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Abstract
Mutations in the Leucine-rich repeat kinase 2 (LRRK2) gene have been implicated in the pathogenesis of Parkinson’s disease 
(PD). Identification of PD-associated LRRK2 mutations has led to the development of novel animal models, primarily in 
mice. However, the characteristics of human LRRK2 and mouse Lrrk2 protein have not previously been directly compared. 
Here we show that proteins from different species have different biochemical properties, with the mouse protein being more 
stable but having significantly lower kinase activity compared to the human orthologue. In examining the effects of PD-
associated mutations and risk factors on protein function, we found that conserved substitutions such as G2019S affect human 
and mouse LRRK2 proteins similarly, but variation around position 2385, which is not fully conserved between humans 
and mice, induces divergent in vitro behavior. Overall our results indicate that structural differences between human and 
mouse LRRK2 are likely responsible for the different properties we have observed for these two species of LRRK2 protein. 
These results have implications for disease modelling of LRRK2 mutations in mice and on the testing of pharmacological 
therapies in animals.
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Introduction

Genetics has been shown to contribute substantially to 
the lifetime risk of Parkinson’s disease (PD), with several 
different genes identified [1]. Of these, mutations in the 

Leucine-rich repeat kinase 2 (LRRK2) gene are a relatively 
common cause of inherited PD [2–4]. Additionally, variation 
around the LRRK2 locus is associated with lifetime risk of 
sporadic PD [5]. The LRRK2 gene encodes a large protein 
with several protein–protein interaction domains surround-
ing regions that have GTPase and kinase activities. Familial 
mutations alter one or more of these activities and, therefore, 
may contribute to disease pathogenesis [6].

Supporting this concept, kinase dead versions of LRRK2 
are less toxic in culture models than their kinase active 
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counterparts [7, 8] and inhibitors of kinase activity can 
ameliorate toxicity in animal models containing LRRK2 
mutations [9–11]. Similarly, chemical entities that bind the 
GTPase region of LRRK2 are reported to be neuroprotective 
[12]. These observations have led to the concept that LRRK2 
might be able to be targeted for therapeutic intervention by 
inhibition [13]. However, some mutations in LRRK2, par-
ticularly the G2385R variant that increases lifetime risk of 
PD by ~ twofold, may cause disease by mechanisms other 
than gain of function as these apparently have lower kinase 
activity than the wild-type protein [14]. Therefore, an impor-
tant extant question for therapeutic development is whether 
approaches such as kinase inhibition will be effective for all 
LRRK2 mutations and, by extension, for sporadic disease 
[15].

The identification of LRRK2 mutations has also led to 
the development of novel animal models for PD. Although 
several species have been used to understand LRRK2 func-
tion and dysfunction, the greatest variety of models have 
been generated in mice, in part because the LRRK2 gene 
is evolutionarily conserved between man and rodents [16]. 
Because key residues of the protein are identical in these 
species, knock-in alleles for G2019S [17] and R1441C [18] 
have been made. Although these animals do not develop 
Parkinson’s disease, they do have convergent phenotypes 
related to synaptic vesicle exocytosis that suggest common 
effects [19]. Some aspects of the effects of mutations are 
conserved between species, as G2019S increases kinase 
activity of murine Lrrk2 by ~ twofold [17] as it does for the 
human protein [20]. However, the properties of human and 
mouse LRRK2 have not previously been directly compared.

In the present study, we examine how mutations and 
risk factors affect protein properties of human and mouse 
LRRK2. We report that conserved substitutions, such as 
G2019S, have consistent effects on protein function but that 
this is not the case for variation around position 2385, which 
is not fully conserved between humans and mice. More 
interestingly, we find that proteins from different species 
have different properties with human LRRK2 prominently 
having more kinase activity than its murine counterpart. 
These results have implications for the modelling of LRRK2 
mutations in mice and on the testing of kinase inhibitors in 
animals.

Materials and Methods

Plasmids

3xFLAG-HD-LRRK2 constructs were described previously 
[14, 21, 22]. The QuikChange II XL Site-Directed Mutage-
neis Kit (Agilent) was used to introduce point mutations. 
Plasmids were fully sequenced.

