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ABSTRACT  7 

Sjögren's Syndrome Nuclear Autoantigen 1 (SSNA1/NA14) is a microtubule-associated protein with 8 

important functions in cilia, dividing cells and developing neurons. However, the direct effects of SSNA1 9 

on microtubules are not known. We employed in vitro reconstitution with purified proteins and TIRF 10 

microscopy to investigate the activity of human SSNA1 on dynamic microtubule ends and lattices. Our 11 

results show that SSNA1 modulates all parameters of microtubule dynamic instability – slowing down 12 

the rates of growth, shrinkage and catastrophe, and promoting rescue. We find that SSNA1 forms 13 

stretches along growing microtubule ends and binds cooperatively to the microtubule lattice. 14 

Furthermore, SSNA1 is enriched on microtubule damage sites, occurring both naturally, as well as 15 

induced by the microtubule severing enzyme spastin. Finally, SSNA1 binding protects microtubules 16 

against spastin’s severing activity. Taken together, our results demonstrate that SSNA1 is both a potent 17 

microtubule stabilizing protein and a novel sensor of microtubule damage; activities that likely underlie 18 

SSNA1’s functions on microtubule structures in cells.  19 
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INTRODUCTION 21 

Sjogren’s syndrome nuclear autoantigen-1 (SSNA1/NA14) is a microtubule-associated protein (MAP) 22 

that plays important roles in cilia, cell division and neuronal development. In cilia, SSNA1 localizes to 23 

basal bodies and axonemes where it is required for proper cilium assembly and intraflagellar transport 24 

(Lai et al., 2011; Pfannenschmid et al., 2003; Schoppmeier, Mages, & Lechtreck, 2005). In dividing cells, 25 

SSNA1 is enriched at the spindle poles and midbody, and is necessary for proper cell division (Goyal, 26 

Renvoise, Chang, & Blackstone, 2014; Pfannenschmid et al., 2003). Finally, SSNA1 promotes axon 27 

elongation and branching in developing neurons (Basnet et al., 2018; Goyal et al., 2014). Although 28 

SSNA1 is involved in a range of microtubule-driven cellular processes, its direct effects on microtubules 29 

are not known. 30 

SSNA1 is a small (~14 kDa), coiled-coil protein that self-assembles into higher-order fibrils (Basnet et 31 

al., 2018; Ramos-Morales, Infante, Fedriani, Bornens, & Rios, 1998; Rodriguez-Rodriguez et al., 2011). 32 

A recent in vitro study using cryo-EM/ET reported that SSNA1 fibrils bind longitudinally along 33 

stabilized microtubules, induce microtubule branching and promote microtubule nucleation (Basnet et al., 34 

2018). Growing microtubules undergo dynamic instability; a phenomenon whereby individual 35 

microtubules alternate between phases of growth and shrinkage via the transitions referred to as 36 

catastrophe and rescue (Mitchison & Kirschner, 1984). Given its direct interaction with microtubules and 37 

localization to sites of dynamic microtubule growth in cells, SSNA1 is well-positioned to impact 38 

microtubule dynamics. Nonetheless, whether SSNA1 regulates dynamic microtubules has not been 39 

investigated.  40 

Microtubule regulation is not restricted to the dynamic microtubule ends. For example, microtubule-41 

severing enzymes, motor proteins and mechanical forces induce microtubule lattice damage (Thery & 42 

Blanchoin, 2020). The damaged microtubule lattice can be recognized and stabilized by MAPs (Aher et 43 

al., 2020; Aumeier et al., 2016; de Forges et al., 2016; Schaedel et al., 2015; Schaedel et al., 2019; Thery 44 

& Blanchoin, 2020; Triclin et al., 2018; Vemu et al., 2018). SSNA1 has been identified as a binding 45 

partner of spastin, a microtubule-severing enzyme (Errico, Claudiani, D'Addio, & Rugarli, 2004); and 46 

both SSNA1 and spastin localize to spindle poles and neuronal branch points (Basnet et al., 2018; Goyal 47 

et al., 2014; Yu et al., 2008). However, whether SSNA1 regulates microtubule lattice damage remains an 48 

open question.  49 

In this study, we employed in vitro reconstitution techniques with purified protein components and TIRF 50 

microscopy to interrogate the roles of SSNA1 in regulating dynamic microtubule ends and microtubule 51 

lattice damage.   52 
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RESULTS 53 

Human SSNA1 suppresses microtubule dynamicity 54 

To investigate the effects of SSNA1 on dynamic microtubules, we purified human SSNA1 protein 55 

(Figure 1–figure supplement 1) and employed an established TIRF-based microtubule dynamics in vitro 56 

reconstitution assay (Gell et al., 2010). Previous work implicated SSNA1 in spontaneous microtubule 57 

nucleation (Basnet et al., 2018). To build upon these observations, we assessed the ability of SSNA1 to 58 

promote templated microtubule nucleation from GMPCPP-stabilized microtubule seeds, which better 59 

reflects microtubule nucleation in cells (Wieczorek, Bechstedt, Chaaban, & Brouhard, 2015) (Figure 1A). 60 

We performed a titration of soluble tubulin from 3 µM to 10 µM with and without 2.5 µM SSNA1 and 61 

found that SSNA1 promoted templated nucleation compared to the tubulin alone condition, thus 62 

supporting the role of SSNA1 in microtubule nucleation (Figure 1B). 63 

To assess the direct effects of SSNA1 on microtubule dynamics, we performed SSNA1 titration 64 

experiments in which microtubules were grown with a range of SSNA1 concentrations (Figure 1C, Video 65 

1). While the average cellular concentration of SSNA1 is estimated to be ~200 nM (HeLa cells, (Itzhak, 66 

