essential to the protein kinase activity of LRRK2, a causative gene product for
familial Parkinson’s disease. Biochemistry 46, 13801388 CrossRef PubMed

Lewis, P. A,, Greggio, E., Beilina, A., Jain, S., Baker, A. and Cookson, M. R. (2007) The
R1441C mutation of LRRK2 disrupts GTP hydrolysis. Biochem. Biophys. Res. Commun.
357, 668671 CrossRef PubMed

Li, X., Tan, Y. C., Poulose, S., Olanow, C. W., Huang, X. Y. and Yue, Z. (2007) Leucine-rich
repeat kinase 2 (LRRK2)/PARK8 possesses GTPase activity that is altered in familial
Parkinson’s disease R1441C/G mutants. J. Neurochem. 103, 238-247

CrossRef PubMed

West, A. B., Moore, D. J., Choi, C., Andrabi, S. A., Li, X., Dikeman, D., Biskup, S., Zhang,
Z.,Lim, K. L., Dawson, V. L. and Dawson, T. M. (2007) Parkinson's disease-associated
mutations in LRRK2 link enhanced GTP-binding and kinase activities to neuronal toxicity.
Hum. Mol. Genet. 16, 223-232 CrossRef PubMed

Jordan, M., Schallhorn, A. and Wurm, F. M. (1996) Transfecting mammalian cells:
optimization of critical parameters affecting calcium-phosphate precipitate formation.
Nucleic Acids Res. 24, 596601 CrossRef PubMed

Gilsbach, B. K., Ho, F. Y., Vetter, I. R., van Haastert, P. J., Wittinghofer, A. and Kortholt, A.
(2012) Roco kinase structures give insights into the mechanism of Parkinson
disease-related leucine-rich-repeat kinase 2 mutations. Proc. Natl. Acad. Sci. U.S.A. 109,
10322-10327 CrossRef PubMed

Vetter, I. R. and Wittinghofer, A. (2001) The guanine nucleotide-binding switch in three
dimensions. Science 294, 12991304 CrossRef PubMed

Liu, M., Dobson, B., Glicksman, M. A., Yue, Z. and Stein, R. L. (2010) Kinetic mechanistic
studies of wild-type leucine-rich repeat kinase 2, characterization of the kinase and
GTPase activities. Biochemistry 49, 2008—2017 CrossRef PubMed

Bourne, H. R., Sanders, D. A. and Mccormick, F. (1991) The GTPase superfamily:
conserved structure and molecular mechanism. Nature 349, 117127

CrossRef PubMed

Greggio, E., Zambrano, |., Kaganovich, A., Beilina, A., Taymans, J. M., Danigls, V., Lewis,
P, Jain, S., Ding, J., Syed, A. et al. (2008) The Parkinson disease-associated leucine-rich
repeat kinase 2 (LRRK2) is a dimer that undergoes intramolecular autophosphorylation. J.
Biol. Chem. 283, 1690616914 CrossRef PubMed

Sen, S., Webber, P. J. and West, A. B. (2009) Dependence of leucine-rich repeat kinase 2
(LRRK2) kinase activity on dimerization. J. Biol. Chem. 284, 3634636356

CrossRef PubMed

Habig, K., Gellhaar, S., Heim, B., Djuric, V., Giesert, F., Wurst, W., Walter, C., Hentrich, T,
Riess, 0. and Bonin, M. (2013) LRRK2 guides the actin cytoskeleton at growth cones
together with ARHGEF7 and tropomyosin 4. Biochim. Biophys. Acta 1832, 2352-2367
CrossRef PubMed

Haebig, K., Gloeckner, C. J., Miralles, M. G., Gillardon, F,, Schulte, C., Riess, 0., Ueffing,
M., Biskup, S. and Bonin, M. (2010) ARHGEF7 (B-PIX) acts as guanine nucleotide
exchange factor for leucine-rich repeat kinase 2. PLoS ONE 5, e13762 CrossRef PubMed
Xiong, Y., Yuan, C., Chen, R., Dawson, T. M. and Dawson, V. L. (2012) ArfGAP1 is a
GTPase activating protein for LRRK2, reciprocal regulation of ArfGAP1 by LRRK2. J.
Neurosci. 32, 3877-3886 CrossRef PubMed

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

James, N. G., Digman, M. A, Gratton, E., Barylko, B., Ding, X., Albanesi, J. P., Goldberg,
M. S. and Jameson, D. M. (2012) Number and brightness analysis of LRRK2
oligomerization in live cells. Biophys. J. 102, L41-L43 CrossRef PubMed

