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Fluorescence Correlation Spectroscopy Reveals Survival Motor Neuron Oligomerization but No Active Transport in Motor Axons of a Zebrafish Model for Spinal Muscular Atrophy
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Spinal Muscular Atrophy (SMA) is a progressive neurodegenerative disease affecting lower motor neurons that is caused by a deficiency in ubiquitously expressed Survival Motor Neuron (SMN) protein. Two mutually exclusive hypotheses have been discussed to explain increased motor neuron vulnerability in SMA. Reduced SMN levels have been proposed to lead to defective snRNP assembly and aberrant splicing of transcripts that are essential for motor neuron maintenance. An alternative hypothesis proposes a motor neuron-specific function for SMN in axonal transport of mRNAs and/or RNPs. To address these possibilities, we used a novel in vivo approach with fluorescence correlation spectroscopy (FCS) in transgenic zebrafish embryos to assess the subcellular dynamics of Smn in motor neuron cell bodies and axons. Using fluorescently tagged Smn we show that it exists as two freely diffusing components, a monomeric, and a complex-bound, likely oligomeric, component. This oligomer hypothesis was supported by the disappearance of the complex-bound form for a truncated Smn variant that is deficient in oligomerization and a change in its dynamics under endogenous Smn deficient conditions. Surprisingly, our FCS measurements did not provide any evidence for an active transport of Smn in axons. Instead, our in vivo observations are consistent with previous findings that SMN acts as a chaperone for the assembly of snRNP and mRNP complexes.
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INTRODUCTION

Spinal Muscular Atrophy (SMA) is an autosomal recessive neurodegenerative disease characterized by the loss of alpha motor neurons in the anterior horn of the lower spinal cord. This loss leads to progressive wasting of proximal muscles, paralysis and eventually death. A majority of SMA patients (>95%) have a homozygous deletion of the causative gene, Survival Motor Neuron 1 (SMN1) (Lefebvre et al., 1995).

In humans, there are two copies of SMN on chromosome 5q13: The telomeric copy, SMN1 and a more centromeric inverted copy, SMN2. The latter produces only ∼10% of full-length transcripts (FL-SMN2) and 90% of alternatively spliced transcripts lacking exon 7 (SMN2Δ7). Exon 7 skipped transcripts encode an unstable, truncated protein that shows reduced self-oligomerization, and is rapidly degraded (Lorson et al., 1998; Pellizzoni et al., 1999). Hence, SMN2 cannot fully compensate for the homozygous loss of SMN1. The severity of SMA phenotypes is inversely correlated to SMN2 copy number (Feldkotter et al., 2002), thus this suggests that it is dependent on levels of functional SMN. However, it remains unclear why the reduction of ubiquitously expressed SMN primarily leads to the degeneration of motor neurons.

The first of two main hypotheses to explain this selective vulnerability of motor neurons (Burghes and Beattie, 2009) is based on SMN’s established role in the biogenesis of small nuclear ribonucleoproteins (snRNPs) (Pellizzoni et al., 2002). snRNPs are RNA-protein complexes, which are composed of snRNA, Sm proteins (B/B’, D1, D2, D3, E, F, and G) and specific proteins that are unique for each snRNP. In the first of multiple steps in this biogenesis, the SMN complex acts as a catalyst to assemble Sm proteins into a heptameric ring on the snRNA (Chari et al., 2008). It is proposed that reduced SMN levels affect proper snRNP assembly, leading to aberrant splicing of transcripts essential for motor neurons (Winkler et al., 2005; Chari et al., 2009; See et al., 2014). A second hypothesis suggests an additional role of SMN exclusively in motor neurons that is independent of snRNP assembly. Consistent with this, SMN protein was detected in dendrites (Bechade et al., 1999), neurites (Fan and Simard, 2002) and axons of cultured motor neurons (Pagliardini et al., 2000; Rossoll et al., 2002). A gradient of SMN localization from nuclei to axons was shown in spinal cords of postmortem fetuses (Giavazzi et al., 2006). In addition, imaging of cultured chick forebrain neurons revealed rapid and bidirectional movement of fluorescently tagged SMN granules along axons (Zhang et al., 2003). SMN was also found to be trafficking in a retro- and anterograde fashion in axons of primary mouse motor neurons (Fallini et al., 2010). SMN interacts with many proteins that have been implicated in axonal β-actin mRNA transport and regulation of actin dynamics (Rossoll et al., 2002; Glinka et al., 2010). Accordingly, a SMN-mRNA granule hypothesis has been proposed (Rossoll and Bassell, 2009), in which SMN interacts with RNA binding proteins to form RNP complexes responsible for the localization of β-actin mRNA and other transcripts to axons and growth cones.

Survival motor neuron has been found to be involved in other processes. It was shown to function as a molecular chaperone for the assembly of IMP1 protein with β-actin mRNA into messenger ribonucleoproteins (mRNPs) (Donlin-Asp et al., 2017). In addition, the RNA binding protein FUS, which is mutated in Amyotrophic lateral sclerosis (ALS), associates with the SMN complex via direct interaction with SMN, suggesting a common biochemical pathway between ALS and SMN (Yamazaki et al., 2012). SMN was also found to be involved in the regulation of local axonal translation via the miR-183/mTOR pathway (Kye et al., 2014). More recently, it has been shown that SMN associates with ribosomes and has a role in regulating the translation of a specific subset of mRNAs that are related to SMA (Lauria et al., 2020).

In this study, we investigated Smn dynamics by Fluorescence Correlation Spectroscopy (FCS) in cell culture and in vivo in zebrafish embryos. FCS is a technique with single-molecule sensitivity and is thus preferable over conventional life imaging of cultured neurons in vitro, used previously to suggest axonal transport of Smn. The use of this technique bridges the gap that cannot be addressed by biochemical analyses, that is, to observe movement of molecular particles in vivo. FCS has been used to show interactions and to confirm biochemical data obtained in vitro or in vivo (Mistri et al., 2015). Hence this provides us with a novel technique to address the question of Smn dynamics in vivo.

For this, Smn was fluorescently tagged with mCherry or eGFP and expressed under control of the mnx1/hb9 promoter in motor neurons of zebrafish. FCS measurements showed that mCherry-Smn and eGFP-Smn diffused in the cytoplasm of somata and axons as freely diffusing particles, and as slow-moving complex bound particles. The latter became faster in axons and was not detected in the cell body when a truncated, oligomerization deficient eGFP-SmnΔex6,7 was analyzed. This demonstrated that the slow-moving component represents the oligomeric form of Smn. Importantly, in contrast to earlier cell culture findings, no active transport of Smn in axons was detected by FCS measurements.



MATERIALS AND METHODS


Zebrafish Care and Maintenance

Zebrafish were bred and maintained in the fish facility of the Department of Biological Sciences, National University of Singapore (NUS) according to approved protocols (protocol no BR15-0119; R13-574; R17-1522) under the Institute of Animal Care and Use Committee (IACUC) guidelines. Adult fish were raised under a 14 h light/10 h dark cycle, with regular monitoring of water quality, temperature, pH and salinity. The transgenic line, hb9:mCherry-linker-Smn, expresses a mCherry-Smn fusion protein in motor neurons of zebrafish and was generated previously (Spiró et al., 2016).