Tyanova, Cox, & Borner, 2016)), given that the SSNA1 localization is highly restricted to centrosomes, 67 

basal bodies and axonal branch points (Basnet et al., 2018; Goyal et al., 2014; Pfannenschmid et al., 68 

2003), the effective local concentration of SSNA1 is likely significantly higher. Therefore, we 69 

investigated the effects of up to 3 µM SSNA1 on microtubule dynamics (Figure 1–figure supplement 2). 70 

We found that SSNA1 suppressed microtubule dynamicity (defined as the total length of growth and 71 

shrinkage divided by the total time spent in growth and shrinkage) at both plus and minus ends (Figure 72 

1D). Further, by quantifying the individual microtubule dynamic parameters, we found that at the lowest 73 

concentrations tested, SSNA1 primarily suppressed microtubule catastrophe and shrinkage rates (Figure 74 

1E and 1F), while at higher concentrations SSNA1 additionally suppressed microtubule growth rate and 75 

promoted microtubule rescue (Figure 1–figure supplement 2). Therefore, we demonstrate that SSNA1 is a 76 

microtubule stabilizing protein that suppresses microtubule dynamicity by modulating all parameters of 77 

dynamic instability. 78 

The progressive slowdown in microtubule growth correlates with SSNA1 accumulation on 79 

microtubule ends 80 

Interestingly, we observed that the microtubule growth rate appeared to slow down over time when 81 

microtubules were grown in the presence of SSNA1. To investigate this further, we tracked the ends of 82 

microtubules grown in the presence of 3 µM SSNA1 for up to 30 minutes and calculated the velocity of 83 

the microtubule end over time (Figure 2–figure supplement 1). Quantification of the microtubule end 84 

velocity revealed a statistically-significant slowdown in the mean microtubule velocity (from 7.6 nm/s ± 85 

0.9 nm/s at 3 min to 3.1 nm/s ± 0.8 nm/s at 15 min, mean±SEM, N=23, p < 0.001, unpaired t-test). 86 

To visualize SSNA1 localization on growing microtubule ends we chemically labeled purified SSNA1. 87 

First, we confirmed that labeling did not interfere with SSNA1’s ability to self-assemble into fibrils 88 

(Figure 2–figure supplement 2). Next, we used our TIRF microscopy assay and observed SSNA1 89 

localization on growing microtubules over time (Figure 2A, Video 2). We tracked the ends of 90 

microtubules grown in the presence of 5 µM labeled-SSNA1 (Figure 2B) and calculated the velocity of 91 

the microtubule end over time (Figure 2C). Once again, we found that the majority of microtubule ends 92 

experienced a significant slowdown in growth velocity (from 8.4 nm/s ± 1.4 nm/s at 3 min to 5.0 nm/s ± 93 
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0.7 nm/s at 15 min, mean±SEM, N=16 and N=25, respectively, p =0.01, unpaired t-test), although 94 

individual microtubules displayed a notable variability in both the timing and the rate of growth 95 

slowdown. Quantitative measurements of SSNA1 intensity at the microtubule end region revealed that 96 

SSNA1 intensity increased over time (Figure 2D) (from 330 a.u. ± 70 a.u. at 3 min to 670 a.u. ± 90 at 15 97 

min, mean±SEM, N=16 and N=25, respectively, p=0.01, unpaired t-test) and inversely correlated with 98 

the microtubule end velocity (Figure 2E). However, on an individual microtubule level, we observed that 99 

the slowdown in growth rate often coincided with local SSNA1 enrichment at the microtubule tip (Figure 100 

2A, yellow arrow). Therefore, the microtubule growth rate progressively slows down in the presence of 101 

SSNA1, but the extent and onset of the slowdown varies between individual microtubules. 102 

SSNA1 forms stretches along growing microtubule ends 103 

Our observations of SSNA1 accumulation on the ends of growing microtubules raised the question of 104 

whether SSNA1 recognizes the nucleotide state of tubulin, preferentially binding to the GTP-tubulin cap 105 

at growing microtubule ends. To investigate whether SSNA1 has a binding preference for specific 106 

microtubule lattice regions, we performed wash-in experiments in which we first grew dynamic 107 

microtubule extensions with 15 µM tubulin from GMPCPP-stabilized seeds in the absence of SSNA1 and 108 

then introduced 15 µM tubulin and 2.5 µM 488-SSNA1 into the reaction mix (Video 3, Figure 3AB). 109 

This experimental set up allowed us to determine whether SSNA1 preferred to bind to GMPCPP-110 

stabilized microtubule seeds (thought to mimic the GTP-cap); pre-existing, old microtubule lattices 111 

(GDP); or new microtubule lattices that were grown in the presence of SSNA1. Measurements of the 112 

mean SSNA1 intensity revealed that the SSNA1 binding was similar on GMPCPP-seeds versus the pre-113 

existing GDP lattice, indicating that SSNA1 does not specifically recognize the tubulin nucleotide state 114 

(Figure 3C). In contrast, we observed enhanced stretches of SSNA1 intensity that occurred predominantly 115 

on the new lattice and initiated at growing microtubule ends (Figure 3BD).  116 

Over time, the majority of growing microtubule ends exhibited a pronounced stretch of SSNA1 (81%, or 117 

59 out of 73 microtubules analyzed from 3 independent experiments), at either one or both microtubule 118 

ends (Figure 3E). Interestingly, we observed that the SSNA1 stretches expanded over time, and these 119 

expansions proceeded exclusively in the direction of microtubule growth at both microtubule ends 120 

(Figure 3F). In addition, we found that SSNA1 stretches could resolve, allowing the microtubule end to 121 

continue to grow dynamically (Figure 3 – supplement 1). SSNA1 stretches could subsequently serve as 122 

stable rescue sites on the microtubule lattice (Figure 3 – supplement 1). Taken together, we conclude that 123 