Gasper, R., Meyer, S., Gotthardt, K., Sirajuddin, M. and Wittinghofer, A. (2009) It takes two
to tango: regulation of G proteins by dimerization. Nat. Rev. Mol. Cell Biol. 10, 423-429
CrossRef PubMed

© The Authors Journal compilation © 2015 Biochemical Society


http://dx.doi.org/10.1016/S0140-6736(09)60492-X
http://www.ncbi.nlm.nih.gov/pubmed/19524782
http://dx.doi.org/10.1016/j.neuron.2004.10.023
http://www.ncbi.nlm.nih.gov/pubmed/15541308
http://dx.doi.org/10.1016/j.neuron.2004.11.005
http://www.ncbi.nlm.nih.gov/pubmed/15541309
http://www.ncbi.nlm.nih.gov/pubmed/15680457
http://dx.doi.org/10.1016/j.bbamcr.2003.08.008
http://www.ncbi.nlm.nih.gov/pubmed/14654223
http://dx.doi.org/10.1093/hmg/ddq167
http://www.ncbi.nlm.nih.gov/pubmed/20421364
http://dx.doi.org/10.1016/j.nbd.2006.04.001
http://www.ncbi.nlm.nih.gov/pubmed/16750377
http://dx.doi.org/10.1093/hmg/ddm151
http://www.ncbi.nlm.nih.gov/pubmed/17584768
http://dx.doi.org/10.1073/pnas.0507360102
http://www.ncbi.nlm.nih.gov/pubmed/16269541
http://dx.doi.org/10.1021/cb300610s
http://www.ncbi.nlm.nih.gov/pubmed/23276252
http://dx.doi.org/10.1073/pnas.0709098105
http://www.ncbi.nlm.nih.gov/pubmed/18230735
http://dx.doi.org/10.1038/emboj.2008.150
http://www.ncbi.nlm.nih.gov/pubmed/18650931
http://dx.doi.org/10.1073/pnas.1323285111
http://www.ncbi.nlm.nih.gov/pubmed/24591621
http://dx.doi.org/10.1016/j.yexcr.2007.07.007
http://www.ncbi.nlm.nih.gov/pubmed/17706965
http://dx.doi.org/10.1021/bi061960m
http://www.ncbi.nlm.nih.gov/pubmed/17260967
http://dx.doi.org/10.1016/j.bbrc.2007.04.006
http://www.ncbi.nlm.nih.gov/pubmed/17442267
http://dx.doi.org/10.1111/j.1471-4159.2007.04940.x
http://www.ncbi.nlm.nih.gov/pubmed/17623048
http://dx.doi.org/10.1093/hmg/ddl471
http://www.ncbi.nlm.nih.gov/pubmed/17200152
http://dx.doi.org/10.1093/nar/24.4.596
http://www.ncbi.nlm.nih.gov/pubmed/8604299
http://dx.doi.org/10.1073/pnas.1203223109
http://www.ncbi.nlm.nih.gov/pubmed/22689969
http://dx.doi.org/10.1126/science.1062023
http://www.ncbi.nlm.nih.gov/pubmed/11701921
http://dx.doi.org/10.1021/bi901851y
http://www.ncbi.nlm.nih.gov/pubmed/20146535
http://dx.doi.org/10.1038/349117a0
http://www.ncbi.nlm.nih.gov/pubmed/1898771
http://dx.doi.org/10.1074/jbc.M708718200
http://www.ncbi.nlm.nih.gov/pubmed/18397888
http://dx.doi.org/10.1074/jbc.M109.025437
http://www.ncbi.nlm.nih.gov/pubmed/19826009
http://dx.doi.org/10.1016/j.bbadis.2013.09.009
http://www.ncbi.nlm.nih.gov/pubmed/24075941
http://dx.doi.org/10.1371/journal.pone.0013762
http://www.ncbi.nlm.nih.gov/pubmed/21048939
http://dx.doi.org/10.1523/JNEUROSCI.4566-11.2012
http://www.ncbi.nlm.nih.gov/pubmed/22423108
http://dx.doi.org/10.1371/journal.pone.0043472
http://www.ncbi.nlm.nih.gov/pubmed/22952686
http://dx.doi.org/10.1016/j.bpj.2012.04.046
http://www.ncbi.nlm.nih.gov/pubmed/22713584
http://dx.doi.org/10.1038/nrm2689
http://www.ncbi.nlm.nih.gov/pubmed/19424291