Cloning of Plasmids


hb9:eGFP-Linker-Smn

To study Smn dynamics, hb9:eGFP-linker-Smn was derived from hb9:eGFP (Spiró et al., 2016) and hb9:mCherry-linker-Smn (Spiró et al., 2016), both containing I-SceI sites for efficient transgenesis. First, the stop codon was removed from eGFP by PCR amplification using a forward primer containing a BamHI site and Kozak sequence, and a reverse primer recognizing the 3′ end of eGFP, containing an EcoRI site but lacking the stop codon. The resultant eGFPΔTAA amplicon and hb9:eGFP plasmid were sequentially digested with BamHI and EcoRI, and gel purified. Next, eGFPΔTAA was ligated into the hb9 vector backbone to generate hb9:eGFPΔTAA. The linker-Smn fragment was obtained by digesting hb9:mCherry-linker-Smn with EcoRI. Concurrently, hb9:eGFPΔTAA was digested with EcoRI. Finally, the linker-Smn fragment was ligated into hb9:eGFPΔTAA to obtain hb9:eGFP-linker-Smn.



hb9:eGFP-Linker-SmnΔex6,7

To obtain hb9:eGFP-linker-SmnΔex6,7, which lacks smn exons 6 and 7, a reverse primer targeting the end of exon 5, and containing a stop codon and an EcoRI site was designed. The zebrafish cDNA sequence (ENSDARG00000014569.7) obtained from ensembl.org (zebrafish genome GRCv9) was used for designing the primer. The linker-SmnΔex6,7 fragment was amplified using the newly designed reverse primer and a forward primer containing EcoRI and a (SGGG)3 linker. The backbone hb9:eGFP-linker-Smn was digested with EcoRI and gel purified to separate the linker-Smn insert from the backbone hb9:eGFPΔTAA, which was then dephosphorylated and purified. The linker-SmnΔex67 amplicon was digested with EcoRI and inserted into hb9:eGFPΔTAA to obtain hb9:eGFP-linker-SmnΔex67.



Cell Culture and Transfection

SH-SY5Y neuroblastoma cells were obtained from ATCC (Manassas, VA, United States) and cultivated in DMEM (Dulbecco’s Modified Eagle Medium; HyClone, GE Healthcare Life Sciences, South Logan, UT, United States) supplemented with 10% FBS (fetal bovine serum; HyClone, GE Healthcare Life Sciences, South Logan, UT, United States) and 1% PS (penicillin and streptomycin, PAA, Austria), at 37°C in a 5% (v/v) CO2 humidified environment. Plasmids encoding mCherry, mCherry-Smn, and Smn were transfected into SH-SY5Y cells by electroporation using the NeonTM Transfection System from Life Technologies (Grand Island, NY, United States). SH-SY5Y cells, at ∼80–90% confluency, cultured in a 25 cm2 culture flask were washed twice with 1× PBS and trypsinized by incubation with 0.5 mL of 1× Trypsin solution for 1 min at 37°C. The cells were checked under a microscope for full dislodge and trypsinization process was stopped by re-suspending cells with 3.5 mL of culture medium. The cell suspension was transferred to a 15 mL Falcon tube and then pelleted by centrifugation at 1,000 rpm for 3 min. Next, the cell pellet was re-suspended with 10 μL of R buffer, mixed with the appropriate amount of plasmids (125–250 ng) and drawn into a 10 μL NeonTM transfection tip. Electroporation was carried out using conditions according to NeonTM Protocol (Pulse voltage = 1,200 V, Pulse width = 20 ms, Pulse number = 3) for the SH-SY5Y cell line in a transfection tube containing 3 mL of E buffer.

After transfection, cells were plated onto a 35 mm glass bottom dish (MatTek Corporation) and grown in culture medium (DMEM and 10% FBS) at 37°C in a 5% (v/v) CO2 humidified environment. Confocal Fluorescence Correlation Spectroscopy (FCS) measurements were conducted 48–60 h post-transfection in 1× colorless DMEM. Transfected SH-SY5Y cells were washed twice with 1× PBS and filled with 1× colorless DMEM before measurements.



Recombinant Protein Expression and Oligomerization Assays

GST-hSMN and MBP-zfSMN fusion proteins were expressed in Escherichia coli BL21(DE3) cells as described previously (Veepaschit et al., 2021). Both the fusion proteins also contained a His tag for purification on NiNTA column. In brief, cells were cultured in SB media at 37°C and induced with 1 mM IPTG (Isopropyl-β-D-thiogalactopyranoside) at an OD600 of 0.8. Bacteria cells were harvested by centrifugation after 18 h at 15°C and resuspended in buffer A [25 mM HEPES-NaOH (pH 7.0), 10 mM imidazole, 250 mM NaCl and 5 mM β-mercaptoethanol] containing protease inhibitors and lysed by sonication. Following ultracentrifugation at 185,000 g for 1 h at 4°C, the cleared lysate was incubated with pre-equilibrated NiNTA (Qiagen) for 2 h at 4°C. After extensive washing with buffer A, proteins were eluted with buffer B [25 mM HEPES-NaOH (pH 7.0), 350 mM imidazole, 250 mM NaCl and 5 mM β -mercaptoethanol]. The oligomerization of SMN proteins was investigated by size exclusion chromatography (SuperdexTM 200 Increase 10/300 GL, GE Healthcare) as described previously (Neuenkirchen et al., 2015).



Confocal Fluorescence Correlation Spectroscopy (FCS) Instrumentation

Confocal FCS experiments were performed using an Olympus FV1200 confocal laser scanning microscope (Olympus, Tokyo, Japan). The green laser beam from a 543 nm helium-neon laser (Melles Griot, Singapore) or blue laser beam from 488 nm Argon-ion multi-line laser (Melles Griot, Singapore) passed the confocal scanning unit, with an intrinsic 3× magnification reflected by a dichroic mirror (405/488/543/635BP, Omega, VT) and focused into the sample by a water immersion objective (60×, NA 1.2; Olympus, Tokyo, Japan). The laser power before the objective was measured to be 6.5 μW. The fluorescence signal from the sample was passed through the same objective, de-scanned and finally sent through a 120 μm pinhole in the image plane to block the out-of-focus light. The light was then detected by an avalanche photodiode detector (APD) (SPCM-AQR-14; Perkin Elmer, Canada) after passing through a band pass emission filter 600/50 (Omega, Brattleboro, VT, United States) or 513/17 (Semrock, Rochester, NY, United States). The temporal signal from the APD was processed offline by a software correlator (SymPhoTime 64, PicoQuant TimeHarp 260) to generate an autocorrelation function (ACF).