SSNA1 may recognize a specific structural feature that appears at growing microtubule ends, and that 124 

such structural feature can persist along the newly polymerized microtubule lattice, resulting in stretches 125 

of SSNA1 accumulation.  126 

Additionally, we observed that ends of microtubules grown in presence of SSNA1 could become highly 127 

curled over time (Figure 3GH, Video 1, Video 2). Although SSNA1 was enriched on curled ends, our 128 

quantitative analysis revealed that the SSNA1 intensity did not correlate with the degree of microtubule 129 

curvature (Figure 3I). To further investigate whether SSNA1 recognizes regions of increased microtubule 130 

curvature, we assessed its localization on Taxol-stabilized microtubules, which inherently display a broad 131 

range of curvatures when polymerized with tubulin alone in the absence of SSNA1 (Figure 3JK). We 132 

found that SSNA1 does not specifically localize to curved microtubule regions (Figure 3L). We thus 133 

conclude that SSNA1 is not a sensor of microtubule curvature, but rather induces microtubule curling at 134 

growing microtubule ends. 135 
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SSNA1 binds cooperatively to microtubules  136 

To further probe the kinetics of SSNA1-microtubule binding, we investigated SSNA1 localization on 137 

stabilized microtubules. The binding of 1 µM labeled SSNA1 to GMPCPP-stabilized microtubules 138 

showed that the SSNA1 fluorescence intensity increased linearly over time across all microtubule lattices 139 

in the field of view until the SSNA1 signal saturated at ~5 minutes (Figure 4 – video 1, Figure 4 – 140 

Supplemental Figure 1). Using a low concentration of labeled SSNA1 (5 nM) allowed us to probe 141 

microtubule binding on a single-molecule level. Quantification of the single-molecule dwell times of 142 

labeled SSNA1 on GMPCPP-stabilized microtubules revealed that individual SSNA1 molecules bound to 143 

the microtubule with mean durations of 12 s ± 2 s (SE, N=142) during the first 5 minutes after SSNA1 144 

was introduced. The observed dwell times of single molecules remained the same in the consecutive 5 145 

minutes after SSNA1 introduction (10 s ± 2 s, SE, N=107, p=0.2 Wilcoxon rank test) (Figure 4AB). To 146 

investigate potential cooperativity between SSNA1 molecules in a higher concentration regime, we then 147 

performed single molecule ‘spiking’ experiments, probing the 647-SSNA1 single-molecule dwell times 148 

in the background of 1 µM 488-SSNA1 (Figure 4C). Interestingly, we found that the single-molecule 149 

dwell times were longer in the presence of excess SSNA1 with a mean dwell time of 19 s ± 3 s (SE, 150 

N=144) in the first 5 minutes, which further increased to 39 s ± 4 s (SE, N=294, p<0.001 compared to the 151 

single-molecule control, Wilcoxon rank test) in the second 5 minutes after SSNA1 introduction (Figure 152 

4CDE). Additionally, quantification of SSNA1 binding events revealed that SSNA1 association rates in 153 

the spiking conditions also increased over time from (0.96 ± 0.08) ×10-3 events µm-1 nM-1 s-1 to (2.4 ± 154 

0.1) ×10-3 events µm-1 nM-1 s-1 (p<0.0001, Welch’s t-test). Combined, the differences in binding kinetics 155 

between the single-molecule control and spiking conditions demonstrate cooperativity in SSNA1 156 

localization on the microtubule lattice. These results suggest that SSNA1 molecules assemble over time 157 

into higher-order structures on the microtubule lattice, consistent with previous reports (Basnet et al., 158 

2018; Rodriguez-Rodriguez et al., 2011). 159 

SSNA1 detects microtubule damage 160 

Our observations of SSNA1 stretches on dynamic microtubules suggested that SSNA1 may detect a 161 

specific structural feature of the growing microtubule end. Interestingly, we noticed that SSNA1 intensity 162 

was enhanced in regions of lower tubulin intensity on both Taxol-stabilized and GMPCPP-stabilized 163 

microtubules (Figure 5 – Supplemental Figure 1). We also observed SSNA1 enrichment in regions of 164 

lower tubulin intensity on dynamically growing microtubules (Figure 3 – Supplemental Figure 1). 165 

Because regions of lower tubulin intensity may represent sites of microtubule lattice damage, we 166 

hypothesized that SSNA1 recognizes microtubule damage. To test this hypothesis, we asked whether 167 

SSNA1 recognizes microtubule damage induced by spastin, a microtubule severing enzyme that plays 168 

important roles in regulating the dynamics and organization of microtubule networks (Kuo & Howard, 169 

2021; McNally & Roll-Mecak, 2018). We induced microtubule damage by pre-incubating stabilized 170 

microtubules with 100 nM purified human spastin (Figure 5 – Supplemental Figure 2) for 5 minutes and 171 

then exchanged the reaction for a solution containing 5 µM labeled SSNA1. We observed that SSNA1 172 

was specifically enriched on regions of the microtubule lattice that had lower tubulin fluorescence 173 

intensity (Figure 5A, Video 4). Kymograph and linescan analysis of the SSNA1 and tubulin fluorescence 174 

intensities demonstrated that SSNA1 progressively accumulated at the sites of microtubule damage over 175 

the course of the experiment (Figure 5BC). Therefore, we conclude that SSNA1 is a novel sensor of both 176 

naturally-occurring and spastin-induced microtubule lattice damage. 177 
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SSNA1 protects microtubules against spastin-mediated microtubule severing  178 

Given that SSNA1 both stabilizes growing microtubule ends and recognizes microtubule lattice damage, 179 

we wondered whether SSNA1 can protect the microtubule lattice against the severing activity of spastin. 180 