Measurement of mRNA and Protein Expression

HEK293FT cells in a 6-well plate were transiently 
transfected with either reagent only (Mock) or 3xFlag-
HD-tagged Gus, Human LRRK2 WT, Human LRRK2 
G2385R, Human LRRK2 G2385E, Mouse LRRK2 WT, 
Mouse LRRK2 E2385R, or Mouse LRRK2 E2385G plas-
mid using Lipofectamine 2000 (Invitrogen). Cells were 
collected 40–48 h after transfection, with half of the cell 
samples intended for western blotting and the other half 
for quantitative real-time PCR. RNA was extracted from 
the latter set of samples using Trizol (Invitrogen). Follow-
ing the spectrophotometric determination of RNA concen-
tration on a Nanodrop instrument (Thermo Scientific), the 
TURBO DNA-free Kit (Ambion) was used to remove any 
contaminating plasmid DNA from 2 µg of each RNA sam-
ple. Then SuperScript III First-Strand Synthesis SuperMix 
for qRT-PCR (Invitrogen) was used to transform 1 µg of 
the treated RNA into cDNA via reverse transcription. qRT-
PCR was performed using power SYBR-green dye mix 
(Applied Biosystems) and primer pairs that amplified both 
the human and mouse LRRK2 genes as well as the house-
keeper gene human cyclophilin B (PPIB). Samples were 
run in quadruplicate on a 7900HT Fast Real-time PCR 
system (Applied Biosystems). As previously described, 
LRRK2 mRNA levels were calculated by normalization 
to those of cyclophilin B [23].

Primer sequences used were the following:
3xFLAG-HD forward 5′-GTT​TTC​CCA​GTC​ACG​ACG​

TT-3′, 3xFLAG-HD reverse 5′-ATG​GCG​GTC​ATA​TTG​
GAC​AT-3′, human PPIB forward 5′-GCA​CAG​GAG​GAA​
AGA​GCA​TC-3′, and human PPIB reverse 5′-AGC​CAG​
GCT​GTC​TTG​ACT​GT-3′.

Cell pellets collected for western blotting were lysed 
in 1x Cell Lysis Buffer (Cell Signaling) with 1x Halt 
phosphatase inhibitor cocktail (Thermo Scientific) and 
protease inhibitor cocktail (Roche) by rotation for 30 min 
at 4 °C. Lysates were centrifuged for 10 min at 13,000 
RPM. The cleared lysates were separated by SDS/PAGE 
(4–20% Criterion TGX gels) and analyzed by immuno-
blotting for Flag-LRRK2 (mouse anti-Flag M2, Sigma-
Aldrich, 1:2000) and Cyclophilin B (rabbit anti-Cyclophi-
lin B, Abcam, 1:5000) as a loading control.

Generation of E2385R Knock‑in Mice 
and Measurement of Endogenous Lrrk2 Protein 
Expression and Activity

An arginine residue was inserted at position 2385 of 
mouse Lrrk2, equivalent to human G2385R, using 
CRISPR-Cas9 by Applied Stem Cell (Menlo Park). A 
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CAA mixture of active guide RNA molecules (gRNAs), 
one single stranded oligo donor nucleotide (ssODN) and 
qualified Cas-9 mRNA were injected into the cytoplasm of 
C57BL/6 embryos. Embryos were implanted into pseudo-
pregnant CD1 mice and live mice born from these litters 
were genotyped by amplification using primers flanking 
exon 48 of mouse Lrrk2 (TCA​AGT​ACA​GCC​CAA​ACC​
AGTTA and ATT​AGC​TTC​AAT​GCT​CTC​TGTG) followed 
by sequencing.

Genotype was confirmed by PCR. The mice were housed 
in a facility with 12 h light/dark cycles and given access to 
food and water ad libitum. Homozygous E2385R and WT 
littermate animals were generated from E2385R heterozy-
gous breeding pairs. Mice were sacrificed at 1 month of age, 
and brain (bisected along the longitudinal fissure), lung, 
and kidney tissues were removed and immediately frozen. 
Samples were thawed and homogenized in 1x Cell Lysis 
Buffer (Cell Signaling) with 1x Halt phosphatase inhibitor 
cocktail (Thermo Scientific) and protease inhibitor cocktail 
(Roche) over a period of 30 min on ice. Lysates were centri-
fuged for 10 min at 13,000 RPM, separated by SDS/PAGE 
and analyzed by immunoblotting for Lrrk2 [Abcam MJFF2 
(c41-2) antibody] and cyclophilin B. Separately, lysates were 
used to assess the kinase activity of endogenous Lrrk2 by 
immunoblotting for phospho-serine 935 (rabbit anti-pS935, 
Abcam), phospho-serine 1292 (rabbit anti-pS1292, Abcam), 
phospho-T72 Rab8A (rabbit anti-Rab8A T72, Abcam), and 
phospho-T73 Rab10 (rabbit anti-Rab10 T73, Abcam). Meas-
urements from these blots were normalized to total Lrrk2 
detected by Abcam MJFF2 c41-2 anti-Lrrk2 antibody or 
total Rab (rabbit anti-Rab8A or mouse anti-Rab10, Abcam) 
as appropriate.

