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ABSTRACT  

Despite intensive research on LRRK2 over the last decade, the exact physiological function of 

LRRK2 remains elusive. Most of the current understanding comes from artificial systems in which 

LRRK2 is overexpressed, however, it is becoming clearer that such system might be leading to 

artifacts and/or phenotypes not associated with endogenous levels of LRRK2. Only recently, 

optimized immunostaining protocols allowed for visualization of endogenous LRRK2, yet in fixed 

immune cells. Knowing the dynamic conformational changes associated with LRRK2, 

conventional immunostaining doesn’t allow for monitoring kinetics of recruitment to cellular 

membranes and the identification of different conformations of LRRK2. Here we show that GFP-

fused nanobodies (chromobodies) are potential substitutes for visualization of endogenous 

LRRK2, with the possibility to recognize specific conformation.  

Introduction 

Parkinson’s disease (PD) is the second most common neurodegenerative diseases that 

impact approximately 2% of the population over the age of 65 and remains of an unknown 

etiology1. Over the past decade, a number of  genetic markers have been identified and linked to 

PD 2,3. However, mutations of one specific gene, Leucine-Rich Repeat Kinase 2 (LRRK2), has been 

noted to cause both clinical and neuropathological phenotypes4. LRRK2 is a multi-domain protein 

(≈280 kDa) , with N- and C-terminal protein interaction domains and a central enzymatic core5,6. 

Defining a molecular mechanism of LRRK2 activity is essential to understanding its role in PD 

etiology. Recent data revealed a complex activation cycle of LRRK2, at which LRRK2 oscillates 

between a cytosolic inactive and a membrane-bound dimeric active form. However, the exact 

molecular mechanism and the impact of the pathogenic mutations is not completely understood.  

Biochemical characterization suggested that LRRK2 exist on cellular membranes in a dimeric 

form7. However, the nature of the membranous structures associated with LRRK2 was not clear. 

Previous attempts to investigate the function of LRRK2 by visualizing its cellular location had 

limited success. Immunostaining of overexpressed Myc-tagged LRRK2 revealed cytoplasmic 

distribution with a low level of enrichment around the nucleus8. James et. al. 9 applied number 

and brightness analysis of fluorescent fluctuation spectroscopy data to measure LRRK2 

distribution in living cells. Using a monomerized eGFP sequence (A207K), N-terminally tagged 

LRRK2 was expressed in CHO-K1 cells and confocal images were collected 24hr post transfection. 

Image analysis revealed a cytoplasmic distribution of monomeric LRRK2 with enriched 

dimerization (and possible higher-order oligomers) at the cell membrane. Interestingly, although 

measurement was taken at resting status of the cells, density of LRRK2 at the cell membranes 

varied, with some distinguishable areas of more concentrated LRRK2. Although successfully 

imaged LRRK2 in living cells, the main limitation of using over-expressed LRRK2 remained a 

barrier for further interpretation of the results. Fluorescent protein tagging can interfere with 

crucial protein parameters such as turnover10, subcellular localization, and participation in 

multiprotein complexes11–13. Specially for LRRK2, fusion with GFP resulted in different cellular 

localizations that were not observed for untagged, 3XFlag tagged14, nor Myc tagged LRRK28. 

Accordingly, more interest was directed towards visualization of endogenous LRRK2. 

Immunostaining for endogenous LRRK2 in primary cortical neurons showed wide-spread 

neuronal-specific labelling localized to punctuate structures, with partial overlap with 

mitochondria and lysosomes15. Only recently, LRRK2 was shown to be recruited to chloroquine-

induced enlarged lysosome and phagosomes in immune cells16–18. 

However, the current immunostaining approaches suffer from several crucial limitations. First, 

the only commercially available antibody suitable for immunostaining demonstrate low signal of 

LRRK2 and a relatively high background noise19. Second, there is no possibility to real-time tracing 

of LRRK2. Considering the complex activation cycle of LRRK2, it is highly likely that PD-associated 

mutants affect the time and duration of recruitment and association with cellular membranes20. 