To address this, we incubated GMPCPP-stabilized microtubules with or without 1 μM 488-SSNA1 for 10 181 

minutes and then introduced 200 nM spastin. We found that, while spastin was able to efficiently sever 182 

control microtubules, no severing was observed for the SSNA1-coated microtubules over 30 minutes 183 

(Video 5, Figure 6 – Supplemental Figure 1). To further elucidate the interplay of spastin with SSNA1, 184 

we used a GFP-labeled truncated (del227) human spastin construct, which retains full severing activity 185 

(Tan et al., 2019) (Figure 5 - Supplement 2). We assessed GFP-spastin’s localization and activity on a 186 

mixed population of Taxol-stabilized microtubules that were either coated or not coated with 2 µM 647-187 

SSNA1 (see Methods for details). First, we determined whether SSNA1 prevented spastin binding by 188 

adding 25 nM GFP-spastin to the microtubules in the presence of 1 mM AMPPNP, a nonhydrolyzable 189 

ATP analogue that allows spastin binding, but not severing of microtubules. We observed that GFP-190 

spastin bound to both the SSNA1-coated and non-coated microtubules (Figure 6A). Quantitative 191 

fluorescence intensity analysis of the microtubules in the field of view confirmed that the GFP-spastin 192 

intensity was not significantly different between the populations of SSNA1-coated and non-coated 193 

microtubules (Figure 6BC). Thus, SSNA1 does not prevent spastin from binding to microtubules under 194 

these conditions. We then assessed the effect of SSNA1 on GFP-spastin’s microtubule severing activity 195 

by introducing 25 nM GFP-spastin to the microtubules in the presence of 1 mM ATP. Similar to our 196 

results with the unlabelled full-length spastin, we observed that the non-coated microtubules were 197 

severed within a few minutes, while the microtubules that were coated with SSNA1 were protected 198 

against spastin-induced severing (Figure D-H, Figure 6–video 1). Spastin still localized to both SSNA1-199 

coated and non-coated microtubules in the presence of ATP (Figure 6DE). Taken together, we conclude 200 

that SSNA1 on microtubules inhibits spastin-mediated severing, despite permitting spastin’s localization 201 

to the microtubule lattice. 202 

 203 

DISCUSSION 204 

SSNA1 plays important roles in several fundamental, microtubule-based cellular processes including cilia 205 

formation, cell division and axonal branching (Basnet et al., 2018; Goyal et al., 2014; Lai et al., 2011; 206 

Pfannenschmid et al., 2003; Schoppmeier et al., 2005). Despite an appreciation of the biological functions 207 

of SSNA1, an understanding of its direct effects on microtubules remained lacking. In this study, using in 208 

vitro reconstitution approaches, we explored the effects of SSNA1 on microtubules and found that 209 

SSNA1 robustly stabilizes dynamic microtubules and detects sites of lattice damage, occurring both 210 

naturally and induced by spastin.  211 

Microtubule-stabilizing proteins have critical functions in regulating microtubules in cells. One of the 212 

best studied classical stabilizing MAPs is tau, known for its roles in neurons and involvement in 213 

neurodegenerative diseases (Barbier et al., 2019; Gao et al., 2018; Iqbal, Liu, & Gong, 2016; Morris, 214 

Maeda, Vossel, & Mucke, 2011). Studies in cells and in vitro report that tau forms oligomers on the outer 215 

microtubule surface (Al-Bassam, Ozer, Safer, Halpain, & Milligan, 2002), and stabilizes microtubules 216 

against depolymerization (Drechsel, Hyman, Cobb, & Kirschner, 1992; Prezel et al., 2018; Ramirez-Rios 217 

et al., 2016). Similarly, SSNA1 forms fibrils that bind longitudinally on microtubules (Basnet et al., 218 
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2018; Rodriguez-Rodriguez et al., 2011). Our work demonstrates that SSNA1 simultaneously modulates 219 

all four parameters of microtubule dynamic instability – slowing down the rates of growth, shrinkage and 220 

catastrophe, and promoting rescue. Thus, SSNA1 is a potent microtubule stabilizing protein and this 221 

activity likely underlies its cellular function. 222 

In contrast to tau, which has been reported to promote microtubule growth (Drechsel et al., 1992), the 223 

growth rate slows down in the presence of SSNA1. One way to slow down microtubule growth is through 224 

sequestration of soluble tubulin – this is the mechanism employed by Op18/Stathmin (Arnal, Karsenti, & 225 

Hyman, 2000; Belmont & Mitchison, 1996; Cassimeris, 2002; Gupta et al., 2013; Steinmetz, 2007). 226 

However, tubulin sequestration would affect the growth rate of all microtubules simultaneously; this is 227 

not the case with SSNA1, where the onset of slow-down occurs at different times for individual 228 

microtubules. Instead, we find that suppression of microtubule growth rate correlates with the progressive 229 

SSNA1 accumulation on microtubule ends over time. Microtubule growth slow-down may be a 230 

consequence of perturbations in the dynamic end structure, including incomplete tubules, exposed 231 

protofilaments or ragged microtubule ends. Indeed, a slow-down in growth is typically observed just 232 

prior to microtubule catastrophe (Farmer, Arpağ, Hall, & Zanic, 2021; Maurer et al., 2014). Notably, 233 

previous data from cryo-ET experiments indicate that SSNA1 can bind to partial tubule structures, as it 234 

supports the growth of protofilaments away from the mother microtubule (Basnet et al., 2018). We note 235 

that, in our study, we did not observe SSNA1-induced microtubule branching events previously reported 236 

in conditions where microtubules were grown in the presence of GMPCPP and much higher 237 

concentrations of SSNA1 from different species (Basnet et al., 2018). Nevertheless, both previous and 238 

