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Leucine Rich Repeat Kinase 1 and 2 (LRRK1 and LRRK2) are homologs in the ROCO family of proteins in humans. Despite
their shared domain architecture and involvement in intracellular trafficking, their disease associations are strikingly
different: LRRK2 is involved in familial Parkinson’s Disease (PD) while LRRK1 is linked to bone diseases. Furthermore, PD-
linked mutations in LRRK2 are typically autosomal dominant gain-of-function while those in LRRK1 are autosomal
recessive loss-of-function. To understand these differences, we solved cryo-EM structures of LRRK1 in its monomeric and
dimeric forms. Both differ from the corresponding LRRK2 structures. Unlike LRRK2, which is sterically autoinhibited as a
monomer, LRRK1 is sterically autoinhibited in a dimer-dependent manner. LRRK1 has an additional level of autoinhibition
that prevents activation of the kinase and is absent in LRRK2. Finally, we place the structural signatures of LRRK1 and

LRRK2 in the context of the evolution of the LRRK family of proteins.

Introduction

ROCO proteins, discovered 20 years ago (Goldberg et
al,, 2002), are an unusual class of G-proteins distinguished
by a Ras-like GTPase embedded in the context of a much
larger polypeptide, in contrast to the more canonical G-pro-
teins that function independently. This architecture led to
the naming of these Ras-like domains as Ras-Of-Complex, or
ROC. ROCO proteins are present in bacteria, archaea, plants,
and metazoans (Wauters et al., 2019). All known ROCO pro-
teins have an architectural domain immediately following
the GTPase, termed a C-terminal Of Roc, or COR. This ROC-
COR architecture is what gives rise to ROCO, the family
name.

ROCO proteins in humans, of which there are four,
gained prominence when mutations in one of its members,
Leucine Rich Repeat Kinase 2 (LRRK2), were shown to be
one of the most common causes of familial Parkinson’s Dis-
ease (PD) (Funayama et al, 2002; Simén-Sanchez et al.,
2009; Zimprich et al.,, 2004). LRRK2 belongs to a class of
ROCO proteins that, as its name indicates, contains a kinase
domain in addition to its ROC GTPase, with the kinase im-
mediately following the COR domain. Only one other ROCO
protein in humans belongs to the same class: Leucine Rich
Repeat Kinase 1 (LRRK1), LRRK2’s closest homolog. LRRK1
and LRRK2 have a very similar domain organization: an N-
terminal half containing Ankyrin (ANK) and Leucine Rich
Repeats (LRR), and a catalytic C-terminal half containing

Reimer et al., 2022 (preprint)

the ROC-COR ROCO signature, followed by the kinase and a
WD40 domain (Figure 1A). The only difference between
them is the presence of an Armadillo repeat domain at the
N-terminus of LRRK2, which LRRK1 lacks. The similarities
between LRRK1 and LRRK2 extend to their cell biological
functions. Both proteins are involved in intracellular traf-
ficking; they phosphorylate Rab GTPases that mark vesicu-
lar cargo that is transported along the microtubule cytoskel-
eton by the molecular motors dynein and kinesin (Malik et
al,, 2021; Steger et al.,, 2017, 2016). However, LRRK1 and
LRRK2 phosphorylate non-overlapping sets of Rabs (Malik
etal,, 2021; Steger et al,, 2017, 2016). For example, LRRK1
phosphorylates Rab7a, which is involved in the late endo-
cytic pathway, while LRRK2 phosphorylates Rab8 and
Rab10, which are involved in trans-Golgi transport (Pfeffer,
2017).

Despite the molecular and cell biological similarities
between LRRK1 and LRRK2, the proteins are strikingly dif-
ferent when it comes to their disease association. LRRK2 is
well known for its involvement in Parkinson’s Disease; all
the most common PD-linked mutations in LRRK2 are auto-
somal dominant gain-of-function mutations that activate its
kinase (Ravinther et al., 2022). LRRK2 has also been linked
to Crohn'’s disease and leprosy (Hui et al., 2018; Schurr and
Gros, 2009). In contrast, LRRK1 is not involved in PD and is
instead linked to two rare bone diseases: osteopetrosis and
osteosclerotic metaphyseal dysplasia (Xing et al., 2017). In
further contrast with LRRK2, disease-linked mutations in
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LRRK1 are autosomal recessive, loss-of- A
function mutations (Xing et al., 2017). How
two proteins with such similar domain ar-
chitecture and related cellular functions
are so different when it comes to their in-
volvement in pathology remains a mys-
tery.

While much is yet to be learned about
LRRK2, our structural and mechanistic un-
derstanding of it has expanded signifi-
cantly over the last few years, with several
structures of the protein now available
(Deniston et al, 2020; Myasnikov et al,,
2021; Snead et al,, 2022; Watanabe et al.,
2020), along with insights into LRRK2'’s
cellular localization (Usmani et al., 2021),
substrates (Malik et al., 2021; Steger et al,,
2017, 2016), and regulation (Ravinther et
al,, 2022). This level of knowledge is miss-
ing for LRRK1. Understanding the differ-
ences and similarities between LRRK1 and
LRRK2 would shed light into their unique
cellular functions and how those lead to
such different involvements in disease.
Furthermore, determining what proper-
ties are LRRK1-specific would help us bet-
ter define those that are unique to LRRK2,
and thus likely to be involved in the etiol-
ogy of LRRK2-associated PD.

We set out to bridge the gap in our un-
derstanding of LRRK1 by obtaining struc-
tures of full-length LRRK1 and comparing
them with those of LRRK2. Here we report
cryo-EM structures of full-length LRRK1
in its monomeric and dimeric forms. De-
spite LRRK1’s monomer having an overall
structure similar to that of LRRK2, it dif-
fers from it in significant ways. LRRK2'’s
monomer is regulated by steric autoinhi-
bition, with the LRR repeats blocking access to the kinase’s
active site; this autoinhibition is unchanged in the inactive
form of the dimer (Myasnikov etal., 2021). In contrast, mon-
omeric LRRK1’s LRR repeats are shifted, making the kinase
active site accessible. Surprisingly, LRRK1 achieves steric
autoinhibition in trans by forming a dimer entirely unre-
lated to that formed by LRRK2; in it, the ANK repeats of each
LRRK1 monomer block access to the kinase’s active site of
the other monomer. LRRK1 also differs from LRRK2 in that
its dimer is stabilized by a more complex set of interactions.
Among them, we identified two interactions involving dis-
ordered regions of the protein that, when mutated, lead to
increased phosphorylation of Rab7a, a LRRK1 substrate, in
cells. Finally, we found that LRRK1 has a second level of au-
toinhibition, absent in LRRK2, where a loop arising from its
COR-B domain reaches into the kinase’s active site and pre-
vents the catalytic DYG motif from reaching its active con-
formation. This loop contains three sites that are targets for
PKC phosphorylation (Malik et al., 2022). We show that mu-
tations that destabilize the autoinhibitory conformation of
the loop also increase phosphorylation of Rab7a in cells. Fi-
nally, we perform an evolutionary analysis of LRRK proteins

LRRK1
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Figure 1. Cryo-EM structure of monomeric LRRK1

(A) Schematic domain organization of LRRK1 and LRRK2. The coloring scheme shown here is
used in all figures. (B-D) Cryo-EM map (B) and two views of the model (C,D) of monomeric
LRRK1. Note: The monomer model shown here is the one built after symmetry expansion of the
LRRK1 dimer, as that map showed better density for the region highlighted in (E). The cartoon
in (B) indicates that while present in our construct, the ANK domain is disordered in the cryo-EM
map. (E) Close-up of the contact between the LRR repeat and the kinase’s C-lobe. The inset
highlights the region of the model shown in the main panel.

to determine when characteristic structural features of
LRRK1 and LRRK2 arose during metazoan evolution of the
LRRK family of proteins.

Results

Cryo-EM structure of monomeric LRRK1

We purified LRRK1(A1-19), where the N-terminal 19
residues, predicted to be disordered, were deleted, and im-
aged it in the presence of Rab7a, ATP and GDP. Most parti-
cles classified as monomers, with a small subset forming di-
mers (Figure S1). The monomer particles yielded a 3.6A
structure of LRRK1(A1-19) (Figure 1B-D). Although the cat-
alytic C-terminal half of LRRK1, which contains the ROC,
COR, kinase, and WD40 domains (“RCKW”), adopts a ]-
shaped architecture similar to that of LRRK2 (Snead et al.,
2022), the location of the N-terminal leucine rich repeat
(LRR) domain differs between LRRK1 and LRRK2 in a func-
tionally significant way. The N-terminal LRRs of LRRK2 are
positioned in such a way that the LRR physically blocks ac-
cess to the kinase’s active site (Figure 2A), in what appears
to be an autoinhibited conformation (Myasnikov et al.,
2021). In contrast, the LRRs of LRRK1 are shifted towards
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(Figure 2B). The extra residues pack
/ tightly against the COR-B domain through
an extensive hydrophobic interaction
that is unique to LRRK1 (Figure S2A,B).
Interestingly, the RCKW moiety of full-
length LRRK1 fits very well within a map
of LRRK1RCKW (Figure S2C), indicating
that the presence of the N-terminal re-
peats does not alter the conformation of
the catalytic half of the protein. This con-

Overlay

trasts with LRRK2, where the position of
the ROC-COR domains differs signifi-
cantly between the full-length and
LRRK2RCKW structures (Figure S2D). It is
possible that the more extensive interface
between LRRK1's aC helix and COR-B do-
main rigidifies the RCKW portion of

LRRK1. Additionally, the longer helix is
involved in one of LRRK1’s dimer inter-
faces, discussed below, which would not
be possible with a helix of standard
length.