Data Acquisition and Fitting for SH-SY5Y Cells

On each cell, measurements were taken at three random spots in both nucleus and cytoplasm for 30–60 s. For each sample, measurements were taken in at least three cells. The ACFs were fitted using the SymPhoTime 64 software (PicoQuant) with a 3 Dimension 1-Particle (3D-1P) and triplet model (Equation 1a) for mCherry and a 3 Dimension 2-Particle (3D-2P) and triplet model (Equation 1b) for mCherry-Smn.
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G(τ) is the autocorrelation function (ACF) as a function of lag time (τ). N is the number of particles in the confocal observation volume; τtrip describes the characteristic relaxation time of photophysical processes, including triplet transitions, with Ftrip the fraction of particles undergoing these processes. Although there can be multiple photophysical processes, in general it is sufficient to describe them with one model. The average time of the ith species to pass through the observation volume is given by τDi and its mole fraction by Fi. Note that τtrip is typically much smaller than τDi, and the photophysical and diffusive processes can be easily separated. We will therefore not discuss the photophysics in the rest of the manuscript and concentrate only on diffusive processes. K is the structure factor of the confocal volume defined as the ratio of the axial (z0) and radial (w0) distances where the intensity drops to 1/e2 of the maximum value. Finally, G∞ is the convergence value for the autocorrelation function at long lag times, which is expected to be 1, and in our measurements deviates not more than 3% from 1.

The diffusion coefficient (D) was determined from the Equation 2 where the w0 was obtained from the calibration measurement with Atto 565 in solution assuming its diffusion coefficient to be similar to that of Atto 488 which is 400 μm2/s (Kapusta, 2010).
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Unless stated otherwise, we report all diffusion coefficient values as mean ± standard error of the mean (SEM) and statistical analyses were done using unpaired Student’s t-test.



Zebrafish Microinjection and Sample Mounting

For transient expression of fluorescent proteins, zebrafish embryos were injected at the one-cell stage with plasmids together with I-SceI meganuclease according to established protocols (Rembold et al., 2006). For knockdown of endogenous Smn, Morpholino (MO), CGACATCTTCTGCACCATTGGC, obtained from GeneTools, United States, was injected at a concentration of 3.125 mg/ml into one-cell stage embryos, as described previously (Winkler et al., 2005). For injection of mCherry-smn mRNA, pCS2-mCherry-linker-smn was linearized with NotI and in vitro transcription of the capped mRNA was carried out using the mMessage mMachine Sp6 kit (Ambion). The transcribed mRNA was cleaned up by precipitation with 1 volume 3 M sodium acetate (pH5.2) in 1 volume isopropanol at −80°C. The resulting mRNA was injected at 100 ng/μL together with the smn MO.

Microinjections were carried out with a Femtojet Mircoinjector (Eppendorf) using glass capillaries (Harvard Apparatus), which had been pulled into sharp tips using a needle puller (Narishige, Japan).

Zebrafish embryos at 2 days post fertilization (2 dpf) were dechorionated using 27G × ½” needles (Terumo) and anesthetized for 15–30 min in 0.05% w/v tricaine (ethyl m-aminobenzoate, Sigma) in 1× Danieau’s medium. Embryos were mounted onto No. 1.0 glass bottom petri dishes (MatTek Corporation) with 1.2% low melting agarose (Bio-Rad Laboratories). To obtain lateral views, embryos were orientated using a microloader tip (Eppendorf) to lie as close to the glass slide as possible. Once the agarose had solidified, measurements on the confocal microscope were carried out.



Data Acquisition and Fitting for Zebrafish Embryos

For each zebrafish embryo, three primary motor neurons expressing the fluorescent protein were randomly selected for measurements. In each motor neuron, measurements were taken for 30–60 s at two to three randomly chosen spots in the cytoplasm of the cell body and along the axon. For each sample, measurements were taken in at least three fish. The ACFs were fitted using the SymPhoTime 64 software (PicoQuant). The ACFs for mCherry were fitted starting from a lag time of 0.001 ms to a 3 Dimension 1-Particle (3D-1P) triplet model (Equation 1a). The triplet parameter does not only identify triplets but also any photophysical processes. For eGFP, eGFP-SmnΔex67, and mCherry-Smn analysis under knock-down conditions in the cell body, the ACFs were fitted starting from a lag time of 0.01 ms to a 3 Dimension 1-Particle (3D-1P) model (Equation 3a).
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For mCherry-Smn, eGFP-Smn, eGFP-SmnΔex67, and mCherry-Smn analysis under MO condition in axons, the ACFs were fitted starting from lag time of 0.01 ms to a 3 Dimension 2-Particle (3D-2P) model (Equation 3b).
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The parameters in Equation 3a and 3b have the same definition as for Equation 1 and 2. The complex structure of the zebrafish embryo could have affected the actual shape and size of the observation volume during measurements, and absolute diffusion coefficients might have shifted from values seen in solution. However, our data on diffusion coefficients of fluorescent proteins in zebrafish are very comparable to cell measurements (see Supplementary Tables 1, 2), indicating that any influence of zebrafish tissue on the FCS measurements was limited. F2 is the mole fraction of the second component. However, to determine this correctly one needs to know the absolute brightness of the particles measured, as the contribution of a particle to the ACF depends on the square of its brightness. As the second components in this study are unknown, F2 here only reports on changes in either fraction or brightness. Unless stated otherwise, we report all diffusion coefficient values as mean ± standard error of the mean (SEM). Statistical analyses were done using unpaired Student’s t-test.



Data Fitting for Blood Flow in Zebrafish

In each fish, measurements were taken for 60 s in the blood vessel near the heart region flowing into the yolk region. Autofluorescence of the blood were recorded in the intensity trace and translated into ACFs. The ACFs were fitted from a lagtime of 0.01 ms in software IgorPro 8.0 to a diffusion and flow model (Equation 4).
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The parameters in Equation 4 have the same definition as for Equation 1 and 2. τf is the lag time for the flow process.



Zebrafish Sample Fixation and Znp-1 Immunostaining

Larvae at 31 h post fertilization (hpf) were dechorionated using forceps or needles before fixation. 30–50 larvae per sample were transferred to a glass vial and medium was removed as much as possible, followed by the addition of 1 mL of 4% PFA/PBS. The samples were fixed for 4 h at room temperature (RT) on an orbital shaker (Grant Bio) or overnight at 4°C. The following day, the fixed samples were washed with 1× PBST for 5 min three times on a shaker at RT. For long-term storage at −20°C, they were washed in 100% methanol for 5 min on a shaker at RT and then replaced with fresh 100% methanol.

The PFA fixed embryos, which were kept in MeOH at −20°C, were rehydrated in 50% MeOH/H2O for 5 min, in Milli-Q water for 5 min and again in Milli-Q water for 1 h at RT on an orbital shaker (Grant Bio). They were blocked for 1 h in PBDT solution (1% DMSO, 1% BSA, 0.5% Triton × 100, 2.5% sheep serum, 1× PBS, 0.5% Tween-20). Samples were then incubated with a primary antibody directed against α-synaptotagmin2 (Znp1 monoclonal antibody, 1:100, ZIRC, United States) diluted in PBDT at 4°C overnight.

Next, the samples were washed in 0.1% TritonX in PBST at RT for 4 × 1 h each, before incubation with the secondary antibody, Biotin (1:1000; Vectastain ABC Elite-kit, Vector Labs, United States) overnight. Antibody detection for biotin-labeled samples was carried out prior to imaging in accordance with the Vectastain ABC Elite-kit protocol using DAB as substrate. For short-term storage, samples were kept in 1× PBST at 4°C.