our current study raise the possibility that SSNA1 recognizes specific dynamic end structures that are 239 

incompatible with continued unperturbed growth.  240 

It has recently been proposed that taxanes, microtubule-stabilizing compounds widely used in cancer 241 

therapy, recognize microtubule ends that are in a pre-catastrophe state (Rai et al., 2020). Significantly, the 242 

behavior of SSNA1 on dynamic microtubules is highly reminiscent of taxanes: at sub-saturating 243 

concentrations, taxanes accumulate at growing microtubule ends following growth perturbations, and 244 

form persistent patches that stabilize the microtubule lattice (Rai et al., 2020). While taxanes show a 245 

preference for GMPCPP-grown parts of the microtubule lattice, which mimic the extended GTP-tubulin 246 

conformation, we do not see enhanced localization of SSNA1 on the GMPCPP-lattice regions. Therefore, 247 

we do not think that nucleotide state recognition is the primary mechanism for SSNA1 localization. 248 

Electron microscopy data demonstrate that taxanes accumulate on incomplete microtubule lattice 249 

structures (Rai et al., 2020). Similarly, we find that stretches of SSNA1 accumulate on dimmer regions of 250 

microtubule lattices (i.e., incomplete tubules) and growing microtubule ends. Thus, our data support a 251 

mechanism in which SSNA1 binding is determined by the structure of the microtubule lattice. 252 

Furthermore, we demonstrate that SSNA1 detects sites of spastin-mediated lattice damage. Hence, like 253 

taxanes, SSNA1 senses microtubule lattice damage.  254 

Several lines of evidence support an important functional interplay between SSNA1 and spastin: SSNA1 255 

is a binding partner of spastin (Errico et al., 2004); SSNA1 and spastin colocalize in dividing cells (Goyal 256 

et al., 2014); SSNA1 and spastin promote axonal branching in developing neurons (Basnet et al., 2018; 257 

Goyal et al., 2014; Yu et al., 2008); and SSNA1’s putative spastin-binding domain is required to promote 258 

axonal branching (Goyal et al., 2014). Our data demonstrate that SSNA1 can both inhibit spastin activity 259 

and detect spastin-induced damage, further highlighting the interplay between the two proteins. Similarly, 260 
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Tau condensates on microtubule lattices were recently found to protect against severing by both spastin 261 

and katanin (Siahaan et al., 2019; Tan et al., 2019). SSNA1’s microtubule stabilizing activity is similar to 262 

that of CAMSAP2 and CAMSAP3: minus-end stabilizing proteins that associate with new minus ends 263 

and form stretches of stabilized lattice (Jiang et al., 2014). Interestingly, katanin interacts with 264 

CAMSAP2 and CAMSAP3 and limits the length of CAMSAP2-stretches on the microtubule minus ends. 265 

Thus, balancing the activity of microtubule severing and stabilizing proteins may represent a general 266 

mechanism for regulating microtubule number and mass in cells. Perhaps counterintuitively, spastin is 267 

implicated in microtubule network amplification by generating new microtubules fragments after 268 

severing (Kuo & Howard, 2021; Kuo, Trottier, & Howard, 2019; Kuo, Trottier, Mahamdeh, & Howard, 269 

2019; Vemu et al., 2018). Whether synergy between SSNA1’s stabilizing activity and spastin’s severing 270 

activity is critical for microtubule network amplification in cells presents an important area for future 271 

work.  272 

Microtubule dynamics and network organization are influenced by the properties of both the microtubule 273 

end and lattice. Herein, we have identified SSNA1 as both a microtubule stabilizing protein and sensor of 274 

microtubule damage. Our work provides mechanistic insight into an important but understudied 275 

microtubule regulatory protein with essential functions in cilia, cell division and developing neurons. 276 

  277 
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MATERIALS AND METHODS 278 

DNA constructs 279 

The cDNA encoding human SSNA1 (NM_003731.2) with an N-terminal 6xHis-tag in a pReceiver-B01 280 

vector was purchased from GeneCopoeia, Rockville, MD, USA (product ID: Q0661). The cDNA 281 

encoding human spastin (NM_014946.3) was purchased from GeneCopoeia (product ID: U1177) and 282 

was subcloned into a modified pET vector containing N-terminal 6xHis and MBP tags; the pET MBP 283 

His6 LIC cloning vector (2Cc-T) was a gift from Scott Gradia (Addgene plasmid # 37237; 284 

http://n2t.net/addgene:37237; RRID: Addgene_37237). The cDNA encoding His-Strep-sfGFP-285 

Spastin(del227) was a gift from the R.McKenney laboratory (University of California – Davis, USA) 286 

(Tan et al., 2019). 287 

Protein preparation 288 

Bovine brain tubulin was purified using cycles of polymerization and depolymerization using the high-289 

molarity PIPES method (Castoldi & Popov, 2003). Tubulin was labeled with tetramethylrhodamine 290 

(TAMRA), Alexa Fluor 488 and Alexa Fluor 647 dyes (ThermoFisher Scientific, Waltham, MA, USA) 291 

according to the standard protocols and as previously described (Gell et al., 2010; Hyman et al., 1991). 292 

Fluorescently-labeled tubulin was used at a ratio of between 5% and 10% of the total tubulin. 293 

Human 6His-SSNA1 was expressed in BL21 DE3 Gold cells in Studier autoinduction media (Teknova, 294 

Hollister, CA, SUA; cat. #3S2000) for 96H.  Expression cell pellets were lysed for 1 hr at 4°C in 50 mM 295 

HEPES (pH 7.5), 150 mM NaCl, 10% (v/v) glycerol, 10 mM imidazole and 1 mM DTT and 296 

supplemented with 1 mg/ml lysozyme, 10 mg/ml PMSF, EDTA-free protease inhibitors (Roche, Basel, 297 