Although LRRK1's WD40 domain
forms a typical seven-bladed beta propel-

A LRRKZ
[

3 y \’ L

ler, the penultimate blade has several dis-
tinctive features (Figure 2C). Instead of
the usual four strands, it starts with an
additional strand, followed by a ~112
residue disordered loop, unique to
LRRK1, before the normal fold continues.
The third and fourth strands are unusu-

Figure 2. Comparison of monomeric LRRK1 and LRRK2

(A) The LRR domain in LRRK1 does not sterically block access to the kinase’s active site as it
does in LRRK2. Models and cartoons are shown for LRRK1 (left), LRRK2 (center), and an over-
lay of the two structures (right). In the overlay, the “RCKW” portion of LRRK1 and LRRK2 is
shown as a surface representation, with the kinase in orange and the remaining domains in grey
(light grey for LRRK1, dark grey for LRRK2). The directions of close-ups shown in panels (B-D)
are indicated on the left-side panel. (B-D) These panels show comparisons between LRRK1
(left) and LRRK2 (center) focused on features that are different between the two structures, and
a superposition to highlight those differences (right). The insets highlight the region of the struc-
ture shown in the main panel. (B) The aC helix in LRRK1’s kinase domain is several turns longer
than its counterpart in LRRK2. (C) LRRK1’s WD40 domain has features that would clash with
an element analogous to LRRK2’s latch helix. (D) LRRK1’s C-terminal helix is shorter than

LRRK2’s.

its WD40 domain, leaving its kinase’s active site exposed
(Figures 1B, 2A). The only interaction made by the LRR do-
main, which extends from the GDP-bound ROC domain, with
the rest of LRRK1(A1-19) is a small contact with the kinase’s
C-lobe (Figure 1E). Interestingly, the residue in the kinase
involved in this contact corresponds to N2081 in LRRK2,
where a mutation linked to Crohn’s Disease has been iden-
tified (Hui et al., 2018). The kinase domain of LRRK1 is in
the open, or inactive conformation with its DYG motif “out”,
and even though the overall conformation of LRRK1(A1-19)
would not prevent a Rab substrate from being engaged, we
did not see any density for Rab7a in our LRRK1 map. This
could be explained in part by the presence of an autoinhibi-
tory loop extending from COR-B into the kinase active site,
which we discuss in a separate section below. The ANK do-
main was either disordered or too flexible relative to the
rest of the protein to be seen in our map.

An unusual feature of LRRK1 is the length of its kinase’s
aC helix: it is ~4 turns longer than is typical in kinases
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ally long and would clash with where
LRRK2’s hinge helix interacts with the
WD40 domain (Figure 2C); LRRK1 lacks a
hinge helix or an equivalent structural el-
ement that can interact with the WD40.
LRRK2’s hinge helix is inserted at the
start of the LRR domain and precedes a
~100 residue disordered loop that con-
tains key phosphorylation sites for bind-
ing members of the 14-3-3 family of pro-
teins (Nichols et al,, 2010), which are in-
volved in regulating signaling in eukary-
otic cells. The analogous, much shorter sequence in LRRK1
(residues 244-255) is disordered in our structure.

The C-terminal helix is a structural feature shared be-
tween the two LRRK proteins. In LRRK1, the last six resi-
dues of the protein are disordered, resulting in a C-terminal
helix that is notably shorter than that of LRRK2 (Figure 2D).
It was postulated that for LRRK2 the C-terminal helix, ki-
nase N-lobe, and COR-B form a regulatory hub where phos-
phorylation of residue T2524 in the C-terminal helix could
regulate kinase activity (Deniston et al., 2020). There are no
known phosphorylation sites on LRRK1’s C-terminal helix
and it does not extend far enough to contact the kinase N-
lobe or COR-B. Since AlphaFold’s (Jumper et al., 2021) pre-
dicted LRRK1 structure has a fully folded C-terminal helix,
we wanted to understand whether this is a result of Al-
phaFold’s LRRK1 being modeled in an active state or a more
fundamental feature of unknown function. We deleted the
last six residues of LRRK1 [LRRK1(A2010-2015)] and
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Figure 3. Cryo-EM structure of dimeric LRRK1
(A, B) Cryo-EM map (A) and model (B) of dimeric LRRK1. Domains are
indicated for the LRRK1, monomer in (B).

measured phosphorylation of Rab7a, a LRRK1 substrate
(Malik et al., 2021), in cells. We did not observe a significant
difference in Rab7a phosphorylation between full-length
LRRK1 and LRRK1(A2010-2015) (Figure S3), suggesting
that the end of the C-terminal helix does not play a major
role in LRRK1 regulation.

Cryo-EM structure of dimeric LRRK1

We purified full length LRRK1 and imaged it in the pres-
ence of GDP alone. Surprisingly, this construct, which con-
tained the N-terminal 19 residues we had deleted in the
construct we used for our monomer structure, yielded al-
most exclusively dimers (Figure S4). The sample still
showed severe preferred orientation, but we were able to
partially overcome this with the addition of the detergent
brij-35 and obtained a 4.6 A structure of the full-length
LRRK1 dimer (Figure 3). Each molecule in the dimer has the
same conformation we observed in the monomer; however,
the ANK domain is fully resolved in the dimer structure.

Surprisingly, despite the similarities in their domain or-
ganization and the structures of the monomers, the LRRK1
dimer bears no resemblance to that of LRRK2 (Figure 4A,B).
While LRRK2 forms a parallel dimer mediated by a single
homotypic interaction involving its COR-B domain (Figure
4B), LRRK1 forms an antiparallel dimer mediated by several
homo- and heterotypic interactions (Figure 4A). The ANK-
LRR domains of each LRRK1 wrap around those of the
other, making symmetrical contacts between the ANK:ANK
and LRR:ANK domains (Figure 4C,D). While the resolution
is too low to determine specific interactions at the ANK:LRR
interface, the surfaces involved are electrostatically com-
plementary, lined with acidic residues in the ANK domain
and basic residues in the LRR domain (Figure 4D). A major
interaction interface is formed by the kinase C-lobe and LRR
domains of one monomer and the opposite molecule’s ANK
domain (Figure 4E). As mentioned above, the C-lobe contact
site is analogous to the site in LRRK2 linked to Crohn'’s
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disease (N2081D). In contrast to LRRK2, whose dimer is
mediated entirely by the COR-B domain in its RCKW moiety,
the LRRK1 dimer shows minimal direct interactions be-
tween RCKWs; the only contact seen in our structure is a
homotypic interaction involving residues 1263-1265 in the
kinase N-lobe (Figure 4F).

LRRK1 is sterically autoinhibited in trans in the dimer

The main contact between the two LRRK1 monomers,
and the most striking feature of the dimer, involves the ANK
domains; each ANK domain contacts the opposite
molecule’s kinase on both its N- and C- lobes (Figure 4H-K),
effectively blocking access to the kinase. Our structure
suggests that the LRRK1 dimer uses the ANK domain to
accomplish, in trans, the type of steric autoinhibition
achieved by the LRR domain in the LRRKZ monomer.

LRRK1’s N-terminus stabilizes the dimer

As mentioned above, the LRRK1 (full-length) and
LRRK1(A1-19) constructs showed dramatically different
distribution of monomers and dimers on our cryo-EM grids
despite differing only in the presence or absence of 19
residues at the N-terminus; full-length LRRK1 resulted
almost exclusively in dimers, while the LRRK1(A1-19)
truncated construct was mainly monomeric. This was
particularly surprising given that AlphaFold predicts that
the first ~48 residues of LRRK1 are disordered (Figure 5A),
and the fact that the first residue we were able to model in
the LRRK1 dimer was R51 (Figure 5B). However, we noted
two areas of density in our cryo-EM map, near the junction
of the ANK-LRR domains and on top of the ANK:ANK
interaction, that were not accounted for by our or the
AlphaFold models (Figure 5C). We hypothesized that these
densities could be accounted for by the extreme N-terminus
of LRRK1 docking onto the ANK-LRR to stabilize the
autoinhibited dimer. A prediction from this hypothesis was
that deleting the N-terminus should destabilize the dimer
and thus increase LRRK1 kinase activity. We tested this by
measuring phosphorylation of Rab7a in cells. We expressed
one of three constructs in 293T cells: full-length LRRK1, a
25-residue N-terminal deletion [LRRK1(A1-25)], and a 48-
residue deletion [LRRK1(A1-48)], based on AlphaFold’s
prediction that the first 48 residues in LRRK1 would be
disordered. In agreement with our hypothesis that the N-
terminus plays a role in stabilizing the autoinhibited dimer,
both deletions resulted in a ~50% increase in
phosphorylation of Rab7a compared to full-length LRRK1

(Figure 5D). This is comparable to what we observed
with the hyperactive kinase mutant LRRK1k746G (equivalent
to the Parkinson’s Disease-linked R1441G mutation in
LRRK2) (Figure 5D). The difference in activity between
LRRK1(A1-25) and LRRK1(A1-48) was not statistically
significant, suggesting that the first 25 residues are involved
in stabilizing the LRRK1 dimer.