LRRK2 Pulse‑Chase Protein Degradation Assay

HEK293FT cells in a Matrigel-coated 6-well plate were tran-
siently transfected with either 3xFlag-HD Human LRRK2 or 
3xFlag-HD Mouse Lrrk2 plasmid using Lipofectamine 2000 
(Invitrogen). Twenty-four hours later, cells were incubated 
with cysteine- and methionine-free media for 1 h. Next, cells 
were incubated with EasyTag™ EXPRESS35S Protein Labe-
ling Mix (Perkin Elmer) containing both 35S-l-methionine 
and 35S-l-cysteine for 3 h, 150 mCi per well. The radioactive 
media was then aspirated, and cells were washed 2 times 
with normal media (DMEM, 10% FBS, 1% l-glutamine) 
supplemented with “cold” amino acids (2 mM Methionine 
and 2 mM Cysteine). A set of cells (3 wells each of human 
and mouse LRRK2-transfected cells) was collected in 1 mL 
of cold PBS immediately to establish 0 h protein levels. 
Cells were collected at 4, 8, 18, and 24 h. Additionally, cells 
were collected at either 2 h or 32 h. Cells were lysed as 
described above, and lysates were centrifuged for 5 min at 
13,000 RPM. Immunoprecipitation was performed by 1 h 

rotation at 4 °C with EZview Red anti-Flag M2 affinity gel 
(Sigma-Aldrich). Samples were washed gently 4 times with 
wash buffer: 25 mM Tris–HCl, 400 mM NaCl, and 1% tri-
ton. Then Flag-tagged protein was eluted as described below 
and subjected to SDS/PAGE. Membranes were dried and 
exposed to a storage phosphor screen for 48–72 h. Detected 
35S-LRRK2 was normalized to total amount of Flag-LRRK2 
which was measured via immunoblotting for Flag-LRRK2 
(mouse anti-Flag M2, Sigma-Aldrich, 1:10,000).

Co‑immunoprecipitation

HEK293FT cells in a 6-well plate were transiently trans-
fected with 3xFlag-HD LRRK2 plasmid using Lipo-
fectamine 2000 (Invitrogen). After 36–40 h, cells were col-
lected and lysed in buffer containing 50% Glycerol, 1.5% 
Triton, 0.1 M Tris–HCl pH 7.5, 0.75 M NaCl and 5 mM 
EDTA supplemented with 1x Halt phosphatase inhibitor 
cocktail (Thermo Scientific) and protease inhibitor cocktail 
(Roche) by rotation for 30 min at 4 °C. Lysates were cen-
trifuged and further cleared by a 30 min incubation with 
EZview Red Protein G affinity gel (Sigma-Aldrich) to mini-
mize non-specific binding. Immunoprecipitation was accom-
plished by overnight rotation at 4 °C with EZview Red anti-
Flag M2 affinity gel (Sigma-Aldrich). Samples were washed 
gently 4 times with wash buffer: 10% Glycerol, 20 mM 
Tris–HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, and 0.1% 
Triton. Then Flag-tagged protein was eluted in 1x kinase 
buffer (Cell Signaling) containing 400 mM NaCl, 0.02% Tri-
ton and 150 ng/µL of 3xFlag peptide (Sigma-Aldrich) by 
shaking for 20 min at 1000 RPM. Standard western blotting 
procedure was followed and blots were probed for 14-3-3 
(mouse anti-14-3-3, Santa Cruz), Hsp90 (rabbit anti-Hsp90, 
Cell Signaling), Hsc70 (rat anti-Hsc70, Abcam), CHIP (rab-
bit anti-CHIP, Cell Signaling), phospho-serine 935 (rabbit 
anti-pS935, Abcam), all at a 1:1000 concentration, and for 
Flag-LRRK2 (mouse anti-Flag M2, Sigma-Aldrich, 1:2000). 
Each co-immunoprecipitation was repeated in 7–8 independ-
ent experiments. Quantifications were made by calculating 
the ratio of immunoprecipitated binding partner to amount 
of LRRK2. Residual calculations were also performed to 
regress out the effect of individual experiment by making 
day-to-day variation a factor in a linear model. Graphs show 
the range of values collected over n = 8 independent experi-
ments, normalized across experiments to maintain variance 
as indicated.

Size‑Exclusion Chromatography

HEK293FT cells in 10 cm dishes were transiently transfected 
with 3xFlag-HD-LRRK2 plasmid using poly(ethylenimine). 
Samples were collected 48 h after transfection and fast 
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protein liquid chromatography (FPLC) was performed as 
previously described [14].

In Vitro Assays of LRRK2 Enzymatic Activity

HEK293FT cells in 15 cm dishes were transiently trans-
fected with 3xFlag-HD-LRRK2 using lipofectamine 2000 
(Invitrogen). Cells were lysed 36–40 h after transfection 
in buffer containing 10% Glycerol, 20 mM Tris–HCl pH 
7.5, 150 mM NaCl, 1 mM EDTA, and 1% Triton with 1x 
Halt phosphatase inhibitor cocktail (Thermo Scientific) and 
protease inhibitor cocktail (Roche). LRRK2 was purified 
according to the same protocol used for co-immunoprecip-
itation with slight modification. Lysates were rotated with 
anti-Flag M2 affinity gel for just 1 h, and then the affinity gel 
was washed 6 times with kinase assay wash buffer (25 mM 
Tris–HCl pH 7.5, 400 mM NaCl, and 1% Triton) and once 
with the kinase assay reaction buffer which was also used 
for elution (1x Cell Signaling Kinase Buffer with 150 mM 
NaCl and 0.02% Triton). Protein was eluted with 150 ng/
µL of 3xFlag peptide by shaking at 1000 RPM for 30 min.