Third, as conventional antibodies recognize specific linear epitopes, it is not possible to 

differentiate between GTP and GDP-bound, monomeric and dimeric, kinase active and kinase-in 

active forms of LRRK2. 

To overcome the limitations associated with conventional antibodies, Nanobodies can be used. 

Nanobodies are single chain antibodies produced in camelids and sharks. The camelid heavy 

chain-only antibodies were named Nanobodies, in reflection of their nanometric dimensions and 

small size compared with conventional antibodies21. Several unique properties of nanobodies 

184
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define their potential as research tools distinct from the conventional antibodies. First, 

nanobodies are much smaller (≈15 KDa in comparison with 150kDa for IgG antibodies)22. Second, 

nanobodies can be cloned, genetically or chemically modified, and produced in a recombinant 

form in various cells; this gives  the possibility to purify milligrams per liter of culture, offering an 

unlimited supply of a selective reagent with consistent properties23. 

 In order to visualize cellular targets, nanobodies have been fused with fluorescent green proteins 

(GFP) producing “chromobodies”24. Chromobodies have been successfully utilized to visualize 

and characterize the cellular localization of a variety of endogenous proteins at different 

subcellular compartments in living cells24–28. In principle, chromobodies allow tracing of any 

endogenous protein, with the possibility to act as a “conformational sensor” to differentiate the 

different conformational states of the targeted protein29–31 and to even detect changes of protein 

cellular concentrations 13 . Importantly, nanobodies can be used to trace in real time and 

manipulate localization and activity of target proteins in eukaryotic cells24,32,33. This allows 

correlating protein structural dynamics in vitro with the behavior of proteins in cells.  

We have previously identified nanobodies that recognize and bind LRRK2 with high affinity that 

are also be able to pull-down LRRK2 at endogenous/physiological expression levels34. In this 

work, we aim to investigate whether nanobodies can also be used to detect and trace 

endogenous LRRK2 for cell imaging.  

Results and discussion 

Since endogenous localization of LRRK2 is not yet defined, we first tested the nanobodies in 

RAW264.7 cells. We chose this cell line for two reasons: first, LRRK2 is expressed to higher levels 

compared with neuronal cells7 . Second, a LRRK2 deficient cell line is already available and thus, 

can be used as an ideal negative control. We generated green fluorescent protein(GFP)-

nanobodies fusions (Nbs) and transfected both WT RAW264.7 and LRRK2_KO RAW264.7 cells. 

Cells were live imaged 24hr post-transfection and micrographs were examined for any difference 

in distribution between WT and LRRK2 KO cells. Indeed, a number of tested Nbs showed 

distinguishable puncta-like phenotypes in WT while adopting a uniform cytoplasmic distribution 

in LRRK2 deficient cells (Supplementary fig. 1).  

Still, without a well-identified localization of LRRK2 within the cells, it was challenging to further 

identify the efficiency of the tested Nbs. Only recently, we (and others 16,35) have shown that 

LRRK2 is recruited to the phagosomes during phagocytosis. Accordingly, we wanted to test 

whether Nbs can also show similar phenotype and colocalize with LRRK2 on the clear structure 

of the phagosomes. Therefore, RAW264.7 cells were transfected with Nbs and treated with killed 

yeast bioparticles “zymosan” to induce phagocytosis. Confocal imaging of fixed cells showed that 

LRRK2 recruitment to phagosomes was not detected Nb36 and Nb42, and was only slightly 

detectable with Nb1, Nb6, Nb17 and Nb39 (Figure 1b).Provided that these Nbs were still able to 

pulldown LRRK2 from RAW264.7 cell lysates, it is likely that these Nbs bind to a conformation of 

LRRK2 that is different from the conformation associated with recruitment to phagosomes. 

Stabilization of non-phagosomal conformation might explain the reduction of LRRK2 positive 

phagosomes observed with Nb1, Nb6, Nb17 and Nb39.  Importantly, four of the tested 

nanobodies (Nb 22, Nb23, Nb38 and Nb40) clearly colocalized with LRRK2 on zymosan-containing 

phagosomes (Figure 1a), demonstrating the ability of these Nbs to trace endogenous LRRK2 

within the cells.  