Image Acquisition for Znp-1 Immunostained Larvae

Znp-1 immunostained larvae were washed in 1× PBST, followed by incubation in 70% glycerol (AppliChem) for at least 1 h or overnight before mounting. Individual samples were dissected to separate the head from the trunk. The trunk was mounted on a microscope slide (Continental Lab Products) using 100% glycerol. The images were taken using a compound microscope (Nikon Eclipse 90i) in the Epifluorescence mode with a 20× objective. The NIS element basic software (Nikon) was used for image acquisition and analysis.



RESULTS


mCherry-Smn Displays 2-Particle Diffusional Dynamics in SH-SY5Y Neuroblastoma Cells

In a first step, we aimed at gaining a preliminary understanding of cellular Smn dynamics by performing FCS measurements on cultivated SH-SY5Y neuroblastoma cells. For this purpose, we used transiently expressed mCherry as a control molecule for cytosolic diffusion and mCherry-Smn as probe. We had previously shown that hb9:mCherry-Smn rescues motor neuron defects in etvb5b knock-down embryos, showing that mCherry-Smn is functional (Spiró et al., 2016). SH-SY5Y neuroblastoma cells were chosen as they are commonly used as in vitro system for neuron related studies, as a simple cell control. As expected, mCherry (∼27 kDa) was homogenously expressed throughout nucleus and cytoplasm in SH-SY5Y cells (Figure 1A), consistent with earlier reports that the size limit of proteins that diffuse through the nuclear pore is 90–110 kDa (Wang and Brattain, 2007). In contrast, mCherry-Smn was much less abundant in the nucleus but expressed strongly in the cytoplasm (Figure 1A). The size of mCherry-Smn is ∼60 kDa and thus should freely diffuse into the nucleus. Instead, we observed distinct spots of concentrated mCherry-Smn in the nucleus (white arrow), consistent with endogenous expression of SMN, suggesting that these could be structures known as gems where SMN is highly enriched in and commonly observed to co-localize with the Cajal bodies (Liu and Dreyfuss, 1996). It was shown that SMN is transported into the nucleus as a complex together with the assembled snRNPs using importers such as snurportin and importin β (Narayanan et al., 2002). This transport process is likely to be regulated, thus resulting in a relatively weak accumulation of mCherry-Smn within the nucleus.
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FIGURE 1. Expression and dynamics of mCherry and mCherry-Smn in SH-SY5Y cell culture. (A) Expression of mCherry and mCherry-Smn in SH-SY5Y cells 2 days after transfection. Scale bar = 10 μm. (B) Representative autocorrelation function (ACF) and fitted ACFs of mCherry and mCherry-Smn in the cytoplasm. ACF for mCherry is fitted to 3D 1p1t while ACF for mCherry-Smn is fitted to 3D 2p1t diffusion model. (C) Mean diffusion coefficients, D1 (μm2/s) in cytoplasm and nucleus for mCherry, mCherry-Smn and mCherry-Smn: Smn (mCherry-Smn co-transfected with untagged Smn). (D) Mean diffusion coefficients, D2 (μm2/s) in cytoplasm and nucleus. Error bars represent the SD. (∗∗P < 0.01, ****P < 0.0001). (E) Brightness analysis of mCherry and mCherry-Smn in cytoplasm by plotting average intensity vs. number of particles. mCherry-Smn particles are brighter than mCherry. (F) Brightness analysis of mCherry-Smn vs. mCherry-Smn with untagged Smn in the cytoplasm. With presence of untagged Smn, brightness of mCherry-Smn goes down. The numbers above the graphs indicate the number of cells (number of points) the measurements were taken in.


Autocorrelation functions (ACFs) from confocal-FCS measurements were acquired and fitted to 3-dimensional (3D) diffusional models (Figure 1B). Figures 1C,D show average diffusion coefficients for mCherry, mCherry-Smn as well as mCherry-Smn in the presence of untagged Smn (mCherry-Smn + Smn), in the cytoplasm and nucleus. All diffusion coefficients are tabulated in Supplementary Table 1.

The ACFs of mCherry fitted well to a 3D 1-particle 1-triplet diffusion model (Figure 1B). Diffusion coefficients were similar at 30.8 ± 2.3 μm2/s in the cytoplasm and 33.4 ± 2.9 μm2/s in the nucleus (Figure 1C). In contrast, the ACFs for mCherry-Smn in both cytoplasm and nucleus fitted well only to 3D 2-particle 1-triplet diffusion models. The first component diffuses at 18.7 ± 3.6 μm2/s in the cytoplasm and at a similar rate of 19.2 ± 4.2 μm2/s in the nucleus. However, the second component diffuses at different rates in cytoplasm (0.91 ± 0.07 μm2/s) and nucleus (0.35 ± 0.05 μm2/s) (Figure 1D). From this point on, the first component will be referred to as ‘fast component’ (D_1) while the second component is the ‘slow component’ (D_2).

The diffusion coefficient of the fast component of mCherry-Smn was in the same order of magnitude as that of mCherry, albeit lower, likely because mCherry-Smn (∼60 kDa) is larger than mCherry (∼27 kDa) and because the two proteins likely have very different shapes. The slow component is slower than the fast component by two orders of magnitude.

To confirm whether the slow mCherry-Smn component could represent oligomers, we compared brightness of mCherry-Smn and mCherry particles, assuming that mCherry molecules are monomeric. Average intensities were plotted against the number of particles, N, a parameter obtained from the fitting results (Figure 1E). Hence, the slope of the curve reflects the brightness of particles. Molecular brightness is a measure of intensity per mobile particle and thus is normalized to the expression level. Therefore, while intensity may reflect expression levels of the particles, molecular brightness does not. A higher molecular brightness indicates a larger number of fluorescent molecules bound to the mobile particle.

The fitted curve for mCherry-Smn was much steeper than for mCherry, indicating that mCherry-Smn particles are brighter than mCherry molecules and thus suggesting that mCherry-Smn particles reflect oligomers. We then examined the dynamics of mCherry-Smn in the presence of an excess of untagged Smn by transfecting SH-SY5Y cells with equal amounts of 125 ng mCherry-Smn and 125 ng untagged Smn plasmids. The untagged Smn competes for binding to complexes or oligomers with mCherry-Smn. We assumed that if mCherry-Smn were replaced by untagged Smn in an oligomer or complex, the particle would decrease in brightness. Consistent with this, a downward shift in the fitted line was observed when untagged-Smn was present (Figure 1F). This supports the hypothesis of a competitive binding between mCherry-Smn and Smn and that mCherry-Smn oligomers are present in the slow particles.

To further support the oligomerization of mCherry-Smn, and to verify that zebrafish Smn can indeed function and interact with human SMN in SH-SY5Y cells, in vitro interaction assays between purified protein constructs were carried out. We showed that zebrafish Smn (His6-MBP-zfSMNwt) co-eluted with human SMN (GST-hSMN (252-284)) on size exclusion chromatography (Supplementary Figures 1C,C′). The human-zebrafish hybrid complex (Supplementary Figures 1C,C′) displays very similar oligomerization properties as the human-SMN only control (Supplementary Figures 1A,A′) and zebrafish-Smn only control (Supplementary Figures 1B,B′), which is in line with a recent report on SMN oligomerization (Veepaschit et al., 2021). We conclude that zebrafish Smn does interact and form oligomers with human SMN.