LRRK1’s dimer is also stabilized by a loop in the WD40 do-
main

While processing data for the LRRK1 dimer, we noticed
a large density, adjacent to the C-terminal helices,
connecting the two WD40 domains (Figure 5E); this density
was weak and noisy and was only seen when the map was
displayed at lower threshold. The mask used in processing
was autogenerated in cryoSPARC (Punjani et al., 2017a),
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Figure 4. Comparison of dimeric LRRK1 and LRRK2

(A,B) Models of LRRK1 (A) and LRRK2 (B) shown in surface representation. The models are
shown with the bottom-right monomer in the same orientation to highlight the differences in the
architecture of the dimer. The different interfaces involved in forming the LRRK1 (A) and LRRK2
(B) dimers are indicated. In the case of LRRK1, panel letters next to the interface labels refer to
the detailed views shown in this figure. Cartoons of the dimers are shown below the models. (C-
G) Close ups of the different LRRK1 dimer interfaces. The insets highlight the area of the struc-
ture shown in the main panel. Except for (D), all other panels show the LRRK1 model inside the
cryo-EM map. (C) Symmetric interface formed by the ANK domains. (D) The interface formed
by the ANK domain of one monomer and the LRR domain of the other monomer brings together
surfaces of complementary charge. (E) The kinase C-lobe of one monomer interacts both with
the LRR domain of the same monomer and the ANK domain of the other monomer. Along with
the interaction shown in (G), this anchors the ANK domain on top of the kinase, where it blocks
access to the active site. (F) Symmetric interaction between the N-lobes of the kinases. This is
the only dimeric interface involving only a domain in the C-terminal half of LRRK1 (RCKW). (G)
The N-lobe of the kinase of one monomer interacts with the ANK domain of the other monomer.
Along with the interaction shown in (E), this anchors the ANK domain on top of the kinase, where
it blocks access to the active site. (H) The Cryo-EM map of the LRRK1 dimer, colored by do-
mains, is shown in the same orientation as the model in (A). (I) Rotated view of the dimer map
showing how the kinase active site is buried. (J, K) An additional rotation of the dimer (J) and
clipping of the density in front (K) highlights how the kinase from one monomer is buried under
the ANK domain from the other monomer.

and we first wondered if this was an artifact due either to

loop in the WD40 domain (residues 1791-
1907, Figure 5F), which we had not been
able to model, could be involved in
forming the large density. We
hypothesized that this loop might
stabilize the autoinhibited LRRK1 dimer,
as was the case for the N-terminus, and
thus that its removal would increase
LRRK1’s kinase activity. We engineered a
deletion of most of this loop,
LRRK1(A1798-1885), that was predicted
(by AlphaFold modeling) to maintain
proper folding of the WD40 domain. As
we had done before, we measured
phosphorylation of Rab7a in 293T cells
expressing either full-length LRRK1, or
the LRRK1(A1798-1885) construct. In
agreement with our hypothesis, deletion
of the WD40 loop resulted in a significant
increase in Rab7a phosphorylation in
cells (Figure 5G).

A loop from COR-B inhibits LRRK1’s
kinase

Our initial model for the kinase
domain of LRRK1 showed that the DYG
motif, a tripeptide involved in ATP
binding, was in the “out”, or inactive
conformation, but it also revealed
additional density in the back pocket of
the kinase that was not accounted for by
the model. The density was located where
Y1410 from the DYG motif would dock in
the DYG “in”, or active conformation.
Further processing of the dimer dataset
using symmetry expansion and focused
refinement provided a surprising
explanation for this unaccounted density,
which is present in both the monomer
and dimer maps. A loop from the COR-B
domain (residues 1048-1082), which is
predicted by AlphaFold to be entirely
disordered (Figure S5A, B), threads into
the kinase domain active site (Figure 6A);
approximately half of the COR-B loop is
ordered in our map. The equivalent loop
in LRRK2 is half as long and does not
extend towards the active site (Figure
S5C). The side chain of F1065, at the tip of
the loop, sits inside the back pocket of the
kinase (Figure 6B), occupying the
position of Y1410 in the DYG-in
conformation. A similar “plugging” of the
kinase back pocket was observed in the

dynamic masking during processing or to the two-fold
symmetry applied to the map of the dimer. To test this, we
reprocessed the data either using a mask that excluded the
region where the density had appeared, or without applying
symmetry. In both cases, the unaccounted-for density
persisted. We next wondered if the long LRRK1-specific
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DDR1 kinase (Figure S5D-F) (Sammon et al.,, 2020). This
suggests that the COR-B loop is an autoinhibitory element
in LRRK1. To test this idea, we measured Rab7a
phosphorylation in 293T cells expressing either wild-type
LRRK1 or LRRK1(F1065A), which we expected would at
least partly relieve the autoinhibition. In agreement with
this, the F1065A mutation led to a two-fold increase in the


https://doi.org/10.1101/2022.11.22.517582
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.22.517582; this version posted December 2, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Structure of LRRK1 and mechanisms of autoinhibition and activation

AlphaFold
residues 1- 48

A\
unmodeled
o censity  JS

¥ 4

©

E F
90° - AlphaFold G
e % residues
1792-1902

Ik

pRab7a/Rab7a

Figure 5. Disordered loops in LRRK1’s ANK and WD40 domains
help stabilize the autoinhibited dimer

(A) The ANK and LRR domains of the AlphaFold model of human
LRRK1 (Q38SD2) are shown docked into our cryo-EM map of LRRK1’s
dimer. The N-terminal residues 1-48, which are unstructured in the Al-
phaFold model and not included in our model, are shown in purple. The
insets in panels (A-C) highlight the area of the structure shown in the
main panel. (B) Same view as in (A) with our model of the LRRK1 dimer
shown inside the cryo-EM map to highlight that R51 is the first residue
that was modeled in our structure. (C) View of the ANK-ANK interface in
the cryo-EM map of the LRRK1 dimer. The purple density corresponds
to the region of the cryo-EM map unaccounted for by our current model.
The location of the residues where our model begins (R51) are indi-
cated. (D) Rab7a phosphorylation in 293T cells expressing full-length
LRRK1 or N-terminally truncated constructs missing the first 25 or 48
residues. LRRK1(K746G), which is known to increase Rab7 phosphor-
ylation in cells, and LRRK1(D1409A), which is known to be kinase inac-
tive, were tested as well. 293T cells were transiently transfected with the
indicated plasmids encoding FLAG-LRRK1 (wild type or mutant) and
GFP-Rab7. Thirty-six hours post-transfection the cells were lysed, im-
munoblotted for phosphor-Rab7 (pS72), total GFP-Rab7, and total
LRRK1. The mean % s.e.m. is shown, ****p<0.0001, ns=not significant,
one-way ANOVA. Individual data points represent separate populations
of cells obtained across at least three independent experiments (n = 3).
(E) We observed weak density (grey arrow) connecting the WD40 do-
mains in our initial dimer maps. The cartoons above the map indicate
the orientation of the maps shown in (E) and (F) as well as the location
of the weak density. (F) The final cryo-EM map of the LRRK1 dimer with
the WD40 domain from the AlphaFold model of LRRK1 docked in; Al-
phaFold predicted that residues 1792-1902 in the WD40 domain form
an extended disordered loop (shown). (G) Rab7a phosphorylation in
293T cells expressing GFP-Rab7a and full-length WT LRRK1 or a
LRRK1 variant missing residues 1798-1885 from its WD40 domain.
LRRK1(K746G), which is known to increase Rab7 phosphorylation in
cells, and LRRK1(D1409A), which is known to be kinase inactive, were
tested as well. 293T cells were transiently transfected with the indicated
plasmids encoding FLAG-LRRK1 (wild type or mutant) and GFP-Rab7.
Thirty-six hours post-transfection the cells were lysed, immunoblotted
for phosphor-Rab7 (pS72), total GFP-Rab7, and total LRRK1. The mean
+ s.e.m. is shown. *p=0.0317, one-way ANOVA Individual data points
represent separate populations of cells obtained across at least three
independent experiments (n = 3).

level of Rab7a phosphorylation in cells, comparable to that
observed with the hyperactive K746G mutant (Figure 6C).

Phosphorylation of residues in the COR-B loop relieves
LRRK1 autoinhibition

Reimer et al., 2022 (preprint)

LRRK1 contains several consensus sites for
phosphorylation by Protein Kinase C (PKC) (Malik et al,,
2022). Three of these sites—S1064, T1074 and S1075—are
found in the autoinhibitory COR-B loop (Figure 6D).
Phosphorylation of these residues significantly increases
the kinase activity of LRRK1 (Malik et al., 2022). In addition,
preventing phosphorylation (by mutating the residues to
alanine) reduces Rab7a phosphorylation in cells, while
phosphomimetic mutations (to glutamate) increase it,
although to a lesser extent than phosphorylation (Malik et
al,, 2022). Our structure provides a mechanistic explanation
for this activation: phosphorylation of these residues
disrupts the loop, which is nestled against the kinase
domain, releasing F1065 from the kinase’s back pocket and
allowing the DYG motif to adopt the active “in”
conformation. Based on this model, we would expect some
synergy  between the F1065A mutation and
phosphomimetic mutations in the COR-B loop
(S1064E/T1074E/S1075). In agreement with this, LRRK1
carrying all four mutations resulted in a 3-fold increase in
Rab7a phosphorylation in cells (Figure 6E).

Our work revealed two separate autoinhibitory
mechanisms in LRRK1: (1) autoinhibition by the COR-B
loop, which is present in both the monomer and dimer
structures, and (2) steric autoinhibition of the kinase by the
ANK domain, which occurs in trans and is dependent on
dimerization. Given the seemingly independent nature of
these mechanisms, we wondered if their effects would be
additive to any extent. To test this, we introduced the
phosphomimetic mutations in the context of the N-terminal
deletions we had tested earlier: LRRK1(Al-
25)(S1064E/S1074E/T1075E) and LRRK1(A1-
48)(S1064E/S1074E/T1075E). As shown previously
(Malik et al., 2022), Rab7a phosphorylation in 293T cells
expressing full-length LRRK1 carrying the triple
phosphomimetic mutations increased by a factor of 2
relative to wild-type LRRK1 (Figure 6F). Combining these
mutations with either the 1-25 or 1-48 N-terminal
truncation of LRRK1 resulted in a small, but statistically
significant additional increase in Rab7a phosphorylation in
cells (Figure 6F), suggesting that the effects from these two
autoinhibitory mechanisms are additive.