Autophosphorylation experiments and GTP binding 
assays were performed as described previously [14, 21]. 
Phosphorylation of physiological substrate Rab8A was 
measured similarly using a reaction mixture containing 
LRRK2 and Rab8A in a 1:4 ratio. Immunopurified LRRK2 
was incubated at 30 °C for 30 min with 10 µM non-radio-
active ATP, approximately 3 µCi of radioactive ATP [γ-33P] 
(Perkin Elmer), Rab8A protein that had been immmunopuri-
fied alongside LRRK2, and 5x kinase assay reaction buffer 
diluted with water to reach a total volume of 30 µL with 

continuous shaking at 300 RPM. The kinase reaction was 
terminated by addition of SDS sample buffer and heated at 
95 °C for 5 min. Samples were subjected to SDS-PAGE as 
described above. Membranes were incubated with Coomas-
sie stain, rinsed in water, then dried and exposed overnight 
to a storage phosphor screen. Measured phosphorylated 
Rab8A was normalized to the total amount of Rab8A appar-
ent on Coomassie stain.

Cellomics Assay for LRRK2 Relocalization to the TGN

HEK293FT cells were seeded at 2.5 × 104 cells per well in a 
Matrigel-coated 96-well plate and transfected with 3xFlag-
HD-LRRK2 and either 2xmyc-Gus, 2xmyc-Rab29 or mutant 
2xmyc-Rab29 Q67L plasmid. 24 h after transfection cells 
were fixed and stained, then imaged and analyzed on a 
high throughput Cellomics VTI arrayScanner as previously 
described [21].

Hybrid LRRK2 Constructs

Hybrid LRRK2 constructs composed of various human 
LRRK2 and mouse Lrrk2 sequences were made using the 
Infusion HD cloning kit (Takara Bio USA). Primers for PCR 
amplification of the desired fragments were designed using 
full-length human LRRK2 and mouse Lrrk2 plasmid DNA 
as a template. This resulted in a large N-terminal fragment 
(amino acids 1–1883), a kinase domain fragment (amino 
acids 1884–2135), and a C-terminal region fragment (amino 
acids 2136–2527) of both human and mouse LRRK2 with 
20 bp overhangs to promote linkage of the pieces in the 
desired arrangement. The fragments were spliced together 
in the pCR8 entry vector, then transferred to a 3x-Flag des-
tination vector using the Gateway LR Clonase II Enzyme 
Mix (Invitrogen). Proper fusion of the plasmid DNA was 
confirmed by full sequencing of the resulting cDNA con-
structs. Protein expression of these 3x-Flag N-terminal-
tagged hybrid constructs was measured as described above.

Phosphorylation of Model Substrate Nictide 
by Hybrid LRRK2

3x-Flag hybrid LRRK2 proteins were immunopurified from 
lysates of transiently transfected HEK293FT cells. The 
kinase reaction mixtures were prepared on ice as described 
for measurement of autophosphorylation activity, with the 
addition of 200 µM of peptide substrate Nictide [24]. 10 µL 
of each sample were collected at the zero-time point before 
the kinase reaction was initiated at 30 °C and re-suspended 
with 10 µL of stop solution (0.5 M EDTA in bromophenol 
blue). After 30 min at 30 °C, another 10 µL of each sample 
were re-suspended with 10 µL of stop solution. All collected 

Fig. 1   Human and mouse LRRK2 protein levels and variation at 
residue 2385. a HEK293FT cells were transfected with Flag-tagged 
human or mouse LRRK2, or mock transfected and protein levels 
measured by western blot using a flag antibody. Each lane is a sepa-
rate transfection reaction and is representative of two independent 
experiments. Cyclophilin B is used as a loading control for each lane. 
b Quantification of protein expression in a related to cyclophilin B. 
Error bars indicate SEM. One way ANOVA indicated significant dif-
ferences between groups (F2.9 = 176.9, p < 0.0001, n = 4 samples per 
construct); ***p < 0.001 by Tukey’s post-hoc test comparing human 
and mouse proteins. c Region around position 2385 of human (upper 
sequence) and mouse (lower) LRRK2 proteins. d Cells as in a were 
transfected with the negative control protein GUS or with variants of 
human and mouse LRRK2. Each lane is a separate transfection reac-
tion and is representative of two independent experiments. e Quan-
tification of protein levels in D relative to cyclophilin B. Error bars 
indicate SEM. **p < 0.01; ***p < 0.001; ****p < 0.0001; ns non-
significant by Tukey’s post-hoc test compared to WT human LRRK2 
from one way ANOVA with a significant overall effect (F6.14 = 226.2, 
p < 0.0001, n = 3 samples per construct). f mRNA expression using 
primers within the Flag region of the construct relative to cyclophi-
lin B (gene PPIB). Error bars indicate SEM; ****p < 0.0001; ns non-
significant by Tukey’s post-hoc test compared to WT human LRRK2 
from one way ANOVA with a significant overall effect (F6.14 = 125.6, 
p < 0.0001, n = 3 samples per construct)

◂
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time points were transferred to P81 paper and left to air-dry 
overnight. The following day the P81 paper was washed 4 
times with 75 mM phosphoric acid for 40 min total, then 
radioactivity of each sample was measured via liquid scintil-
lation counting.