Switzerland), and 25 U/ml Pierce universal nuclease (Invitrogen). The crude lysate was sonicated on ice 298 

and clarified by centrifugation for 30 min at 4°C and 35,000 rpm in a Beckman L90K Optima and 50.2 Ti 299 

rotor (Beckman, Brea, CA, USA). The clarified lysate was applied to a HisTrapHP column (Cytiva, 300 

Marlborough, MA) according to the manufacturer’s protocol and eluted with 50 mM HEPES (pH 7.5), 301 

150 mM NaCl, 10% (v/v) glycerol, 1 mM DTT and a linear gradient of 50 - 500 mM imidazole. The 302 

eluted protein was buffer exchanged using a PD-10 desalting column (Cytiva) into 20 mM HEPES (pH 303 

7.5), 150 mM NaCl, 10% (v/v) glycerol and 1 mM DTT. Purified SSNA1 was labeled using Alexa Fluor 304 

488 and Alexa Fluor 647 Microscale Protein Labeling Kits (ThermoFisher Scientific, cat. #A30006 and 305 

#A30009) according to the manufacturer’s instructions. Protein purity was assessed by SDS-PAGE and 306 

mass spectrometry analysis.   307 

Human 6His-MBP-spastin was expressed in Rosetta(DE3) cells and purified using a protocol adapted 308 

from (Kuo, Trottier, Mahamdeh, et al., 2019). Protein expression was induced with 0.5 mM IPTG and 309 

expressed overnight at 16°C. Cells were lysed for 1H at 4°C in 30 mM HEPES (pH 7.4), 300 mM NaCl, 310 

10 mM imidazole, 5% glycerol, 2 mM DTT, 10 µM ATP and 2 mM DTT and supplemented with 1 311 

mg/ml lysozyme, 10 mg/ml PMSF and EDTA-free protease inhibitors. The crude lysate was sonicated on 312 

ice and then clarified by centrifugation for 30 min at 4°C and 35,000 rpm in a Beckman L90K Optima 313 

and 50.2 Ti rotor. Clarified lysates were applied to a HisTrapHP column (Cytiva) according to the 314 

manufacturer’s protocol. His-tagged protein was eluted with 30 mM HEPES (pH 7.4), 300 mM NaCl, 10 315 

µM ATP, 5% (v/v) glycerol and 2 mM DTT and linear gradient of 50 mM - 500 mM imidazole. For 316 

storage, the buffer was exchanged to 20mM HEPES (pH 7.4), 0.15 M NaCl, 5% glycerol, 0.5 mM DTT, 317 

10 µM ATP and PMSF using PD-10 desalting columns (Cytiva). 318 
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Human His-Strep-sfGFP-Spastin(del227) was expressed in E. coli and purified by Ni-column affinity 319 

chromatography followed by gel filtration on a Superdex 200 column by GenScript Protein Expression 320 

Services. Purified GFP-Spastin protein was stored in 50 mM Tris-HCl, 500 mM NaCl, 200 mM L-321 

Arginine, 10% Glycerol, pH 8.0. For use in experiments, the concentrated stocks of GFP-spastin protein 322 

were diluted ~20-fold in BRB80 and re-frozen.  323 

All proteins were snap frozen in liquid nitrogen and stored at -80°C.  324 

Imaging assay 325 

All imaging was performed using a Nikon Eclipse Ti microscope with a 100×/1.49 n.a. TIRF objective 326 

(Nikon, Tokyo, Japan), Andor iXon Ultra EM-CCD (electron multiplying charge-coupled device) camera 327 

(Andor, Belfast, UK); 488-, 561-, and 640-nm solid-state lasers (Nikon Lu-NA); HS-625 high speed 328 

emission filter wheel (Finger Lakes Instrumentation, Lima, NY USA); and standard filter sets. An 329 

objective heater was used to maintain the sample at 35°C. Microscope chambers were constructed as 330 

previously described (Gell et al., 2010). Briefly, 22 × 22 mm and 18 × 18 mm silanized coverslips were 331 

separated by strips of Parafilm to create narrow channels for the exchange of solution. Images were 332 

acquired using NIS- Elements (Nikon) with exposure times of 50 ms – 100 ms and at the frame rates 333 

specified in the methods. 334 

Microtubule dynamics  335 

For microtubule dynamics experiments, GMPCPP-stabilized microtubules seeds were prepared according 336 

to standard protocols (Chen & Doxsey, 2012; Gell et al., 2010). Dynamic microtubule extensions were 337 

polymerized from surface-immobilized GMPCPP-stabilized templates as described previously (Gell et 338 

al., 2010). Imaging buffer containing soluble tubulin ranging from 9 µM tubulin, 1 mM GTP, and 339 

proteins at the concentrations indicated in the text were introduced into the imaging chamber. The 340 

imaging buffer consisted of BRB80 supplemented with 40 mM glucose, 40 µg/ml glucose oxidase, 16 341 

µg/ml catalase, 0.5 mg/ml casein, 50 mM KCl, 10 mM DTT and 0.1% methylcellulose. Dynamic 342 

microtubules were grown with or without unlabeled SSNA1 and imaged for 30 minutes (0.2 fps). 343 

Quantification of microtubule dynamics parameters was performed using kymographs generated in Fiji 344 

(Schindelin et al., 2012) as described previously (Zanic, 2016). Catastrophe frequency was calculated by 345 

dividing the number of catastrophes by the total time spent in the growth phase. Rescue was calculated by 346 

dividing the number of rescues observed by the total shrinkage length. The error for catastrophe 347 

frequency and rescue per shrinkage length are counting errors. Microtubule dynamicity was calculated by 348 

summing the total length of growth and shrinkage and dividing by the total observation time (Toso, 349 