An evolutionary analysis of the structural signatures of
LRRK1 and LRRK2

Structural information on LRRK2 has built up over the
last few years (Deniston et al., 2020; Myasnikov et al., 2021;
Snead et al, 2022; Watanabe et al, 2020). The data we
presented here on LRRK1 now allow us to establish the
structural signatures that define these two proteins. We set
out to analyze the conservation of these features
throughout evolution to understand which ones are most
likely to be tied to LRRK1- or LRRK2-specific biological
functions. We expect that this information will shed light on
the etiology of PD and bone diseases.

We began by evaluating the evolutionary origin and
phylogenetic distribution of LRRK proteins, defined as
those with 40% or higher sequence coverage relative to
human LRRK1 or LRRK2, to ensure complete coverage of
the ROC, COR-A, COR-B, and kinase domains (see Methods).
We found that LRRK proteins are present in a wide range of
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Figure 6. A loop from the COR-B domain directly inhibits LRRK1’s
kinase

(A) Close up of the kinase domain in the cryo-EM map of monomeric
LRRK1; the density colored in yellow corresponds to a loop arising from
the COR-B domain that reaches towards the kinase active site. The inset
highlights the area of the structure shown in the main panel. The dashed
outline indicates the region shown in panel (B). (B) Our model of LRRK1
is shown inside the cryo-EM map around the kinase’s active site. The
DYG motif, in its “out” conformation, is shown. This panel also shows
that F1065, a residue in the COR-B inhibitory loop, occupies the kinase’s
“back pocket”, where Y1410 must dock to bring the DYG motif into its
“in”, or active conformation. (C) Rab7a phosphorylation in cells express-
ing full-length LRRK1 WT or carrying a F1065A mutation.
LRRK1(K746G), which is known to increase Rab7 phosphorylation in
cells, and LRRK1(D1409A), which is known to be kinase inactive, were
tested as well. 293T cells were transiently transfected with the indicated
plasmids encoding for FLAG-LRRK1 (wild type or mutant) and GFP-
Rab7. Thirty-six hours post-transfection the cells were lysed, immunob-
lotted for phosphor-Rab7 (pS72), total GFP-Rab7, and total LRRK1. The
mean + s.e.m. is shown. ****p<0.0001, ***p=0.001, one-way ANOVA.
Individual data points represent separate populations of cells obtained
across at least three independent experiments (n = 3). (D) An expanded
view of the area shown in (B), without the cryo-EM map. The three sites
of PKC phosphorylation in the COR-B inhibitory loop—S1064, S1074,
and S1075—are shown in addition to F1065. (E, F) Rab7a phosphory-
lation in 293T cells expressing GFP-Rab7a and full-length WT LRRK1
or LRRK1 carrying a combination of the F1065A mutation with three
phosphomimetic mutations (S1064E/S1074E/T1075E) in the COR-B in-
hibitory loop (E) or truncated (A1-48 and A1-25) versions of LRRK1 with
or without the phosphomimetic mutations (S1064E/S1074E/T1075E) in
the COR-B inhibitory loop (F). The triple phosphomimetic mutant is ab-
breviated as “S/T - E” in the graphs. LRRK1(K746G), which is known
to increase Rab7 phosphorylation in cells, and LRRK1(D1409A), which
is known to be kinase inactive, were tested as well. 293T cells were
transiently transfected with the indicated plasmids encoding for FLAG-
LRRK1 (wild type or mutant) and GFP-Rab7. Thirty-six hours post-trans-
fection the cells were lysed, immunoblotted for phosphor-Rab7 (pS72),
total GFP-Rab7, and total LRRK1. The mean + s.e.m. is shown.
****p<0.0001, **p,0.0021, *p,0.0032, ns=not significant. one-way
ANOVA. Individual data points represent separate populations of cells
obtained across at least three independent experiments (n = 3).

metazoan species, and that related proteins are present in
amoeba. Phylogenetic analyses of these proteins revealed
five distinct and well-supported LRRK clades, with amoeba
proteins forming a single clade and the remaining four
clades containing only metazoan proteins (Figure 7A and
Figure S6), as has been observed previously (Marin, 2008).
Human LRRK1 and LRRK2 are found in distinct clades that
contain proteins from vertebrates, echinoderms (e.g.,
starfish), spiralians (e.g., mollusks), and cnidarians (eg.,
corals). Arthropod and nematode LRRK proteins, which are

Reimer et al., 2022 (preprint)

annotated as either LRRK1 or LRRK2, are in fact found in a
clade (labeled LRRK3 in Figure 7A) that is distinct from
vertebrate LRRK1 and LRRK2, and that also contains
proteins from echinoderms, spiralians, and cnidarians.
Finally, a fourth clade (labeled LRRK4) contains only
proteins from cnidarians. These data suggest, as has been
proposed earlier (Marin, 2008), that gene duplication early
in metazoan evolution led to four distinct LRRK protein
families, followed by loss of individual LRRK members in
different lineages. Notably, while vertebrates have only
retained LRRK1 and LRRK2, arthropods and nematodes
have retained only LRRK3, while spiralians and
echinoderms have retained LRRK1, LRRK2, and LRRK3, and
cnidarians have proteins from all four LRRK protein
families (Figure 7B).

Using this LRRK protein phylogeny, we next asked
when characteristic features of LRRK1 and LRRK2 arose
during metazoan LRRK protein family evolution. The major
structural features of LRRK2 that distinguish it from LRRK1
include: (1) the presence of basic residues in its ROC
domain that allow it to bind to microtubules in vitro
(Deniston et al., 2020; Snead et al., 2022) and, under some
conditions, in cells (Berger et al., 2010; Bonet-Ponce et al,,
2020; Deniston et al., 2020; Eguchi et al., 2018; Gomez et al,,
2019; Purlyte et al,, 2018; Snead et al.,, 2022); (2) the COR-
B:COR-B interface that mediates dimerization (Myasnikov
etal.,, 2021); (3) the two interfaces involved in formation of
the microtubule-associated filaments: the same COR-
B:COR-B interface that forms the dimer (Snead et al., 2022)
and a WD40:WD40 interaction (Snead et al, 2022;
Watanabe et al,, 2020; Zhang et al., 2019) ; and (4) its long
C-terminal helix that emerges from the WD40 domain and
runs along the back of the kinase domain (Deniston et al.,
2020). LRRK1-specific features include: (1) its disordered
N-terminus, involved in stabilizing the autoinhibited dimer
(Figure 5A-D); (2) the LRRK1-specific WD40 loop, also
involved in stabilizing the autoinhibited dimer (Figure 5E-
G); (3) the LRRK1-specific autoinhibitory COR-B loop
(Figure 6); (4) the unusually long aC helix in its kinase
domain (Figure 2B); and (5) a C-terminal helix that is
shorter than the equivalent one in LRRK2 and makes fewer
contacts with the kinase domain (Figure 2D). We focused
our evolutionary analysis on four of these structural
features: (1) the LRRK1-specific WD40 loop involved in
autoinhibition, (2) the LRRK1-specific COR-B loop involved
in autoinhibition, (3) the LRRK2-specific basic patches
found in the ROC domain that mediate microtubule binding,
and (4) the length of the aC helix in the kinase’s N-lobe,
which is significantly longer in LRRK1 compared to LRRK2
(Figure 7C, D). We were not able to analyze two other
features—the presence of the COR-B:COR-B and
WD40:WD40 dimerization interfaces in LRRK2 that are
required for the formation of the microtubule-associated
filaments, and the differences in length in the C-terminal
helix that emerges from the WD40 domain —due to the fact
that the protein alignment in these regions was not of
sufficient quality to confidently infer relatedness.
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Consistent with the role that the
WD40 loop plays in LRRK1 regulation, we
found that this is a conserved feature of
metazoan LRRK1s but is not found in any
other metazoan LRRKs (Figure 7D, E). We
also found that an extended (>30 residue)
COR-B loop is conserved in LRRK1
proteins from vertebrates, echinoderms,
and spiralians, although the regulatory
elements in the loop—the Phe that
occupies the kinase back pocket (F1065 in
human LRRK1), and the three PKC
phosphorylation sites
(S1064/S1074/T1075 in human LRRK1)
are only present in LRRK1s from jawed
vertebrates (Figure 7D, F, Figure S7).
Cnidarian LRRK1s have a short (<10
residue) loop in COR-B that resembles the
length of the loop in all LRRK2s. Our
structure of LRRK1 suggests that the COR-
B loop, as defined in Figure 7D, must be at
least 26 residues long for the
autoinhibitory mechanism we identified
to be possible. Interestingly, LRRK3s,
including those from arthropods and
nematodes, have an intermediate length
loop, ranging from 20-30 residues,
whereas most LRRK4s have a much longer
insert (200 or more residues) in the COR-
B domain (Figure 7F). The functional
consequences of these differences in COR-
B remain to be determined. Next, we
examined metazoan LRRK proteins for the
presence of the basic patches found in the
LRRK2 ROC domain (Snead et al,, 2022).
The first two basic patches are found in
loop regions while the third is found in an
alpha helix (Figure 7D). Only in jawed
vertebrate LRRK2s do all three basic
patches exist in the analogous positions in
the ROC domain (Figure 7G). In the
jawless sea lamprey and more distantly
related non-vertebrate metazoans, the
patch 3 motif is not basic (Figure S8).
Given that mutations in any of the three
basic patches in LRRK2’s ROC domain
significantly reduce microtubule binding
in cells (Snead et al, 2022), our data
suggest that LRRK2 from jawed
vertebrates may be the only LRRKs that
exhibit this property. Finally, we looked at
the length of the region encompassing the
kinase’s aC helix in the different LRRK
proteins (Figure 7D). This region is longer
in LRRK1s in vertebrates, echinoderms,
and spiralians, and in LRRK3s in
arthropods, nematodes, echinoderms, and
spiralians, but shorter in LRRK2s and
LRRK4s (Figure 7H). While our structure
of LRRK1 showed an unusually long aC
helix, it remains to be determined