Results

Mouse Lrrk2 is More Stable than Human LRRK2 
and Resistant to Variation at Residue 2385

As an initial comparison of human and mouse LRRK2 
homologues, we measured the steady-state protein expres-
sion levels of 3xFlagHD-LRRK2 cDNA constructs after 
transient transfection in HEK293FT cells. Using the same 
antibody against the tagged proteins, we found that mouse 
Lrrk2 was expressed at higher steady state levels compared 
to the human version (Fig. 1a, b, n = 4 samples per group, 
F2,9 = 177, p < 0.001, one-way ANOVA).

We have shown previously that the G2385R mutation in 
human LRRK2 is associated with lower steady state pro-
tein levels [25]. Upon inspection of the sequence around 
G2385 in human LRRK2 and its mouse homologue, we 
noted that this residue was not conserved between species, 
having a glutamic acid in mouse (Fig. 1c). We therefore 
looked at G/E/R substitutions at position 2385 in mouse and 
human LRRK2. As previously described human G2385R 
was expressed at lower levels than wild-type protein, but 
substitution of the mouse residue to make G2385E had no 
effect (Fig. 1d, e). In contrast, mouse Lrrk2 was tolerant of 
substitution of the variant (E2385R) or wild-type (E2385G) 
human amino acids.

The differences between human and mouse LRRK2 
steady state levels and effects of variation at position 2385 
could be related to differences in expression at the RNA 
level or protein turnover. To exclude altered mRNA levels 
as a potential mechanism to explain these results, we per-
formed real-time quantitative PCR. In contrast to the protein 
effects, mRNA expression was lower for the mouse LRRK2 
constructs, but variation at the 2385 position did not alter 
mRNA levels for either species of LRRK2 (Fig. 1f). There-
fore, differing protein levels for human and mouse LRRK2 
do not appear to be related to mRNA expression. We per-
formed a radioactive 35S protein turnover assay to compare 
half-lives of human and mouse LRRK2, which yielded 
calculated half-lives of ~ 3.5 h for both species of protein 
(Supplementary Fig. S1). Thus, differing rates of protein 
degradation also fails to explain the observed differences in 
protein levels for human and mouse LRRK2.

We also considered that, by choosing to use a human 
cell line for consistent transfection, mouse proteins might 
generally be less efficiently metabolized than their human 

counterparts. However, mouse Lrrk2 was also more highly 
expressed than human LRRK2 in other cell types, includ-
ing primary mouse astrocytes, mouse neuroblastoma N2a 
cells, and mouse embryonic fibroblast NIH 3T3 cells (Sup-
plementary Fig. S2), indicating that the difference in expres-
sion level was not due to our choice of cell line. Overall, 
these results show that mouse LRRK2 is expressed at higher 
steady state levels than the human protein and that this is 
not explained by differences in mRNA expression, protein 
half-life, or choice of cell line.

Endogenous Expression and Activity of Lrrk2 
E2385R is Similar to Wild‑Type in Knock‑in Mice

A prediction of the above results is that mouse Lrrk2 will be 
tolerant of substitution of amino acid at position 2385. We 
therefore knocked-in the human risk variant into the mouse 
genome, resulting in an E2385R mouse. In vivo expression 
of Lrrk2 E2385R was measured in half-brain, lung, and kid-
ney of homozygous E2385R knock-in mice and compared to 
Lrrk2 expression in wild-type littermates. There was no dif-
ference observed in Lrrk2 expression between these animals 
(Fig. 2a, b) consistent with our in vitro results. Additionally, 
there were no differences observed in Lrrk2-dependent phos-
phorylation events based on immunoblotting for LRRK2 
autophosphorylation sites (phospho-serines 935 and 1292) 
and established LRRK2 phosphorylation sites on Rab pro-
teins (phospho-Rab8A T72 and phospho-Rab10 T73) [26].

Mouse Lrrk2 has Altered Binding to Chaperones 
and Co‑Chaperones Compared to Human LRRK2

Although there may be multiple mechanisms by which the 
stability of mouse and human LRRK2 might differ, one 
possibility is that the two species have different affinities 
for interacting proteins that regulate stability. We therefore 
compared interactions with heat shock protein 90 (Hsp90) 
and heat shock cognate protein 70 (Hsc70), the E3 ubiquitin 
ligase CHIP (C-terminus of Hsp70-Interacting Protein) [27], 
and 14-3-3 [28] (Fig. 3). In these experiments we also meas-
ured phosphorylation at Ser935, which is one of two phospho-
sites known to mediate 14-3-3 interaction with LRRK2 [28].