Jordan, Farrell, Matsumoto, & Wilson, 1993). The error for dynamicity was calculated as pixel size (160 350 

nm) multiplied by √(N)/T where N is the number of points marked on the kymographs.  351 

For the analysis of microtubule growth rate over time, microtubule end positions were determined using 352 

KymographClear and KymographDirect using tubulin channel (Mangeol, Prevo, & Peterman, 2016). A 353 

custom MATLAB (The MathWorks, Natick, MA, USA) code was used to determine growth rate as a 354 

function of time. Briefly, a linear function was fit to position and time data points within a 2-minute 355 

window to determine the mean velocity. The window was then shifted to the next 2-minute interval and 356 

fitting procedure was repeated until the end of the trajectory. To focus on the characterization of 357 

microtubule growth over time, the segments with negative velocity at the beginning of a trajectory were 358 
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eliminated (i.e., segment contains shrinkage phase), such that each trajectory starts with a positive 359 

velocity segment, while subsequent segments with negative velocity were kept. For each 2-minute 360 

segment, position data were color-coded based on the determined velocity and plotted as a function of 361 

time. For further analysis of growth segments, segments determined to have velocities smaller than -362 

2.5nm/s were classified as shrinking segments, and were not included. Segments from multiple 363 

microtubule trajectories for a given time window were grouped and the median for each time window 364 

was calculated. Similarly, the velocity-versus-time data points were color-coded based on the segment 365 

velocity. 366 

Microtubule nucleation  367 

The templated microtubule nucleation experiments were based on (Wieczorek et al., 2015): GMPCPP-368 

stabilized seeds were incubated with tubulin concentrations ranging from 0 – 10 µM in the presence and 369 

absence of 2.5 µM SSNA1 and imaged every 15 seconds for 15 minutes. Nucleation was measured as the 370 

fraction of individual GMPCPP seeds that were observed to grow at least one microtubule extension of 371 

>3 pixels in length (480 nm) within 15 minutes. Analysis was performed on maximum projection images 372 

from the 15-minute time-lapse Videos. Data across the range of the tubulin concentrations were fitted to 373 

the sigmoidal equation y(x) = xs/(C + xs) in MATLAB, as previously published (Wieczorek et al., 2015), 374 

where C is the half maximal concentration at which nucleation occurs and s is the steepness of the curve. 375 

The errors were calculated as √N/total number seeds, where N is the number of nucleated seeds, except 376 

when 0 seeds nucleated, then the error was estimated as 1/total number of seeds. 377 

SSNA1 localization on Taxol-stabilized microtubules 378 

Taxol-stabilized microtubules were prepared as follows: microtubules were grown with 32 µM tetra-379 

rhodamine-labeled tubulin (25% labeled) for 30 minutes at 35°C and stabilized with 10 µM Taxol 380 

(Tocris, Minneapolis, MN, USA; Cat. # 1097) in BBR80 buffer. The taxol-stabilized microtubules were 381 

then spun in an airfuge for 5 minutes at 20 psi and sheared with an 18-gauge needle. Taxol microtubules 382 

were bound to the coverslip surface of a flow cell using anti-Rhodamine antibody, then 5µM 488-SSNA1 383 

was introduced and the microtubules were imaged every 30 seconds for 60 minutes. 384 

SSNA1 localization on GMPCPP-stabilized microtubules 385 

GMPCPP-stabilized microtubules adhered to coverslips were incubated with 2 µM Alexa-488-SSNA1 386 

and imaged for 10 minutes (0.2 fps). The total SSNA1 fluorescence intensity along the total length of 387 

microtubule lattice in the microscope field of view excluding the background was measured in every 388 

frame (5 s interval) of the 10-minute movie using Fiji. The background from the SSNA1 channel was 389 

excluded by creating a mask around the microtubules, applying the mask to the SSNA1 channel, and 390 

including only the areas occupied by microtubules in the SSNA1 intensity measurements. 391 

SSNA1 localization on dynamic microtubules 392 

For SSNA1 localization experiments on dynamic microtubules, microtubules were grown from 393 

GMPCPP-microtubule seeds with 9 µM tubulin and 5 µM 488-SSNA1 and imaged for 60 minutes (0.2 394 

fps).  395 
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For the mixed-lattice wash-in experiments (Figure 2D), dynamic microtubules were pre-grown from 396 

GMPCPP-microtubule seeds with 15 µM tubulin for 15 minutes and then the reaction was exchanged for 397 

15 µM tubulin and 2.5 µM Alexa-488-SSNA1 (15% labeled). The microtubules were imaged for 60 398 

minutes in total (2 minutes prior to exchange and 58 minutes after exchange) at 0.2 fps. 399 

To quantify SSNA1 localization on growing microtubules over time, the microtubule end velocity was 400 

determined for 2-minute segments, and the mean SSNA1 intensity at the microtubule end was determined 401 

using a custom MATLAB code. For each time frame (i.e., horizontal line on a kymograph) within 2-402 

minute segment: i) mean solution background intensity was calculated within a 5-pixel-long region 403 

located 3 pixels away from the tracked end position, ii) mean lattice intensity was calculated within a 5-404 

pixel-long region on the microtubule lattice ending at the tracked end position, iii) the mean solution 405 

background intensity was subtracted from mean lattice intensity to obtain mean SSNA1 intensity. Time 406 

frames which had <5 pixels available for background intensity calculation were eliminated. Next, an 407 

average SSNA1 intensity within 2-minute segment was calculated using single-time-frame (frame 408 

interval = 5 s) mean SSNA1 intensities. The average SSNA1 intensity data points were color-coded with 409 