Smn Dynamics Is Similar in Cell Bodies and Axons of Zebrafish Motor Neurons

We next carried out FCS measurements of Smn tagged to mCherry or eGFP in zebrafish embryos in vivo at 2 dpf. The measurements were taken at 2 dpf as the motor axons are developed and the first wave of neuromuscular junctions has formed by this time point. Both fluorescent proteins (FPs) were used to verify that the dynamics of Smn was not affected by using different fluorophores. Transgenic hb9:mCherry and hb9:eGFP lines, which expressed FPs specifically in motor neurons, were used as controls. mCherry-Smn was stably expressed in the hb9:mCherry-Smn transgenic line, while eGFP-Smn was transiently expressed upon injecting the plasmid into one-cell stage embryos. Bright aggregates, above the level for the complexes in the previous section, were observed for mCherry 70% of the time, but not for eGFP, in motor neurons (Figure 2A), and these aggregates were avoided during FCS measurements. Similar to observations in cell culture, eGFP-Smn and mCherry-Smn were expressed more strongly in the cytoplasm than the nucleus, while both eGFP and mCherry were expressed homogeneously throughout both compartments (Figure 2A). We also observed regions with higher fluorescence intensity (asterisks) in the nucleus indicative of Cajal bodies where Smn is known to localize. Hence, the expression of the fluorescently tagged Smn in motor neurons is consistent with previous findings in cultured cells (Liu and Dreyfuss, 1996).
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FIGURE 2. Expression and diffusion coefficients of FPs and FP-tagged Smn in zebrafish motor neurons. (A) Expression of eGFP, eGFP-Smn, mCherry, and mCherry-Smn in cell body and axon of motor neurons at 2 dpf. Images of cell body and axon are taken from different motor neurons. Scale bar = 5 μm. Red arrow indicates representative position where FCS measurement was taken in axon. (B) Average diffusion coefficients, D1 (μm2/s) of eGFP, eGFP-Smn, mCherry, mCherry-Smn in cell body. (C) Average diffusion coefficients, D2 (μm2/s) of eGFP-Smn, mCherry-Smn in cell body. (D) Average diffusion coefficients, D1 (μm2/s) of eGFP, eGFP-Smn, mCherry, mCherry-Smn in axons. (E) Average diffusion coefficients, D2 (μm2/s) of eGFP-Smn, mCherry-Smn in axons. Error bars represent the SD. (n.s.P > 0.05, *P < 0.05). The numbers above the graph indicate the numbers of fish (number of points) the measurements were taken in.


Next, FCS measurements were carried out at randomly selected locations in cell bodies and along axons. As expected, mCherry-Smn and eGFP-Smn were detected in motor axons consistent with earlier reports on endogenous SMN in axons of cultured motor neurons (Pagliardini et al., 2000; Rossoll et al., 2002) and transgenic zebrafish expressing human SMN (Hao et al., 2015). In both compartments, ACFs obtained from mCherry and eGFP measurements fitted well to a 3D 1-particle diffusion model, while ACFs for mCherry-Smn and eGFP-Smn could only be fitted to a 2-particle 3D diffusion model. Thus, similar results were obtained in zebrafish motor neuronal cell bodies and axons in vivo when compared to observations in SH-SY5Y cells.

The diffusion coefficients D1 of the fast components of eGFP-Smn and mCherry-Smn were in the same order of magnitude as eGFP and mCherry, respectively (Figures 2B,D and Supplementary Table 2). Hence, these likely reflect freely diffusing mCherry-Smn and eGFP-Smn monomers. The second diffusion coefficient D2 (Figures 2C,E) is about 50–100 times lower than the first component. Similar to what was suggested for the observations in cell culture, these slow components likely represent Smn as oligomers or bound in a complex, possibly the SMN complex. It should be noted that there is a high heterogeneity within each pool of fast and slow components, as visible by large standard deviations, as reported in the Supplementary Tables, which reflects both the variability in the size of the protein aggregates and the heterogeneity of the intracellular environment.

Notably, we did not observe any dynamics of Smn that would be suggestive of active transport, neither in axons nor in the soma. On very few occasions (2 out of 38 measurements), we observed spikes in the intensity trace for mCherry-Smn, which are indicative of large particles passing through the confocal volume (Supplementary Figure 2B). However, similar spikes were also observed for mCherry (Supplementary Figure 2A). These intensity traces translated into ACFs that could not be fitted to 3D diffusion models (Supplementary Figures 2C,D, respectively). No such spikes were detected for eGFP or eGFP-Smn, suggesting that these spikes are caused by mCherry aggregates. Furthermore, the rate of movement of the particle was variable, and thus did not correspond to active transport. As a positive control, we used FCS to measure the flow of blood cells in zebrafish to demonstrate that FCS is able to differentiate between active transport and diffusion dynamics (Supplementary Figure 3). Measurements were taken in the region of blood flow into the yolk of the zebrafish and the experimental ACF fitted to a diffusion and flow model. As shown in Supplementary Figure 3A, two other models, the flow model and 3D 1-particle diffusion model did not fit well to the experimental ACF and hence were rejected. The velocity of the blood flow obtained (54.5 ± 6.1 μm/s) agrees with previous published data (Shi et al., 2009). Hence, FCS measurements allow us to observe the dynamics of Smn proteins and showed that mCherry-Smn diffuses in axons of motor neurons as monomeric and oligomeric form instead of being actively transported.



Dynamics of Smn in Motor Neurons Is Affected Under Knock-Down Conditions

As transgenic hb9:mCherry-Smn embryos also expressed Smn endogenously, Smn oligomers consisted of both endogenous and FP tagged Smn. Hence, we next studied Smn dynamics when endogenous Smn levels were knocked-down by Morpholino oligos (MOs). These MOs target the ATG region and efficiently block translation of endogenous smn mRNA as described previously (McWhorter et al., 2003; Winkler et al., 2005). Transgenic mCherry-Smn was not knocked down, as it contained five wobble bases in the smn ATG region. We hypothesized that by knocking down endogenous Smn, mCherry-Smn would replace their binding sites in the complexes, which would then affect the dynamics of the diffusional components.

To show that mCherry-Smn has not been knocked down and is still functional, a rescue experiment was carried out (Supplementary Figure 4). The Morphologies of seven caudal primary axons above the yolk extension region for both rows of motor neurons in the region were analyzed in each larva at 31 hpf. The mean percentage of normal, branched and truncated axons are plotted in Supplementary Figure 4F. smn morpholino knock-down in Wildtype (WT) zebrafish resulted in defective axons, which showed extensive branching and some truncation (Supplementary Figure 4B), compared to uninjected controls, or WT injected with control MO (Supplementary Figure 4A). The axonal defects were partially rescued when the smn morpholino were injected into transgenic hb9-mCherry-Smn embryos (Supplementary Figure 4C) and were almost fully recovered when mCherry-smn mRNA was injected into the embryo (Supplementary Figure 4D). Thus, mCherry-Smn is functional and not affected by the presence of the tagged fluorescent protein.