Confirming previously published results [14], human 
LRRK2 G2385R showed significantly decreased Ser935 
phosphorylation along with a corresponding disruption of 
14-3-3 binding. The G2385R mutant also had a higher bind-
ing to Hsp90, Hsc70 and CHIP. However, human LRRK2 
G2385E, designed to be like mouse protein, did not behave 
differently from wild type protein.

Mouse LRRK2 had increased binding of Hsp90, Hsc70, 
and CHIP compared to human LRRK2 WT. Furthermore, 
the human-like E2385G substitution, but not E2385R 
returned binding to levels similar to the human protein. 
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Fig. 2   Knockin of E2385R in mouse Lrrk2 does not affect protein 
levels in  vivo. a Protein lysates from the brain (upper panels), kid-
ney (middle panels) or lung (lower panels) of WT or E2385R knockin 
mice. Each lane is a separate animal. In each tissue, cyclophilin 
B was used as a loading control. b Quantification of steady state of 
mouse Lrrk2 levels relative to cyclophilin B in each genotype and tis-
sue. In kidney tissue, the double bands detected as Lrrk2 were each 
quantified as one band. Error bars indicate SEM, n = 4 animals per 
genotype. c Protein lysates from the brain (left panel) or lung (right 
panel) of WT or E2385R knockin mice. Each lane is a separate ani-
mal. Cyclophilin B was used as a loading control. d Quantification of 
phospho-serine 935 and phospho-serine 1292 relative to total Lrrk2 
protein in each genotype and tissue. Two-way ANOVA indicated that 
there was a statistically significant difference in pS935 and pS1292 
phosphorylation between tissues but not between genotypes (pS935: 

F tissue (1, 12) = 52.51, p < 0.0001; F genotype (1, 12) = 2.645, 
p = 0.1298. pS1292: F tissue (1, 12) = 53.29, p < 0.0001; F genotype 
(1, 12) = 0.2364, p = 0.6356; n = 4 animals per genotype). e Pro-
tein lysates from the brain (left panel) or lung (right panel) of WT 
or E2385R knockin mice. Each lane is a separate animal. Cyclophi-
lin B was used as a loading control. f Quantification of phospho-T72 
Rab8A and phospho-T73 Rab10 relative to total Rab protein in each 
genotype and tissue. Two-way ANOVA indicated that there was a sta-
tistically significant difference in Rab8a phosphorylation between tis-
sues but not between genotypes (F tissue (1, 12) = 18.07, p = 0.001; 
F genotype (1, 12) = 0.2564, p = 0.6218; n = 4 animals per genotype). 
Similarly, two-way ANOVA indicated that there was a statistically 
significant difference in Rab10 phosphorylation between tissues but 
not between genotypes (F tissue (1, 12) = 45.55, p < 0.0001; F geno-
type (1, 12) = 0.239, p = 0.6337; n = 4 animals per genotype)
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jected to immunoprecipitation (IP) using Flag antibodies then blot-
ted for (from top to bottom) flag, pS935-LRRK2, 14-3-3, Hsc70 and 
Hsp90. Representative data from n = 8 independent experiments. 
b–g Quantification of blots for LRRK2 (B) and pS935-LRRK2 (c) 
and relative IP of 14-3-3 (d), Hsc70 (e), CHIP (f) or Hsp90 (g) bind-
ing. In each case, protein levels were normalized across experiments 
and expressed as standard deviations from the mean, centered at 

zero for each mean. Lower and upper bounds of the boxes indicate 
interquartile range, central line indicates the mean while range bars 
indicate full range of values from n = 7–8 independent experiments. 
**p < 0.01; ***p < 0.001; ****p < 0.0001; ns, non-significant by Tuk-
ey’s post-hoc test from one-way ANOVA compared to WT human 
LRRK2. In each case, the underlying ANOVA showed significant 
differences between groups; total LRRK2, F(5,42) = 11.86, p < 0.001; 
pS935, F(5,42) = 41.01, p < 0.001; 14-3-3, F(5,36) = 8.221, p < 0.001; 
Hsc70, F(5,42) = 18.89, p < 0.001; CHIP, F(5,42) = 23.09, p < 0.001; 
Hsp90, F(5,42) = 10.41, p < 0.001
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These results show that mouse and human LRRK2 have 
differential protein interactions and, given that Hsp90 is 
a candidate for controlling turnover of LRRK2 [29], one 
possible interpretation is that the enhanced binding sta-
bilizes mouse over human LRRK2.