Reimer et al., 2022 (preprint)

A B

LRRK1

*k
LRRK1 = Vertebrates
*
* L ] Spiralians
*k
Echinoderms
= Cnidarians
> LRRK3
* LRRK3
= Arthropods
Nematodes
= LRRK4 Spralans
Cnidarians
Echinoderms
LRRK2
*k
LRRK2 Vertebrates
Echinoderms
—< Amoebozoa T Spiralians
03 Cnidarians 05

‘e COR.B .
LRRK1 LRRK2 @ WwD40 loop &) COR-B loop
o 2 - length (aa) length (aa)
COR-B =
Vﬂ%@p e Human 132 ;!uman g:
0C = Frog 129 rog
(F) o <]'-RRK1 Starfish 113 LRRKT Starfish 31
S Coral 142 Coral 27
E Fruitfly 26 Frotfly 22
C.elegans 23 _elegans
(H) Starfish 29 LRRES | Starfish 24
WD40 patches Coral 27 Coral 24
|0é)p (G) |Coral 15 LRRK4 |Coral 767
E) Human 25 Human 5
Frog 24 Frog 5
D (CRWD40 Starfish 17 Starfish 11
Wioop Coral 18 Coral 10
1776 = 1909
AVKI
1045 1080 G) basic patches %/\ aC helix
->MDL° »mb Patch# 1 2 3 ) length (aa)
Human Human 42
g basic Frog Frog 42
G;‘patches Starhsh LRRK1 |starfish 71
- v Coral Coral 3
638 v 672 680 ¥ 695 814 Fruit fly - Fruitfly 49
| C.elegans | C.elegans 49
-Eb—TIRTTH IGLRa ] G olega — LRRK3 |S;elegans 49
Coral Coral 49
@@@ helix |Coral |Coral 26
1270 o 1313 Human === Human 19
Frog Frog 19
(S <]LRRK2 Sioon mmmm Sofen 2
Coral 1 | Coral 22

Figure 7. Evolution of structural motifs in LRRK proteins

(A) Maximum likelihood phylogenetic tree of LRRK protein homologs (see supplemental da-
tasets 1, 2, and 3 for complete listing of proteins, protein alignment, and complete phylogenetic
tree, respectively). Shaded clades are LRRK proteins found in metazoans, using nomenclature
proposed in (Marin, 2008). The tree is rooted on the only non-metazoan LRRK homologs, which
are found in Amoebozoa, but the validity of those proteins as the ancestor to metazoan LRRK
proteins is not well-established (Marin et al., 2008). Asterisks indicate bootstrap branch support
(* >75% support, ** 100% support). (B) Expanded views of the phylogenetic tree shown in (A),
highlighting major metazoan clades that contain members of LRRK1, LRRK2 and LRRK3. As-
terisks indicate bootstrap branch support as in panel A. (C) Cartoons of LRRK1 and LRRK2
showing structural features whose conservation was analyzed here. The panels where results
are presented for each feature are indicated. (D) Schematic of the boundaries used for deter-
mining whether one of the features shown in (C) is present in a given LRRK. Amino acid se-
quences and numbers are shown for regions flanking the sequences whose lengths (panels E,
F, and H) or where the presence of key residues in the COR-B autoinhibitory loop (panel F), or
basic patches (panel G) were measured in our analysis. (E) Representative proteins from each
metazoan LRRK protein family were sampled from vertebrates (human: Homo sapiens and
frog: Xenopus laevis), echinoderms (starfish: Asterias rubens), cnidarians (coral: Dendroneph-
thya giganteas), arthropods (fruit fly: Drosophila sechellia) and nematodes (Caenorhabditis el-
egans). The length of the WD40 loop, as measured between the well-aligning motifs shown in
(D), is shown next to each homolog. (F) As in panel E, except measuring the length of the COR-
B loop, as measured between the well-aligning motifs shown in (D). Filled boxes indicate the
presence of key residues involved in autoinhibition and activation—the Phe that docks into the
kinase back pocket (“F”), and the three phosphorylation sites (“P1-P3”). (G) As in panel E, ex-
cept querying for the presence of basic patches. Filled boxes indicate the presence of a basic
patch as defined by three basic amino acids in a stretch of four residues between the regions
defined in (D). (H) As in panel E, except measuring the length of the region containing the aC
helix, as measured between the well-aligning motifs shown in (D).
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whether this is a feature of all LRRKs containing a longer
insert in this part of the kinase.

Discussion

Our structural and functional analysis of LRRK1 has
revealed that although LRRK1 and LRRK2 have a similar
domain architecture and related kinase substrates, the two
proteins differ in the structures of their monomers and
dimers and, most dramatically, in their mechanisms of
autoinhibition and activation.

LRRK1 regulation

One of the most striking aspects of our findings is the
extent to which LRRK1 appears to be more stringently
autoinhibited than LRRK2. Our current understanding of
LRRK2 suggests that its activation should only require
movement of the N-terminal repeats to relieve the physical
blockage of the kinase’s active site by the LRR. Structures
and structure predictions of LRRK2 indicate that this
activation could take place in the context of either a
monomer or a dimer as dimerization does not bring about
new properties, at least in the context of the inactive dimer
form (Myasnikov et al.,, 2021). In contrast, the equivalent
steric inhibition in LRRK1, mediated by its ANK repeats, is
dependent on dimerization. Given that the ANK repeats are
also involved in mediating dimerization, along with several
other homotypic and heterotypic interactions in LRRK1, it
is not easy to see how autoinhibition in LRRK1 could be
relieved without disrupting the dimer. Our work revealed
two interactions involved in stabilizing the dimer: one
mediated by the extreme N-terminus of LRRK1, and the
other by the LRRK1-specific WD40 loops. Although
disruption of either interface resulted in increased Rab7a
phosphorylation in cells, this increase was relatively
modest, suggesting that other interfaces still play a major
role in stabilizing the LRRK1 dimer. How could this
dimerization be regulated in cells? An intriguing
observation is the presence of multiple predicted
phosphorylation sites (NetPhos-3.1 server:
https://services.healthtech.dtu.dk/service.php?NetPhos-
3.1) in the two regions we identified as mediators of
dimerization. Future studies will determine whether
phosphorylation of some of these residues disrupts, or
stabilizes, the autoinhibited LRRK1 dimer.

The autoinhibitory COR-B loop is unique to LRRK1 and
provides an additional level of regulation beyond that
brought about by dimerization; this loop is present in both
our monomer and dimer structures. Our structural data
suggest that disruption of the dimer should precede
phosphorylation of the COR-B residues that lead to
activation; the COR-B loop is relatively buried in the
structure, surrounded by the ROC and LRR domains from
the same monomer, and the ANK repeats that come from
the other monomer to block the kinase (Figure 4H-K).
Future studies will also determine whether, in addition to
relieving autoinhibition, phosphorylation of the COR-B loop
enables new interactions, with LRRK1 and/or other
partners.

Although much remains to be done to understand how
LRRK proteins are regulated, it is tempting to speculate that
the apparently more stringent regulation of LRRK1 may be
related to the fact that disease-linked mutations in LRRK1
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are autosomal recessive loss-of-function, in contrast to
those in PD-linked LRRK2. It may be that a hyperactive
LRRK1 is more acutely deleterious than a hyperactive
LRRK2 in cells.

Structural signatures of LRRK1 and LRRK2

Understanding how LRRK1 and LRRK2 have similar
domain architectures and cellular functions, yet very
different disease associations and genetics is key to
deciphering the etiology of the diseases with which they are
linked. One of our goals in this study was to determine what
structural features are unique to LRRK1 or shared between
LRRK1 and LRRK2. LRRK1-specific features would shed
light on LRRK1’s involvement in bone diseases, while those
specific to LRRK2 would shed light on its involvement in PD.

Our structures of LRRK1 revealed that the apparent
similarity in the domain organization of these two proteins
belies very different autoinhibitory mechanisms. Our
evolutionary analysis showed that two of the structural
elements involved in LRRK1’s autoinhibition—a long loop
in the WD40 domain and a COR-B loop that directly inhibits
the kinase—are conserved in LRRK1s but absentin LRRK2s,
suggesting that autoinhibition is central to LRRK1's
function. Interestingly, LRRK3s, including those found in
arthropods (e.g., Drosophila) and nematodes (eg.,
Caenorhabditis) lack the long WD40 loop but share an
extended COR-B loop with LRRK1. While it is unclear what
role these might play in LRRK3 function in these species, it
does suggest that studies of LRRK protein function from
model invertebrates should be treated with caution when
extrapolating to human LRRKs. Conversely, our analysis
showed that the LRRK2-specific basic patches found in its
ROC domain, which mediate LRRK2’s interaction with
microtubules, are absent in LRRK1s but conserved in
LRRKZs, although the full complement of three basic
patches is only found in jawed vertebrates. Although the
physiological relevance of microtubule binding by LRRK2
remains to be established, our data suggest that the
functional role of the basic patches in LRRK2 is unique to
this LRRK. Given that the formation of microtubule-
associated filaments requires two dimerization interfaces
in LRRK2 (COR-B:COR-B and WD40:WD40), we were
interested in determining whether their presence was
conserved in LRRK2s. However, we were unable to do this
as the residues in the WD40:WD40 interface are poorly
conserved, even among vertebrate LRRK2s.