In the smn MO knockdown experiment, we observed that a deficiency in endogenous Smn affected the dynamics of Smn in cell bodies and axons differently. This is likely because Smn exists in different types of complexes in the cell body as compared to the axons.

In the cell body under Smn deficient conditions, ACFs obtained from measurements fitted to 3D 1-particle diffusion model with a diffusion coefficient similar to the slow component only (Figures 3A,B). We inferred that under Smn knockdown conditions, diffusible monomeric mCherry-Smn could have taken the place of endogenous Smn in the larger complexes or oligomers, as they are functional. This resulted in a depletion of monomeric mCherry-Smn such that they were no longer observable (Figure 3A) and only the slow component is being observed in the cell body (Figure 3B).
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FIGURE 3. Diffusion coefficient of mCherry-Smn in motor neurons under smn MO conditions. (A,B) Average diffusion coefficients, D1, D2 (μm2/s) of mCherry-Smn in motor neuron cell bodies under uninjected control and smn MO conditions. D1 was not observed for mCherry-Smn under smn MO conditions. (C,D) Average diffusion coefficients, D1, D2 (μm2/s) of mCherry-Smn in axons for uninjected control and smn MO conditions. Error bars represent the SD. (n.s.P > 0.05, ****P < 0.0001). The numbers above the graph indicate the number of fish (number of points) the measurements were taken in.


In axons, on the other hand, the dynamics of Smn under knock-down conditions was affected differently. The ACFs obtained could still be fitted to 3D 2-particle diffusion models (Figure 3C,D). However, there was an overall slow-down in diffusion of both the fast and slow components. The diffusion coefficient of the fast component, D1, was a third lower than that of uninjected controls, accompanied by an increase in its fraction, F1 (F1 = 1−F2) (Supplementary Table 3). The diffusion of the complexes (Figure 3D) may be slowed down due to the presence of the additional tagged fluorescent proteins if the complex involves a substantial number of Smn proteins. The components in Figure 3C could represent a separate set of smaller complexes previously not observable under a WT condition, however, more studies will be needed to investigate the compositions or nature of these complexes.

Overall, these findings suggest that the slow component in the diffusional models consists of oligomers of Smn.



Dynamics of Truncated Smn Differs From Full Length Smn

We next tried to differentiate further between the two components of Smn. Exon 7 is important for localization of SMN to axons while exon 6 is important for the dimerization of SMN (Lorson et al., 1998). The plasmid hb9:eGFP-SmnΔex6,7 was generated for expression of an eGFP-Smn that is truncated at the end of exon 5. We expected that the dynamics of truncated eGFP-Smn would be faster than that of full length Smn as oligomerization is affected.

We found that eGFP-SmnΔex6,7, in contrast to full-length eGFP-Smn, was strongly expressed in the nucleus and weakly in the cytoplasm of the cell body (Figure 4A, close-up image of cell body). Although exon 7 was reported to affect localization of Smn to axons (Zhang et al., 2003), we were still able to observe strong eGFP fluorescence in the axons (white arrow).
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FIGURE 4. Expression and dynamics of eGFP- Smn Δex6,7 in zebrafish motor neurons. (A) Expression of eGFP- SmnΔex6,7 in motor neuron cell body and axon at 2 dpf. It is expressed strongly in the nucleus and weakly in axon and cytoplasm of cell body. (B) Representative ACF and fitted ACF of eGFP, eGFP-Smn and eGFP-SmnΔex6,7. (C) Average diffusion coefficients, D1 (μm2/s) of eGFP, eGFP-Smn, eGFP-SmnΔex6,7 in cell body. (D) Average diffusion coefficients, D2 (μm2/s) of eGFP-Smn, eGFP-SmnΔex6,7 in cell body. (E) Average diffusion coefficients, D1 (μm2/s) of eGFP, eGFP-Smn, eGFP- SmnΔex6,7 in axons. (F) Average diffusion coefficients, D2 (μm2/s) of eGFP-Smn, eGFP-SmnΔex6,7 in axons. Error bars represent the SD. (n.s.P > 0.05, ∗P < 0.05, ∗∗∗P < 0.001). Measurements grouped under Case 1 were fitted to 3D 1-particle diffusion model, found in 6 out of 14 measurements, indicating a loss of the second component. Case 2 refers to measurements fitted to 3D 2-particle diffusion model, found in 8 out of 14 measurements. The numbers above the graph indicate the numbers of fish (number of points) the measurements were taken in.


More interestingly, FCS measurements showed that the slow component, which was consistently detected with full-length eGFP-Smn, was no longer present. In the cytoplasm of the cell body, ACFs fitted to a 3D 1-particle diffusion model with a diffusion coefficient similar to that of eGFP and the fast component of eGFP-Smn (Figures 4C,D). This indicated that eGFP-SmnΔex6,7 was not able to oligomerize or bind to complexes, and instead diffused freely in the soma. In axons, there were two outcomes for the fitting, a 3D 1-particle diffusion model fit (indicated as Case 1) and a 3D 2-particle diffusion model fit (Case 2). Supplementary Figure 5 shows the comparison between a 3D 1-particle and 2-particle model fitting of representative ACFs in Case 1 and Case 2 and their respective residuals. The sole component in the 1-particle model and the fast component in the 2-particle model are in the same order of magnitude as the fast component of eGFP-Smn and eGFP, suggesting the presence of freely diffusing eGFP-SmnΔex6,7 in axons (Figure 4E and Supplementary Table 4). The diffusion coefficient of case 1 is slightly lower than that of eGFP. It is possible that these measurements are actually similar to case 2 only that the slow component is so low in fraction that we cannot distinguish two components (Meseth et al., 1999). In cases of 2-particle fits, the slow component is much faster than the slow component of full-length eGFP-Smn (Figure 4E). There is a shift in the ACF to a shorter characteristic time for the second component of eGFP-SmnΔex6,7 (Figures 4B,F). The characteristic time in the ACF is inversely proportional to diffusion coefficient (see Equation 2), while diffusion coefficient is inversely proportional to molecular weight. Particles with lower molecular weight will diffuse faster and have a shorter characteristic time in ACF. Hence this suggests that the particle that is associated with truncated eGFP-SmnΔex6,7 is of lower molecular weight than the complex formed by full-length Smn.



DISCUSSION

It has been hypothesized that SMN has a motor neuron specific role in axonal transport and controls localization of mRNAs important for axon outgrowth, neuromuscular junction (NMJ) maturation and maintenance (Fallini et al., 2012). However, studies analyzing the subcellular distribution of SMN in motor neurons are scarce. By quantitative analysis of Smn behavior in zebrafish motor neurons using FCS, we intended to provide more insight into its axonal function.

Fluorescence correlation spectroscopy is a technique with single-molecule sensitivity and allows the in vivo study of protein dynamics in motor neurons of zebrafish embryos. There are some limitations of FCS such as the need for a fluorescent label for the detection of the mobile particle. To differentiate between monomers and dimers, they need to be different in size by at least a factor of four and to distinguish between two different species, their diffusion coefficient has to be at least 1.6 times different (Meseth et al., 1999). However, the strength of FCS lies in its ability to measure and differentiate between diffusion and transport and to identify different types of species with its distinct dynamics from the fitting models.