We next used fast protein liquid chromatography 
(FPLC) to characterize variation in complex formation 
and possible conformational differences between our 
set of LRRK2 proteins. The majority of human LRRK2 
WT elutes with an apparent molecular weight of around 
600 kDa, consistent with prior reports [14, 30–32]. The 
elution profile of human LRRK2 G2385E was very simi-
lar to wild-type, while human LRRK2 G2385R and the 
mouse LRRK2 proteins showed a significantly larger 
amount of protein eluting in the higher molecular weight 
fractions (Fig. 4). However, capacity for self-interaction 
was not different between species (Supplementary Fig. 
S3), and therefore the differences in FPLC mobility are 
not likely due to formation of dimers but rather due to 
differences in binding chaperone proteins.

G2385R‑LRRK2 and Mouse Lrrk2 have Low Kinase 
Activity In Vitro

We therefore examined the enzymatic activities of LRRK2, 
as these have previously been shown to correlate with pro-
tein stability [33].To address whether human and mouse 
LRRK2/Lrrk2 have different activities, we used three dif-
ferent in vitro kinase assays, with hyperactive G2019S and 
kinase dead LRRK2 K1906M [7, 20] used as controls. 
Mouse Lrrk2 variants had significantly lower autophospho-
rylation activity than human LRRK2, while human G2385R 
had lower activity as expected (Fig. 5A, B). Similar results 
were seen with the model peptide Nictide [24] (Supple-
mentary Fig. S4). Finally, we compared activity against 
the recently described substrate Rab8A [33] and also found 
the same pattern of activity (Fig. 5c, d). No significant dif-
ferences in GTP-binding capacity were observed between 
any of the variants (Fig.  5e, f). GTP binding-deficient 
mutants LRRK2 K1347A and T1348N [34, 35] were used 
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**p < 0.01; ***p < 0.001; ****p < 0.0001; ns, non-significant by Tuk-
ey’s post-hoc test from one-way ANOVA compared to WT human 
LRRK2. In each case, the underlying ANOVA showed significant 
differences between groups; complex α/complex β, F (5,18) = 13.2, 
p < 0.001; complex β/total LRRK2, F(5,18) = 10.5, p < 0.001; com-
plex gγ/total LRRK2, F(5,18) = 4.44, p = 0.0082
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controls. LRRK2 was purified by immunoprecipitation and subjected 
to autophosphorylation reaction in vitro. Lower blot shows Flag-pro-
tein levels in the same reactions. K1906M LRRK2 are kinase dead to 
evaluate background non-specific reactions. b Quantification of n = 3 
independent experiments as in a. *p < 0.05; **p < 0.01; ***p < 0.001; 
****p < 0.0001; ns, non-significant by Tukey’s post-hoc test com-
pared to WT human LRRK2 from one way ANOVA (F9,50 = 29.24, 
p < 0.001, n = 6 independent experiments). c Purified LRRK2 vari-
ants as in a were incubated with recombinant Rab8a and phospho-
rylation visualized by autoradiography (upper two panels). Equivalent 

loading of proteins was confirmed by Coomassie blue staining (lower 
two panels). d Quantification of n = 3 independent experiments as 
in C. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns non-
significant by Tukey’s post-hoc test compared to WT human LRRK2 
from one way ANOVA (F10,55 = 44.25, p < 0.001, n = 3 independent 
experiments). e HEK293FT cells were transfected with human or 
mouse LRRK2 as indicated, with T1384N as a negative control for 
GTP binding. Protein lysates were blotted for total LRRK2 (upper 
panel) or bound to GTP-agarose, eluted and blotted for LRRK2 
(lower panel). f Quantification of n = 3 independent experiments as in 
e. Mean values per construct were significantly different by one-way 
ANOVA (F7,16 = 4.87, p = 0.0042, n = 3); only the T1348N (‘TN’) 
constructs were different from the others by post-hoc Tukey’s tests
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as controls. Overall, these results highlight that mouse Lrrk2 
has lower kinase activity compared to its human orthologue.

Mouse Lrrk2 Relocalizes to Trans‑Golgi Network 
in the Presence of Rab29/Rab7L1

We have reported that LRRK2 will relocalize to the trans-
Golgi network (TGN46) in the presence of Rab29/Rab7L1 
[22]. As this is a kinase-dependent phenomenon, given that 
K1906M LRRK2 does not relocalize to the TGN, we used 
this assay as a functional measure of the overall activity of 
human and mouse LRRK2 in cells. Both mouse and human 
LRRK2 were able to support TGN localization (Fig. 6a, b), 
suggesting that the net effect of higher protein levels (Fig. 1) 
but lower kinase activity (Fig. 5) of mouse vs human LRRK2 
results in a similar net recruitment to the TGN.

Human‑Mouse LRRK2 Hybrids Implicate Underlying 
Structural Differences in Control of Steady State 
Protein Levels

We made a series of constructs where the kinase and WD40 
domains of LRRK2 were exchanged between human and 
mouse LRRK2 (Fig. 7a). We then measured steady state 

protein levels of tagged proteins in HEK293FT cells 
(Fig. 7b, c). Substitution of the C-terminal region, including 
both kinase and WD40 domains, of mouse LRRK2 into the 
human protein results in higher protein levels, while substi-
tution of the C-terminal region of human LRRK2 into the 
mouse protein resulted in lower steady state levels (Fig. 7c).