The last structural feature we analyzed that
distinguishes LRRK1 and LRRK2 is the length of their aC
helices, found in the N-lobe of the kinase. Unlike the features
discussed before, for which we have shown specific
functions, we do not yet understand the mechanistic
implications of the length of the oC helix, though our
evolutionary analysis indicated that a longer helix is a
signature of LRRK1s and LRRK3s. Our structures of LRRK1
suggested that the more extensive interaction between a
longer aC helix and a hydrophobic pocket in the COR-B
domain may rigidify LRRK1 relative to LRRK2 (Figure S2).
Future studies will determine whether LRRK1 and LRRK2
have different dynamics despite their similar domain
architecture, and whether those are related to their
function and regulation. One possibility is that increased
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rigidity in LRRK1 facilitates the formation of its

autoinhibited dimer.
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Materials and Methods

Cloning and mutagenesis

For baculovirus expression, the DNA coding for LRRK1 was codon opti-
mized for Spodoptera frugipera (Sf9) cells and synthesized by Epoch Life
Science. The DNA was cloned via Gibson assembly into the pKL baculoviral
expression vector, with an N-terminal Hise-Z-tag and a TEV protease cleav-
age site. LRRK1 variants were generated using Q5 site-directed mutagene-
sis (New England Biolabs, NEB). The pKL plasmid was used for the gener-
ation of recombinant Baculoviruses using the Bac-to-Bac expression sys-
tem (Invitrogen).

For mammalian expression, pcDNA5-FRT-TO-LRRK1 from MRC-PPU was
used. The various LRRK1 mutants were generated using QuikChange site-
directed mutagenesis (Agilent), or Q5 site-directed mutagenesis (NEB) fol-
lowing manufacturer’s instructions. Plasmid design was performed using
SnapGene software (Insightful Science; snapgene.com), and all plasmids
were sequence-verified. EGFP-Rab7 was obtained from Addgene
(#12605).

LRRK1 expression and purification

N-terminally tagged Hise-Z-TEV-LRRK1(FL) was expressed in Sf9 insect
cells. Insect cells were infected with baculovirus and grown at 27°C for 3
days. Cells were harvested and cell pellets were resuspended in lysis buffer
(50 mM HEPES pH 7.4, 500 mM NaCl, 20 mM imidazole, 0.5 mM TCEP, 5%
glycerol, 5 mM MgClz, 20 uM GDP, 0.5 mM Pefabloc and cOmplete EDTA-
free protease inhibitor cocktail (Roche). Cells were lysed using a Dounce
homogenizer and clarified by centrifugation. The supernatant was incu-
bated for 1 hr with Ni-NTA agarose beads (Qiagen) equilibrated in lysis
buffer. Beads were applied to a gravity column where they were exten-
sively washed with lysis buffer, followed by elution in lysis buffer contain-
ing 300 mM imidazole. The eluted protein was diluted to 250 mM NaCl and
loaded onto a SP Sepharose column (Cytiva) equilibrated in buffer (50 mM
HEPES pH 7.4, 250 mM NaCl, 0.5 mM TCEP, 5% glycerol, 5 mM MgCl, 20
uM GDP, 0.5 mM Pefabloc). The protein was eluted using a 250 mM to 2.5
M NacCl gradient. Fractions containing LRRK1(FL) were pooled, diluted to
~500 mM NacCl, and incubated with TEV protease overnight at 4°C. The
protein was concentrated and put directly over a S200 size exclusion col-
umn (Cytiva) equilibrated in storage buffer (50 mM HEPES pH 7.4, 150 mM
NaCl, 0.5 mM TCEP, 5% glycerol, 5 mM MgCl; and 20 uM GDP). The protein
was concentrated to ~5-6 pM and flash frozen in liquid nitrogen for stor-
age. N-terminally tagged Hise-Z-TEV-LRRK120-2015 was purified using the
same protocol.

Cryo-electron microscopy

Sample preparation: For LRRK1(A1-19), grid samples contained 2 pM
LRRK1(A1-19), 3 uM Rab7a, purified as previously described (Snead et al.,
2022), 1 mM GTP and 1 mM AMPcPP. For LRRK1(FL), 5.2 uM LRRK1(FL)
was spiked with a final concentration of 0.06% brij-35 directly before vit-
rification. For both samples, 4 pL of sample was applied to a freshly plasma
cleaned Ultrafoil grid (Electron Microscopy Sciences, EMS). Samples were
blotted for 4s using a blot force of 20 followed by vitrification using a Vi-
trobot Mark IV (FEI) set to 4°C and 100% humidity.

Data collection: Cryo-EM data was collected on a Talos Arctica (FEI) oper-
ated at 200 kV and equipped with a K2 Summit direct electron detector
(Gatan). Leginon (Suloway et al., 2005) was used for automated data col-
lection. For the LRRK1(A1-19) dataset, we collected 1,310 movies at a
nominal magnification of 36,000x and object pixel size of 1.16 A. Movies
were dose-fractionated into 200 ms frames for a total exposure of 12s with
a dose rate of ~5.1 electrons A2s1. For the LRRK1(FL) sample, multiple
datasets were collected and combined as the addition of detergent resulted
in very few particles per image. Movies were collected with the same pa-
rameters as the LRRK1(A1-19) dataset.

LRRK1(A1-19) monomer reconstruction: cryoSPARC Live (Punjani et al.,
2017b) was used to align movie frames (patch motion correction) and es-
timate the CTF (patch CTF estimation). Micrographs with a CTF worse than
6 A were removed. Particles were picked using crYOLO (Wagner et al,
2018) with a previously trained model on the dose-weighted images. Par-
ticles were extracted with a down-sampled pixel size of 4.64 A /px and used
in multiple rounds of 2D classification in Relion 3.0 (Zivanov et al., 2018, p.
3). Particles were extracted to 1.16 A/px and all subsequent processing
was done in cryoSPARC (Punjani et al., 2017b). Particles were subjected to
ab initio reconstruction and the best two classes were combined and used
in non-uniform refinement. To further separate out heterogeneity, another
round of ab initio reconstruction was performed. Heterogeneous refine-
ment was then done to separate particles with and without the LRR do-
main. 2D classification was carried out on each resulting subset to remove
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lingering dimer particles or recover good particles. Particles were then
combined and put through a last round of non-uniform refinement for a
final resolution of 3.7 A.

LRRK1(FL) dimer reconstruction: cryoSPARC Live (Punjani et al,, 2017b)
was used to align movie frames (patch motion correction) and estimate the
CTF (patch CTF estimation). Particles were picked using crYOLO (Wagner
et al.,, 2018) trained with manual particle picks. Particles were extracted
with a down-sampled pixel size of 4.11 A/px and used in multiple rounds
of 2D classification implemented in cryoSPARC (Punjani et al,, 2017b).
Good particles were subjected to ab initio reconstruction. The best two
classes were combined, and the particles were used in heterogeneous re-
finement. Final particles were taken and used in non-uniform refinement
with C2 symmetry and optimized per-group CTF params enabled for a final
resolution of 4.6 A. Symmetry expansion followed by local refinement re-
sulted in a monomer structure of 3.6 A.

Model building for monomeric LRRK1(A1-19): The AlphaFold (Jumper et al.,
2021) model of human LRRK1, Q38SD2, was docked into the LRRK1(A1-
19) map. This model has the kinase modeled in the closed conformation,
and so we used Phenix (Afonine et al,, 2018) real space refine to rigid body
fit each domain into the map. Discrepancies in the AlphaFold model were
manually corrected in COOT (Emsley and Cowtan, 2004). To aid in model
building, local refinements with masks around the KW domains (EMDB
27816), RCKW domains (EMDB 27814) and RCK domains (EMDB 27815)
were performed. These maps only minimally improved the local resolution
(~0.1-0.3 A), and therefore specific models for these maps were not in-
cluded. Model refinement was done using a combination of Phenix real
space refine (Afonine et al,, 2018) and Rosetta Relax (ver 3.13) (Wang et
al., 2016).

Model building for dimeric LRRK1(FL): The monomer model for LRRK1RCKW
and the ANK-LRR domains from AlphaFold (Jumper et al., 2021) model
Q38SD2 were docked into the dimer symmetry expansion map and rigid
body fit using Phenix (Afonine et al., 2018) real space refine. The model
was iteratively built in COOT (Emsley and Cowtan, 2004) and refined using
Phenix (Afonine et al,, 2018) real space refine and Rosetta Relax (ver 3.13)
(Wang et al., 2016).

Cell Culture and transfection

HEK293T cells were obtained through ATCC (CRL-3216). Cells were cul-
tured in DMEM growth medium (Gibco) supplemented with 10% fetal bo-
vine serum (Gibco) and 1x penicillin/streptomycin solution (Gibco). Cells
were plated on 6-well dishes (200,000 cells per well) 24 h before transfec-
tion. Each culture well was transfected with 1 pg of FLAG-LRRK1 construct
and 500 ng of EGFP-Rab7 using polyethylenimine (Polysciences) and cul-
tured at 37°C with 5% COz for 36 h before harvesting.

Western blot analysis and antibodies
For western blot quantification of LRRK1 protein expression and Rab7
phosphorylation, cells were harvested by scraping, rinsed with ice-cold 1x
PBS, pH 7.4 and lysed on ice in RIPA buffer (50 nM Tris pH7.5, 150 mM
NaCl, 0.2% Triton X-100, 0.1% SDS, with cOmplete EDTA-free protease in-
hibitor cocktail (Sigma-Aldrich) and PhoStop phosphatase inhibitor
(Sigma-Aldrich). Lysates were rotated for 15 min at 4°C and clarified by
centrifugation at maximum speed in a 4°C microcentrifuge for 15 min. Su-
pernatants were then boiled for 10 minutes in SDS buffer. Replicates were
performed on independently transfected cultures.