The experiments clearly show that GFP-tagged nanobodies can detect LRRK2. However, some 

limitations of the current approach should be discussed when using this set-up for Nbs screening. 

First, cell transfection leads to high levels of expression of the nanobodies which results in free, 

unbound nanobodies in the cytoplasm (and in some cases even in the nucleus), that increases 

the background noise. Second, LRRK2 is present on only a subpopulation of phagosomes (≤ 15%, 

chapter 5) and low transfection efficiency of RAW264.7 cells made it challenging to find 

phagocytosing cells that carry LRRK2-positive phagosomes and also express the Nbs. 

Nevertheless, it is possible to overcome these limitations by modifying the constructs and by 

adopting different strategies to deliver the Nbs inside the cells. Using plasmids constructs in 

which Nbs expression is controlled by an inducible promotor can allow for a better control of the 

levels of expression and improvement in the signal to background ratios.  

Another approach is to generate cell permeable Nbs, that can be added directly to cultured cells 

allowing for real-time tracing of LRRK2. Different approaches have proven successful to create 

functional cell-permeable Nbs capable of targeted labeling of intracellular antigens in living cells. 
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First, Nbs can be transduced into cells by cell squeezing microfluidics. Using a vector-free 

microfluidic device, Nbs were delivered at defined nanomolar concentrations via a direct, non-

endocytic transfer. This approach precludes intracellular excess of fluorescently labeled Nbs and 

thus results in excellent the signal to background ratio and even allows for results dual-color 

imaging of endogenous target proteins, e.g. vimentin and lamin, with high fidelity26. Second, 

decorating the Nbs with cell-penetrating peptides, composed of short amino acids sequences 

(rich in arginine) allowed for non-endocytic intracellular delivery of the nanobodies36. As the 

antigen-binding region of the nanobodies is located close to the N-terminus, fusion with CPP is 

advisable at the C-terminus to minimize the impact on antigen recognition. Following this 

approach, cell-permeable nanobodies were generated and incubation with low micromolar 

concentration of the CPP-nanobodies was sufficient to obtain a cellular uptake of more than 95% 

of the cells within an hour37. Third, Polycationic resurfacing of the nanobodies can generate cell-

permeable nanobodies. In order to enhance cellular uptake of protein cargos, several studies 

have used protein engineering to generate polycationic features (ex. Poly arginine) on the 

solvent-exposed surface of the protein. Provided that the structure of nanobodies consists of a 

relatively conserved framework region and the variable CDRs (where the nanobody recognizes 

its target), Bruce et. al. 38could successfully engineer a generic polycationic nanobody scaffold 

that is amenable to carry CDRs of interest. All tested nanobodies were amenable to polycationic 

resurfacing with no alteration in the structure, expression, and function of the modified 

nanobodies.

Importantly, nanobodies bind different conformational structures of LRRK2. So there are (or may 

come) nanobodies that bind only to dimers, the GTP activated form, the kinase auto-inhibited 

form, or to the autophosphorylated form of LRRK2. With GFP-Nb fusions to these specific 

antibodies this may allow the in-vivo detection of these different activity states of LRRK2. 
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Figure 1 continued 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Nanobodies colocalize with endogenous LRRK2.  RAW264.7 cells were transfected with GFP-fused Nbs and treated 
with Zymosan for 30mins. Recruitment of LRRK2 and Nbs to the phagosomes was analysed by immunofluorescence. A. Confocal 
imaging of fixed cells showed that LRRK2 and LRRK2-specific nanobodies colocalize on phagosomal structures and while irrelevant 
nanobodies (Irr) keeps a uniform cytoplasmic distribution. B. Some tested nanobodies did not colocalize with LRRK2 Nb36, Nb42, 
Nb1, Nb6, Nb17 and Nb39 (Figure 16b). Scale bar = 10 µm 

Material and methods:  

Immunization and nanobodies selection: 

Immunization and nanobodies selection was done as reported before 34. Briefly, immunization 

was performed with the full length LRRK2 (with presence of an excess GTP or GDP) and RocCOR 

domain construct of human LRRK2. In case of full length LRRK2 with GTP and GDP, a mild 

crosslinking was performed on the protein after purification and prior to immunization in order 

to “trap” at least part of the injected proteins in their respective nucleotide-specific 

conformation. A six-week protocol with weekly immunizations in presence of GERBU adjuvant 

was used, and blood was collected 4 days after the last injection. All animal vaccinations were 

performed in strict accordance with good practices and EU animal welfare legislation.  