We also measured kinase activity of the hybrid constructs 
(Fig. 7d) We found that adding the C-terminal region of 
mouse LRRK2 to human protein diminished kinase activity 
(Fig. 7d). However, addition of human C-terminal region did 
not increase kinase activity of mouse LRRK2.

Discussion

Here, we have compared the biochemical properties of 
murine Lrrk2 and human LRRK2, and the functional effects 
of PD-associated mutations and risk factors on proteins. As 
the amino acid sequence of the LRRK2 protein is over 88% 
conserved between humans and rodents [36], we expected 
that human and mouse LRRK2 would behave similarly in 
general. However, we have found that mouse and human 
LRRK2 have different properties in terms of steady state 
levels and kinase activity.
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els) or kinase dead (K1906M) human or mouse LRRK2 along with 
human RAB29, then stained for nuclei (blue), LRRK2 (green), the 
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the TGN. b Quantification of the percentage of cells with relocaliza-
tion of LRRK2 to the TGN relative to the overall percentage of trans-
fected cells. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; 
ns non-significant by Tukey’s post-hoc test compared to WT human 
LRRK2 from one way ANOVA (F15,80 = 275.8, p < 0.001, n = 6 repli-
cate cultures per construct). (Color figure online)
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We found that mouse LRRK2 was expressed at higher 
steady state levels than its human counterpart. As we did 
not see differences in mRNA expression between species, 
we considered that protein stability could explain the differ-
ences in steady state levels. Measurement of protein turnover 
did not demonstrate a significant difference in the half-life 
of human vs. mouse LRRK2, excluding major differences 
in turnover between the two species. We speculate that the 
increased steady state levels of mouse Lrrk2 protein may 
be due to more efficient translation of mouse Lrrk2 rather 
than a difference in protein stability, although this will need 
to be confirmed or refuted in future studies. Co-immuno-
precipitation experiments demonstrated increased binding 
by mouse Lrrk2 of chaperone proteins Hsp90, Hsc70, and 
CHIP, supported by differentiation of elution patterns using 

FPLC. These chaperones are important mediators of stabil-
ity and their enhanced interaction with another protein may 
be indicative of altered protein folding, as with the human 
G2385R mutant that shows a decreased level of protein 
expression compared to human wild-type LRRK2 [25].

Another major difference between human LRRK2 and 
mouse LRRK2 was in enzymatic activity. Although GTP-
binding was similar between the two, using several differ-
ent assays human LRRK2 had significantly greater kinase 
activity than mouse protein. Prior results suggest that both 
the kinase activity and the C-terminal region of LRRK2 
have been found to affect protein stability [7, 30]. We there-
fore suggest that the species-dependent effects on steady 
state levels and kinase activity are inter-related. Because 
both steady state levels and kinase activity contribute to 
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Fig. 7   Human and mouse hybrid constructs. a Schematic representa-
tion of constructs generated to include human and mouse sequences. 
b HEK293FT cells were transfected in triplicate with flag-tagged 
versions of the indicated hybrid constructs and blotted for LRRK2 
(upper panel). Cyclophilin B is used as a loading control for each 
lane. c Quantification of protein expression in b related to cyclo-
philin B. Error bars indicate SEM, n = 3. *p < 0.05; **p < 0.01; 

****p < 0.0001; ns, non-significant by Tukey’s post-hoc test com-
pared to WT human LRRK2 from one way ANOVA (F6,14 = 43.8, 
p < 0.0001, n = 3 experiments). d Quantification of n = 3 independ-
ent experiments using hybrid constructs of the phosphorylation of 
the Nictide peptide. ****p < 0.0001; ns, non-significant by Tukey’s 
post-hoc test compared to WT human LRRK2 from one way ANOVA 
(F6,14 = 54.61, p < 0.0001, n = 3 experiments)
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recruitment of LRRK2 to the TGN, the net effect of the 
differences between species on this specific cellular assay 
counteract each other.

Altogether these data suggest that human LRRK2 and 
mouse Lrrk2 proteins differ structurally from each other 
and therefore have different biochemical properties. These 
results could have important implications for modeling 
Lrrk2 disease in rodent species.

Conclusions

Human and mouse LRRK2 have different steady state lev-
els when expressed in cells from the same plasmid back-
bone. The non-conserved E2385R mutation in mouse Lrrk2 
does not behave like its human LRRK2 G2385R counter-
part. Observed differences in protein–protein interactions 
and enzymatic activities of human and mouse LRRK2 are 
likely due to differences in protein structure and/or confor-
mation. Implications of these differences for LRRK2-related 
disease modeling and drug testing in animals remain to be 
delineated.
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