Lysates were run on 4-12% polyacrylamide gels (NuPage, Invitrogen)
for 50 minutes at 180V and transferred to polyvinylidene difluoride (Im-
mobilon-FL, EMD Millipore) for 4 h at 200 mA constant current. Blots were
rinsed briefly in MilliQ water and dried at room temperature for at least 30
min. Membranes were briefly reactivated with methanol and blocked for 1
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h at room temperature in 5% milk (w/v) in TBS. Antibodies were diluted
in 1% milk in TBS with 0.1% Tween-20 (TBST). Primary antibodies used
for immunoblots were as follows: mouse anti-GFP (Santa Cruz, 1:2500 di-
lution), rabbit anti-LRRK1 (Abcam, 1:500 dilution), rabbit anti-GAPDH
(Cell Signaling Technology, 1:3000 dilution), and rabbit anti-phospho-S72-
Rab7A (MJF-38, 1:1000 dilution). Secondary antibodies (1:10,000) used
for western blots were IRDye 680RD Goat anti-Mouse and IRDye 780RD
Goat anti-Rabbit (Li-COR). Primary antibodies were incubated overnight
at 4°C, and secondary antibodies were incubated at room temperature for
1 h. For quantification, blots were imaged on an Odyssey CLx Imaging Sys-
tem (Li-COR) controlled by Imaging Studio software (v.5.2) (Li-COR), and
intensity of bands quantified using Image Studio Lite software (v.5.2). All
statistical analyses were performed in GraphPad Prism (9.3.1; GraphPad
Software).

Phylogenetic analyses

Human LRRK1 (accession NP_078928.3) and LRRK2 (accession
NP_940980.4) were used as a BLASTp (Altschul et al., 1990) search query
against the Reference Sequence (RefSeq) protein database with an e-value
cutoff of 1e-20 and a query coverage cutoff of 40%. Resulting sequences
were aligned using Clustal Omega (Sievers et al., 2011) and duplicate and
poorly aligning sequences were removed. To reduce the number of nearly
identical sequences, sequences with >80% sequence identity were re-
duced to a single unique sequence using CD-HIT (Fu et al.,, 2012) with a 0.8
sequence identity cutoff. The resulting 273 sequences (accession numbers
and species names found in Supplemental Dataset 1) were realigned with
Clustal Omega using two rounds of iteration to optimize the alignment
throughout the sequences. The resulting alignment is found in Supple-
mental Dataset 2. To generate maximum likelihood phylogenetic trees of
LRRK proteins, IQ-TREE (Nguyen et al., 2015) phylogenies were generated
using the “-bb 1000 -alrt 1000” commands for generation of 1000 ultrafast
bootstrap (Hoang et al., 2018) and SH-aLRT support values. The best sub-
stitution model (JTT+F+I+G4) was determined by ModelFinder (Kal-
yaanamoorthy etal., 2017) using the “-m AUTO” command. To confirm that
the phylogenetic inferences were not influenced by regions of LRRK pro-
teins that are not well conserved across all family members, the ROC-COR-
A region (corresponding to human LRRK1 residues 632-995) and kinase
domain region (corresponding to human LRRK1 residues 1229-1534)
were extracted from the alignment and concatenated and used as input for
IQ-TREE. The resulting phylogeny, using the best substitution model (Q.in-
sect+I+G4), shows similarly strong support values in major branches of the
phylogeny (Figure S6). Complete phylogenetic trees, with support values,
can be found in Supplemental Dataset 3.

To determine length of WD40 and COR-B loops, and the aC helix re-
gion, well-aligning regions of the alignment, which often corresponded to
ordered regions of the LRRK1 and LRRK2 structures, were used as bound-
aries elements to count the number of intervening residues. Boundary
amino acid sequences and residue numbers are shown in Figure 7D. For
the COR-B loop in cnidarian LRRK4, the automated alignment did not iden-
tify the well conserved WxxGfxf C-terminal boundary element because it is
200+ residues farther from the N-terminal boundary element in cnidarian
LRRK4s than in any other LRRK proteins. To measure the loop length, this
well conserved WxxGfxf motif was manually identified in cnidarian
LRRK4s and used to count the intervening COR-B “loop” region. To deter-
mine the presence of basic patches, well-aligning boundary elements flank-
ing each LRRK2 basic patch were identified as described above. For each
sequence shown in figure 7G, intervening sequences between the indicated
boundary elements were manually searched for any occurrence of three
basic residues within a four-residue window.

Consensus logos and alignment visualization for basic patch 3 and the
COR-B loop region were generated using Geneious Prime 2022.1.1
(https://www.geneious.com).
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Supplementary Table 1. Cryo-EM data collection, refinement, and validation statistics. Related
to Figures S1 and S4.

Models
PDB
EMDB

Data collection and
processing
Microscope

Camera

Voltage (kV)
Electron exposure
(elA?)

Magnification
Defocus range (um)
Pixel size (A)

Reconstruction
Symmetry imposed
Initial particle images
(no.)

Final particle images
(no.)

Micrographs
collected (no.)

Map resolution (A)
(0.143 FSC
threshold)

Model Refinement
Initial model used

Map-to-model
resolution

(0.5 FSC threshold)
(A)

Map sharpening B
factor (A?)

Model composition
Non-hydrogen
atoms
Protein residues
Nucleotides
R.m.s. deviations
Bond lengths (A)
Bond angles (°)

Validation
MolProbity score
Clashscore
Poor rotamers (%)

Ramachandran
Favored (%)
Allowed (%)
Disallowed (%)

LRRK1 20-2015

8E04
EMD-27813

Talos Arctica
Gatan K2
Summit

200

51

36 000

1.3-2.1
1.16

C1

724 795
69 361
1310

3.7

AlphaFold
Q38SD2

4.0

89.9

10 663

1343

0.004
0.785

1.33
3.97
0.08

97.17
2.83
0.00
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LRRK1 20-2015

Local refinement

around KW

n/a

EMD-27816

Talos Arctica
Gatan K2

Summit
200

51

36 000

1.3-2.1
1.16

C1

724 795
69 361
1310

34

LRRK1 20-2015

Local refinement
around RCKW

n/a
EMD-27814

Talos Arctica
Gatan K2
Summit

200

51

36 000

1.3-2.1
1.16

C1

724 795
69 361
1310

3.6

LRRK1 20-2015

Local refinement
around RCK

n/a
EMD-27815

Talos Arctica
Gatan K2
Summit

200

51

36 000

1.3-2.1
1.16

C1

724 795
69 361
1310

3.7

LRRK1 1-2015

8E05
EMD-27817

Talos Arctica
Gatan K2
Summit

200

55

36 000

X
1.16

C2
396 404

58 913
7181

4.6

8E06

6.1

230

27732

3498

0.004
0.73

1.41
3.74

96.36
3.64

LRRK11-2015
Symmetry

expansion

8E06
EMD-27818

Talos Arctica
Gatan K2
Summit

200

55

36 000

X
1.16

C1

396 404
117 826
7181

43

8E04,
AlphaFold
Q38SD2

4.5

131

13 871

1749

0.004
1.079

1.35
3.49

96.65
3.35

13


https://doi.org/10.1101/2022.11.22.517582
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.11.22.517582; this version posted December 2, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Structure of LRRK1 and mechanisms of autoinhibition and activation

G_RRK1 (A1-19) MonomeD

Patch motion correction
Patch CTF correction
crYOLO particle picking
Extract particles
724 795 particles, 4.64 NEX

7

102 158 77731 57 630 46 691
particles particles particles particles
Ab initio reconstruction
284 210 particles, 1.16 A/px

Micrographs (1310)

2D classification ity

Remove dimer and bad particles 'f 4 S A
‘1% e @'y )
. . . = <«— ¢ \ | \
‘( a ) h ) <«—

- 27 351 particles 90 427 t\}/

pamcles

N N 87 449 53754 38 686 170589
2D (.;Iassmc.:atlo'n_ ) particles particles particles particles
Recover particles with visible LRR Ab initio reconstruction Non-uniform refinement
. . !
+6285 particles 50 776
particles

Heterogenous refinement

1o GSFSC Resolution: 3.744

ﬂﬁ — No Mask (4.34)
—— Spherical (4.14)
0.8 4 —— Loose (3.94)
—— Tight (3.74)
—— Corrected (3.74)

. \J\

69 361

0.2 4
particles
Non-uniform refinement 0.0 T &“ Smamns
37A 30 35 40 45 50 55 60 DC 174 8.44 5.64 42/1 3.34 284 2.44

Local resolution

kinase - WD40

0 GSFSC Resolution: 3.364 o GSFSC Resolution: 3.604 0 GSFSC Resolution: 3.694

—— No Mask (4 44) —— MNo Mask (4 64) —— NoMask (474)

— Loose (3.64) —— Spherical (4.24) —— Spherical (4.24)
0.8 4 —— Tight (3.44) 0.8 1 —— Loose (3.84) 0.8 —— Tight (374)

—— Corrected (3.44) — Tight (3.64) —— Corrected (3.74)

—— Corrected (3.64)
0.6 4 0.6 4 0.6

N — ] NN

0.0 r : T + ; 0.0 T : * ¥ 7 0.0 : y
DC 174 8.44 564 424 334 284 2.44 DC 174 844  s56A 424 3.3A 2.84 2.84 DC 174 844 564 424 3.3A 2.84 2.84

Figure S1. Cryo-EM workflow for monomeric LRRK1

(A) Data processing and reconstruction of monomeric LRRK1. (B) Map of monomeric LRRK1 colored by local resolution. (C) FSC plot for mono-
meric LRRK1. (D-F) Local refinements of (D) CORB-kinase-WD40, (E) ROC-CORB-kinase-WD40 and (F) ROC-CORB used in model building with
corresponding FSC plots and maps colored by local resolution.
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Figure S2. Interface between LRRK1’s C-alpha helix and the COR-B domain