Confocal microscopy and microtubule localization  

RAW264.7 cells (ATCC® SC-6003™) and LRRK2 KO RAW264.7 (ATCC® SC-6004™) cell lines were 

cultured in complete media (high-glucose Dulbecco’s modified Eagle’s medium, 10% fetal bovine 

serum and Penicillin-Streptomycin-Glutamine [Gibco]). Cells were seeded on 8-well µ-Slide(Ibidi) 

In summary, our results show that nanobodies can recognize and bind LRRK2 in fixed immune 

cells and colocalize with LRRK2 on phagosomes. This provides a new tool for imaging LRRK2 and 

allows to investigate questions that were not possible before. For example, it is not clear yet how 

early LRRK2 is recruited to the phagosomal membranes, and how different PD-related LRRK2 

variants affect the kinetics of recruitment and the duration at which LRRK2 decorates the 

phagosomes. Fixed cell-based techniques are not suitable to address the dynamics of targeted 

protein, while conformational-specific nanobodies stand as a very promising solution.  

and transfected at a confluency of 50-70% with peGFP-Nb constructs using JetOPTIMUS (Polyplus 
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Figure 1: Nanobodies colocalize with endogenous LRRK2.  RAW264.7 cells were transfected with GFP-fused Nbs and treated 
with Zymosan for 30mins. Recruitment of LRRK2 and Nbs to the phagosomes was analysed by immunofluorescence. A. Confocal 
imaging of fixed cells showed that LRRK2 and LRRK2-specific nanobodies colocalize on phagosomal structures and while irrelevant 
nanobodies (Irr) keeps a uniform cytoplasmic distribution. B. Some tested nanobodies did not colocalize with LRRK2 Nb36, Nb42, 
Nb1, Nb6, Nb17 and Nb39 (Figure 16b). Scale bar = 10 µm 
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were permeabilized with PBS/0.5 % Triton X-100 and blocked with 3% BSA. Primary antibodies 

(rabbit anti-LRRK2, c41-2, Abcam, and mouse anti-GFP, G6539, Sigma Aldrich) were diluted in PBS 

containing 3% BSA and 0.5% Triton X-100 and incubated overnight at 4°C. After three 5-min 

washes with PBS, secondary fluorescently labeled antibodies (anti-rabbit-Alexa fluor 568 and 

anti-mouse-Alexa fluor 488, Invitrogen) were added in a similar manner to primary antibodies 

and incubated for 1 hour at room temperature. Cells were washed twice with 1× PBS and 

mounted with Fluroshield antifade reagent with DAPI (SigmaAldrich). Data acquisition was done 

with a ×100 oil-immersion objective with a Zeiss LSM800 confocal laser scanning microscope. 

Image analysis of z-scan was done using the Zeiss microscope software ZEN. 

  

Supplementary figure: 

 

 

Supplementary Figure 1: LRRK2 nanobodies screening in RAW264.7 cells. Transfection of both WT and LRRK2 KO 
RAW264.7 cells with GFP_nanobodies as a preliminary attempt to evaluate the potential of the nanobodies for 
LRRK2 imaging. a. Nb1 and Nb 23 as two representative examples of nanobodies that showed puncta-like structures 
only in the WT but no in LRRK2 KO cell line. b. NB6 is an example of nanobodies that show uniform cytoplasmic 
distribution in both WT and LRRK2 KO cell lines. Nanobody irrelevant to LRRK2 was used as acontrol and it showed 
similar behavior as NB6 in both WT and LRRK2 KO cell lines  
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