In this study, we found that fluorescent protein-tagged Smn (FP-Smn) exists as two distinct components in both the cytoplasm of the cell body and axons. These Smn components represent a fast diffusing particle and a slow diffusing particle. What gives rise to the presence of two types of particles with different dynamics, and are the particles transported in the axons?

mCherry and eGFP were controls and diffused freely in motor neurons with a single diffusion coefficient, which reflects their monomeric nature (Figure 5A). The diffusion coefficient of the fast component of FP-Smn is in the same order of magnitude, hence this is likely a freely diffusing, monomeric form of FP-Smn. This was surprising as SMN protein rapidly oligomerizes (Pellizzoni et al., 2002) and associates with Gemin2–8 and UNR-interacting Protein (UNRIP) to form a large, stable, multi-subunit complex known as the SMN complex (Cauchi, 2010). Accordingly, we speculated that the slow component comprises Smn in an oligomeric and complex form. FCS data obtained in SH-SY5Y cells supported this. mCherry-Smn particles were brighter than mCherry and competitive binding existed between mCherry-Smn and untagged Smn, indicating the presence of mCherry-Smn oligomers. Hence, in a transgenic background, endogenous Smn and transgenic FP-Smn co-exist in oligomers in the complex. The presence of a monomeric FP-Smn form, represented by the fast component, could be due to the overexpression strategy used, thus excess FP-Smn is not associated in a complex.
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FIGURE 5. Summary of FCS observations. (A) Freely diffusing mCherry. (B) Two components of freely diffusing mCherry-Smn and mCherry-Smn with endogenous Smn in complexes that are distinct for cell body and axon (oligomers of mCherry-Smn and Smn are indicated by tetramers). (C) Truncated eGFP-Smn concentrates in nucleus, freely diffuses in cytoplasm. Complexes consist of only endogenous Smn. (D) Depletion of endogenous Smn led to a depletion of freely diffusing mCherry-Smn and mCherry-Smn replacing endogenous Smn in complexes. For details, see main text.


The observation of large standard deviations for the diffusion coefficient of FP-Smn was expected considering the heterogeneity of the particles. The exact stoichiometry of members in the SMN complex is unknown (Gupta et al., 2015). Sucrose gradient centrifugation showed that SMN complexes are heterogeneously dispersed macromolecular aggregates ranging in size from 20S to 80S (Paushkin et al., 2002). It is difficult to pinpoint the exact species that makes up the slow component as SMN associates with a wide range of proteins or protein complexes involved in translation, transcription or RNA metabolism (reviewed by Rossoll and Bassell, 2009), or with components of the SMN complex. Based on our FCS data, we speculate that the slowly diffusing components represent SMN complexes involved in snRNP assembly, as well as Smn, likely in an oligomeric form that is associated with various proteins (Figure 5B), which is in agreement with recent findings (Veepaschit et al., 2021). We speculate that two pools of FP-Smn exist in motor neurons, one that is monomeric and another that oligomerizes with endogenous Smn, bound to complexes.

Both the expression and dynamics of Smn were affected when exons 6 and 7 were deleted. The accumulation of eGFP-SmnΔex6,7 in nuclei is consistent with a previous report that also showed enrichment of eGFP-SMNΔex7 in the nuclei of chick forebrain neurons (Zhang et al., 2003). It was suggested that a sequence of five amino acids, QNQKE, in exon 7 contains a cytoplasmic localization signal that when deleted results in nuclear accumulation of Smn protein (Zhang et al., 2003). However, while that report showed that axons were completely devoid of eGFP-SMNΔex7, weak expression of eGFP-SmnΔex6,7 could be observed in the axons here. This raises the important question whether the dynamics of this axonal pool of eGFP-SmnΔex6,7 differs from that of full length Smn.

Interestingly, FCS measurements of eGFP-SmnΔex6,7 in cell bodies no longer detected the slow component that represented complexes formed by full length Smn. Instead, a single diffusing component, with diffusion coefficient in the same order of magnitude as eGFP, was observed. In axons, on the other hand, ∼50% of the measurements revealed a single fast diffusing component and the other ∼50% showed a fast component and a slow component. However, this slow component was much faster than that observed for full-length Smn. Exons 2b and 6 were previously reported to be required for dimerization and oligomerization of SMN (Lorson et al., 1998; Young et al., 2000). SMN lacking exon 7 also loses its ability to self-oligomerize (Lorson et al., 1998; Pellizzoni et al., 1999). Hence Smn, lacking exons 6 and 7, is defective in oligomerization and cannot be incorporated into the SMN complex. Together, this reinforces the speculation that the slow component is Smn in oligomeric form, bound to complexes. eGFP-SmnΔex6,7 is concentrated in the nucleus (Figure 5C). Particles present in cell body and axons are single diffusing particles, while complexes only consist of endogenous Smn without eGFP-SmnΔex6,7.

Next, knocking down endogenous Smn levels had different effects on the behavior of mCherry-Smn in cell body and axons. In the cell body, only a single slow diffusing particle was observed, while two types of particles were observed in axons, both of which were much slower than those under WT condition (Figure 5D). We speculate that as the endogenous pool of Smn is knocked-down, freely diffusing monomeric mCherry-Smn replaces their binding sites in the complexes, hence depleting the pool of freely diffusing monomeric mCherry-Smn such that they were no longer observable and only the slow component is being observed in the cell body.

As the effect on diffusion is different in cell body and the axons, our data suggest that mCherry-Smn exists in distinct types of complexes that are different in cell body and axons. As mCherry-Smn takes the place of endogenous Smn in some of the complexes, the diffusion of the complexes may be slowed down in the axons due to the presence of the additional FP-tag if the complex involves a substantial number of Smn proteins. Earlier reports showed that SMN granules in neurites of primary motor neurons (Zhang et al., 2006) and in differentiated human neuroblastoma cells (Todd et al., 2010) do not contain essential snRNP components such as Sm proteins. This suggests that the axonal pool of SMN that we detected by FCS could be involved in a role different from snRNP assembly and have different requirements for exons 6 and 7.

It is an ongoing controversial debate whether SMN has a motor neuron specific function, other than snRNP assembly, that is responsible for selective motor neuron vulnerability in SMA patients. Detection of axonal transport would have helped to settle this debate. However, an ACF that could be fitted to an active flow model, which is expected if active transport of Smn occurs, was not obtained. On rare occasions, spikes in the intensity trace, indicative of large particles passing through the confocal volume, were observed (Supplementary Figure 2). However, such occurrences were infrequent and the characteristic time of the dynamics was variable so that this could not be attributed to a real transport process. We conclude that the type of FP (mCherry or eGFP) overall does not influence the behavior of Smn in motor neurons, albeit for presence of rare mCherry aggregates. In addition, transiently expressed proteins and stably expressed proteins do not differ in their dynamics or expression. Smn, in both cell bodies and axons, exists as a freely, fast diffusing and a slow diffusing, complex-bound particle, and there is no indication of active transport in the axons.