(A) The N-lobe of LRRK1’s kinase domain is shown in ribbon representation, while the COR-B domain is shown in surface representation colored by
its hydrophilicity/hydrophobicity. A hydrophobic pocket in the COR-B domain is indicated, and the side chains for residues in the C-alpha helix are
shown. (B) Equivalent view for LRRK2. (C,D) The RCKW portion of full-length LRRK1 (C) or LRRK2 (D) were docked into cryo-EM maps of
LRRK1RCkW (C) or LRRK2RCKW (D). The arrow in (D) indicates that the ROC domain from full-length LRRK2 is rotated relative to its position in the

cryo-EM map of LRRK2RCkw,
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Figure S3. Deleting the last 6 residues of LRRK1 has no effect on Rab7a phosphorylation in cells

Rab7a phosphorylation in 293T cells expressing GFP-Rab7a and full-length WT LRRK1 or LRRK1(A2010-2015), where the last 6 residues were
deleted. LRRK1(K746G), which is known to increase Rab7 phosphorylation in cells, and LRRK1(D1409A), which is known to be kinase inactive, were
tested as well. 293T cells were transiently transfected with the indicated plasmids encoding FLAG-LRRK1 (wild type or mutant) and GFP-Rab7.
Thirty-six hours post-transfection the cells were lysed, immunoblotted for phosphor-Rab7 (pS72), total GFP-Rab7, and total LRRK1. The mean +
s.e.m. is shown. ****p<0.0001, ns=not significant, one-way ANOVA Individual data points represent separate populations of cells obtained across at

least three independent experiments (n = 3).
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Figure S4. Cryo-EM workflow for dimeric LRRK1

(A) Data processing and reconstruction of dimeric LRRK1. (B) FSC plot for dimeric LRRK1. (C) Dimer map colored by local resolution (top), with
clipped surface (bottom) showing higher resolution in the interior of the map. (D) Particles were symmetry expanded and used in local refinement to
obtain a 4.3A reconstruction of a LRRK1 monomer. (E) Symmetry expanded map colored by local resolution. (F) FSC plot for the symmetry expansion
map.
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i2
inhibitory
loop

.

DDR1 kinase
PDB: 6Y23

Figure S5. LRRK1’s COR-B autoinhibitory loop

(A-D) Close ups of the kinase-COR-B region of LRRK1. (A) The COR-B autoinhibitory loop is shown in dark purple. (B) Same as (A), with the
AlphaFold model of LRRK1 shown in light purple. The portion corresponding to the autoinhibitory loop identified in our structure was modeled as
disordered in the AlphaFold structure. (C) The model for full-length LRRK2 (PDB: 7LHW), in medium purple, is overlayed on the structure of LRRK1
shown in panel (A); the long COR-B loop present in LRRK1 is absent in LRRK2. (D-F) DDR1 kinase uses an autoinhibitory mechanism analogous to
that of LRRK1. (D) View of the active site of LRRK1’s kinase, similar to Figure 6D. (E) Active site of DDR1 kinase (PDB: 6Y23). (F) Overlay of LRRK1
and DDR1. Note that F1065 in LRRK1 and F586 in DDR1 both occupy the same back pocket in the kinase’s active site.
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Figure S6. Maximum likelihood phylogenetic tree of LRRK protein homologs based only on ROC, COR-A, and kinase domain regions

An alignment of full length LRRK protein homologs (protein accessions and alignment in supplemental datasets 1 and 2, respectively) was gener-
ated and then alignment regions corresponding to the ROC-COR-A domains (human LRRK1 residues 632-995) and kinase domain region (human
LRRK1 residues 1229-1534) were extracted and concatenated. This extracted alignment, which only contains regions that are shared across all
LRRK protein homologs, was used as input to generate a maximum likelihood phylogenetic tree of LRRK protein homologs (complete tree in sup-
plemental dataset 3). Shading and rooting are the same as in Figure 7. Asterisks indicate bootstrap branch support (* >75% support, ** 100% sup-
port). Support for major LRRK protein clades is similar to the phylogenetic tree shown in Figure 7, which was generated from the full-length protein
alignment.
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Figure S7. COR-B loop alignments in LRRK1, LRRK2, and LRRK3 proteins

Sequence alignment of the region of metazoan LRRK proteins that corresponds to the LRRK1 COR-B inhibitory loop (residues 1046-1079 in human
LRRK1) and surrounding residues. The consensus sequence logo is shown at the top, with the alignment below. The Phe that occupies the back
pocket of the kinase in the autoinhibited conformation (F1065 in human LRRK1) and the 3 sites of PKC phosphorylation (S1064, S1074, and T1075
in human LRRK1), are indicated above and highlighted in the alignment. Major species clades are shown at the left next to individual sequence
accession numbers and species names. The human LRRK1 sequence is shown at the top of the alignment with residue numbers indicated. For other
sequences in the alignment, residues in black are identical to human LRRK1. Residues in grey do not match the amino acid of human LRRK1, and
dashes indicate there is no amino acid in this alignment position. The majority of vertebrate LRRK1 proteins have a COR-B loop >30 residues and
retain the Phe and phosphorylation sites present in human LRRK1. Other LRRK proteins either have a “short” COR-B loop (e.g., LRRK2) or lack the
Phe and phosphorylation sites.
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Figure S8. Presence of basic patch 3 in metazoan LRRK2s

Sequence alignment of the region of metazoan LRRK2 that corresponds to basic patch 3 (residues 1499-1502 in human LRRK2). The consensus
sequence logo is shown at the top. Major species clades are shown at the left next to individual sequence accession numbers and species names.
Amino acids are colored according to polarity, with basic residues shown in blue. Most jawed vertebrates have a basic-L-R-basic motif. Non-jawed
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XP_034308389.1-Crassostrea-gigas
XP_030828896.1-Strongylocentrotus-pur...
XP_033645351.1-Asterias-rubens
XP_038069546.1-Patiria-miniata
XP_022097750.1-Acanthaster-planci
XP_019623007.1-Branchiostoma-belcheri
XP_032810325.1-Petromyzon-marinus
XP_007908179.2-Callorhinchus-milii
XP_038668138.1-Scyliorhinus-canicula
XP_043569546.1-Chiloscyllium-plagiosum
XP_048410179.1-Stegostoma-fasciatum
XP_014347482.1-Latimeria-chalumnae
XP_044136143.1-Bufo-gargarizans
XP_018108120.1-Xenopus-laevis
XP_029473217.1-Rhinatrema-bivittatum
XP_034622773.1-Trachemys-scripta-elega...
XP_025065501.1-Alligator-sinensis
XP_009555590.1-Cuculus-canorus
XP_030816227.1-Camarhynchus-parvulus
XP_017666944.1-Lepidothrix-coronata
XP_044279156.1-Varanus-komodoensis
XP_034982363.1-Zootoca-vivipara
XP_020652645.1-Pogona-vitticeps
XP_026533023.1-Notechis-scutatus
XP_032077596.1-Thamnophis-elegans
XP_043824509.1-Dromiciops-gliroides
XP_016047443.1-Erinaceus-europaeus
XP_037369231.1-Talpa-occidentalis
XP_049639831.1-Suncus-etruscus
XP_046527794.1-Equus-quagga
NP_940980.4-Homo-sapiens-LRRK2
XP_023564370.1-Octodon-degus
XP_049987333.1-Microtus-fortis
XP_036063763.1-Onychomys-torridus
XP_040609888.1-Mesocricetus-auratus
XP_027253651.1-Cricetulus-griseus
XP_039617043.1-Polypterus-senegalus
XP_041113508.1-Polyodon-spathula
XP_036373397.1-Megalops-cyprinoides
XP_035281064.1-Anguilla-anguilla
XP_048825230.1-Brienomyrus-brachyistius
XP_018595881.2-Scleropages-formosus
XP_041966047.1-Alosa-sapidissima
XP_028813822.1-Denticeps-clupeoides
NP_001188385.2-Danio-rerio
XP_030646389.1-Chanos-chanos
XP_036431880.1-Colossoma-macropomu...
XP_026859030.2-Electrophorus-electricus
XP_047675646.1-Tachysurus-fulvidraco
XP_046906764.1-Hypomesus-transpacific...
XP_024137746.1-Oryzias-melastigma
XP_024235857.1-Oncorhynchus-tshawyts...
XP_010896173.2-Esox-lucius
XP_030221087.1-Gadus-morhua
XP_033824647.1-Periophthalmus-magnu...
XP_037110961.1-Syngnathus-acus
XP_028304639.1-Gouania-willdenowi
XP_029951512.1-Salarias-fasciatus
XP_034390118.1-Cyclopterus-lumpus
XP_037306590.1-Pungitius-pungitius
XP_015819282.1-Nothobranchius-furzeri
XP_037834279.1-Kryptolebias-marmoratus
XP_013876060.1-Austrofundulus-limnaeus
XP_005731602.1-Pundamilia-nyererei
XP_026220797.1-Anabas-testudineus
XP_029010427.1-Betta-splendens

| S

T~

A L R T
[ © b R K |
R L R R
H L R N
A b R R |
S L R E
[ K b R R
[ K by R K]
K L R K
[ E b R K |
[ K by R K]
K L R K
[ K by R K|
K L R K
K L R K
R L R K
[ K by R R
[ R b R K ]
| R b R K]
R L R K
| K by R K|
[ R Db R K |
| R b R K|
[ K B R K]
K L R K
R L R K
R L R K

Basic patch 3
mostly absent

Basic patch 3
mostly present

vertebrate metazoans have a conserved central L-R motif, but the first and/or fourth residues tend to not be basic.
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Structure of LRRK1 and mechanisms of autoinhibition and activation
SUPPLEMENTARY DATA
Supplemental Dataset 1: Sequence accession numbers and species names for phylogenetic analyses.
Supplemental Dataset 2: LRRK protein alignment used for phylogenetic analyses.

Supplemental Dataset 3: Complete unrooted IQ-TREE phylogenetic trees for Figure 7 and Figure S6.

For each node in the maximum likelihood tree, results from 1000 iteration SH-aLRT and 1000 iteration ultrafast bootstraps are shown as support

values respectively.
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