We have consistently observed diffusional dynamics of mCherry-Smn at various locations and time points (48 hpf, see text; and 31 hpf, data not shown) along the axons and hence also hypothesized that these Smn particles have traveled to the axons from the cell body through a diffusion process. As a systematic study of the dynamics of mCherry-Smn at the specific entry point of the axons from the cell body has not be carried out, we cannot exclude that the first mCherry-Smn to appear in the axons could have been actively transported from the soma to the entry point into the axon. However, it should be noted that given a diffusion coefficient of 1 or 30 μm2/s, the root mean squared displacement of an Smn protein is ∼1.5 or ∼7.7 μm in a second. This would in principle allow complete diffusion throughout the axons in a short time.

In a previous report, antero- and retrograde movement of GFP tagged SMN was described for chick forebrain primary neurons in the form of granular particles (Zhang et al., 2003). SMN-granules, on its own or co-localized with Gemin2, or mRNA binding proteins, HuD and IMP1, were reported to move along axons in primary motor neurons, with a proportion of granules oscillating within a localized region (Fallini et al., 2010, 2011, 2014). We observed movement of granule-like particles by time-lapse confocal imaging not only of mCherry-Smn, but also mCherry itself, transiently expressed in motor axons of 2 dpf zebrafish (data not shown). Hence, such granule-like particles are unlikely to be specific to mCherry-Smn and may be attributed to an artifact created by the aggregation and movement of the fluorescent protein itself. FCS was able to measure GFP, presumably accumulated in vesicles, actively transported along tubular structures in plants in the form of ‘pulsed’ transport of bright batches (Kohler et al., 2000). So far, none of our FCS measurements, which have a much higher sensitivity than confocal imaging, provides any support for the hypothesis that Smn is transported in motor axons.

Remarkably, a recent report suggested that SMN acts as a molecular chaperone for the assembly of messenger ribonucleoprotein (mRNP) complexes in axons, analogous to its role in snRNP assembly (Donlin-Asp et al., 2017). Reduction in the association of IMP1 with β-actin mRNA in a SMA mouse model and fibroblasts derived from SMA patients was observed. Therefore, the authors suggested that SMN is important for the assembly of IMP1 protein with β-actin mRNA via a transient association. In our zebrafish assay, the slow diffusing component observed in our FCS studies, both in axons and the cell body could represent a wide range of protein complexes associated with Smn, and Smn transiently associated with mRNP complexes could possibly be one of the diffusional particles. Hence, our observations made by FCS in motor neurons in vivo are in agreement with the findings by Donlin-Asp et al. (2017).



CONCLUSION

Our in vivo FCS approach identified the existence of oligomers and suggested the presence of different complexes in axons and cell bodies but did not observe any axonal transport.
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Supplementary Figure 1 | In vitro oligomerization of zebrafish and human SMN. (A–C) Gel filtration traces of purified GST-hSMN(252-284) (A), purified His6-MBP-zfSMNwt (B), and a mixture of both (C). (A′–C′) Analyses by SDS-PAGE, visualized by Coomassie staining of the indicated fractions from the respective traces. The human-zebrafish hybrid complex (C,C′) displays very similar oligomerization properties as the human- (A,A′) and zebrafish-only controls (B,B′).

Supplementary Figure 2 | Intensity traces of mCherry and mCherry-Smn that showed spikes and their respective ACF. (A) Intensity trace of 10 s out of a 30 s FCS measurement of mCherry, showing a spike in the intensity. (B) 20 s out of a 120 s FCS measurement of mCherry-Smn, showing spikes in the intensity. (C) ACF of the mCherry intensity trace, which shows a step at the end that cannot be fitted to a 3D diffusion model. (D) ACF of the mCherry-Smn intensity trace that cannot be fitted to a 3D diffusion model.

Supplementary Figure 3 | FCS measurement of blood flow in zebrafish. (A) Representative ACF for blood flow in zebrafish fitted to three different fitting models, Diffusion and Flow Model, Flow Model and 3D 1-particle diffusion model. The experimental ACF fitted to a Diffusion and Flow model, the other two fitting models were rejected. (B) Velocity of the blood flow. Mean ± SD (SEM) = 54.5 ± 18.2 (6.1) μm/s. Error bars represent the SD. The numbers above the graph indicate the numbers of fish (number of points) the measurements were taken in.

Supplementary Figure 4 | mCherry-Smn can rescue axonal defects in smn morpholino knocked-down embryos. (A–D) Representative images of Znp-1 immunostained embryos at 31 hpf. Scale bar = 100 μm. (A) WT embryos injected with control MO. The axons are normal without any branching or truncation. (B) WT embryos injected with smn MO. Significant number of axons are branched or truncated. (C) hb9:mCherry-Smn transgenic line injected with smn MO. Axonal defects partially rescued by mCherry-Smn. (C′) Imaging of mCherry fluorescence present only in motor neurons. (D) WT embryos injected with smn MO and 100 ng/μL of mCherry-smn mRNA. (D′) Imaging of mCherry fluorescence ubiquitously present. (E) Western blot analysis, showing that endogenous Smn protein is present in uninjected control and reduced in smn MO knock-down samples. mCherry-Smn protein is present in sample injected with mCherry-smn mRNA. (F) Mean percentage of normal, branched and truncated axons across three biological replicates (comprising n number of fish analyzed in total with 14 axons analyzed in each fish). Error bars represent the SD of the three replicates. Statistical analyses were done using one-way ANOVA test.

Supplementary Figure 5 | Comparison of the fitting models in Case 1 and Case 2. (A,B) Representative ACFs for Case 1 and Case 2 fitted to both 3D 1-particle and 2-particle diffusion models. (C,D) Residuals for a 3D 1-particle diffusion model fit. (E,F) Residuals for a 3D 2-particle diffusion model fit. In Case 1, the fit quality shown by the residuals indicates that a 3D 1-particle fit was sufficient and a 2-particle fit did not improve the fitting quality considerably. Moreover, non-physical parameters were obtained for the 2-particle fit (negative fractions, non-consistent widely varying diffusion coefficients). In Case 2, a 2-particle diffusion model improved the fitting quality and thus was chosen.

Supplementary Table 1 | Mean diffusion coefficients, D1, D2 and fraction of second components of mCherry, mCherry-Smn, mCherry-Smn: untagged Smn in cytoplasm and nucleus of SH-SY5Y cells.

Supplementary Table 2 | Diffusion coefficients, D1, D2 and fraction of second components, F2 for FCS measurements in cell body and axon.

Supplementary Table 3 | Diffusion coefficients, D1, D2 and fraction of second components, F2 for FCS measurements of mCherry-Smn under smn MO conditions. Data for uninjected control is taken from mCherry-Smn in Supplementary Table 2.

Supplementary Table 4 | Diffusion coefficients of eGFP-SmnΔex6,7 compared to eGFP and eGFP-Smn in the cell body and axon. Data of eGFP and eGFP-Smn are taken from Supplementary Table 2. Measurements grouped under Case 1 were fitted to 3D 1-particle diffusion model, found in 6 out of 14 measurements, indicating a loss of the second component. Case 2 refers to measurements fitted to 3D 2-particle diffusion model, found in 8 out of 14 measurements.
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