2-minute segment velocity and plotted as a function of time and velocity. 410 

To determine the direction of SSNA1 stretch expansion at growing microtubule ends, the position of 411 

initial stretch initiation was identified by manual kymograph analysis. A 20-pixel (3.2 µm) SSNA1 412 

intensity linescan centered on the initiation location along the microtubule was measured once a stretch 413 

reached a minimum length of 2 µm (6-14 min after initiation). SSNA1 intensity along the linescan was 414 

plotted relative to the intensity at the center point. 415 

Microtubule curvature analysis 416 

To determine curvature at the microtubule ends, we first traced curled extensions from a maximum 417 

projection image of microtubules copolymerized with SSNA1 (N=17) using ImageJ plugin "Kappa - 418 

Curvature Analysis". The coordinates of traces and curvature data for each point were exported. Using 419 

MATLAB, we grouped the curvature data from all microtubules using 0.1 µm-1 bin width. We then 420 

imported corresponding SSNA1 channel into MATLAB. We performed outlier analysis based on SSNA1 421 

intensity for each pixel within a given curvature bin using MATLAB function "isoutlier". We then 422 

plotted intensity as a function of curvature with means and standard deviations from each curvature bin. 423 

Finally, we fitted a linear function to the mean curvature and mean intensity. This analysis was repeated 424 

for curled taxol-stabilized microtubules using sum projection images from four fields of view (N=59). 425 

Single-molecule dwell time analysis 426 

GMPCPP-seeds were incubated with either 5 nM 647-SSNA1 (100% labeled) alone (control) or 5 nM 427 

647-SSNA and 1 µM 488-SSNA1 (spiking) and imaged for 5 minutes at 5 fps using maximum laser 428 

power and 50 ms exposure. The durations of the binding events were manually measured from 429 

kymographs and plotted in histograms and cumulative distribution function (CDF) plots in MATLAB. 430 

Data were obtained for two consecutive 5 minute segments (0-5 minutes and 5- 10 minutes) after the 431 

introduction of SSNA1, moving to different fields of view to minimize photobleaching. The mean dwell 432 

times reported are arithmetic means +/- SE. The association rates were calculated as the number of 433 

binding events per second per total length of the microtubule seeds in µm per nM. 434 

Microtubule severing and damage assays 435 
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For all experiments using spastin, the imaging buffer was supplement with 1 mM ATP and 1 mM MgCl2 436 

was included whenever spastin was used. For the microtubule severing assay, GMPCPP-stabilized 437 

microtubules were incubated with 1 µM 488-SSNA1 or SSNA1 storage buffer (control) for 10 minutes, 438 

then 200 nM spastin and 1 µM 488-SSNA1 was introduced into the flow cell and the microtubules were 439 

imaged for up to 30 minutes at 0.5 fps.  440 

For the damage recognition assay, GMPCPP-stabilized microtubules were first incubated for 5 minutes 441 

with 100 nM spastin to generate microtubule lattice damage. The reaction was washed out with BRB80 442 

and imaging buffer and then the damaged microtubules were incubated with 5 µM 647-SSNA1 and 443 

imaged every 10 seconds for 30 minutes. 444 

SSNA1-Spastin interplay with mixed microtubule population 445 

Taxol-stabilized, TAMRA-labeled microtubules were first attached to coverslip. 2µM SSNA1 was added 446 

and incubated for 10 minutes. At the end of SSNA1 incubation, we added more microtubules into the 447 

flow chamber and allowed them to immobilize on coverslip surface. This resulted in two populations of 448 

microtubules that were either coated or noncoated with SSNA1 in the same field of view. To test whether 449 

SSNA1 prevents spastin binding, we added 25nM GFP-spastin(del227) with 1mM AMPPNP and imaged 450 

for 10 minutes every 15 seconds. To test whether SSNA1 prevents spastin-mediated severing, we then 451 

added 25nM GFP-spastin(del227) with 1mM ATP and imaged for 10 minutes every 15 seconds. The 452 

analysis was performed using ImageJ and MATLAB. First, we registered the image time series using 453 

ImageJ plugins "Template Matching", "Image Stabilizer" and "Image Stabilizer Log Applier". Next, we 454 

used ImageJ plugin "JFilament" to trace microtubules using the first frame of the time series and exported 455 

the pixel coordinates. Background subtraction was then performed using a rolling ball with a 5 pixel 456 

radius in ImageJ. A binary mask was generated in MATLAB using the exported coordinates. The average 457 

intensity of SSNA1 and spastin per microtubule in the AMPPNP condition was averaged over time 458 

(between 3-5 minutes, normalized with intensity values between 0-1 minutes). Outlier analysis was then 459 

performed using MATLAB isoutlier function, which identified 4 outliers each in populations of 83 and 460 

76 microtubules, respectively. Finally, we calculated weighted mean and standard error for a population 461 

of microtubules using inverse square of standard error of intensity per microtubule. For the ATP 462 

condition, we first determined the time point at which normalized tubulin intensity fell below 20% for 463 

two consecutive frames for each field of view for the control condition (i.e. non-SSNA1 coated), and then 464 

determined the intensity of SSNA1-coated microtubules at the same time point. Outlier analysis was 465 

performed using MATLAB isoutlier function as above, which identified 1 outlier in the population of 466 

SSNA1-coated microtubules out of 67 microtubules analyzed. Finally, we calculated weighted mean and 467 

standard error for a population of microtubules using inverse square of standard error of intensity per 468 

microtubule. 469 

  470 
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FIGURE LEGENDS 625 

Figure 1. Human SSNA1 promotes microtubule nucleation and suppresses microtubule 626 

dynamicity. (A) Representative images of a templated microtubule nucleation assay in which 627 

microtubule extensions (gray) were nucleated from GMPCPP-stabilized seeds (red) in the presence and 628 

absence of SSNA1. Images shown are for the 6 µM tubulin condition with and without 2.5 µM 488-629 

SSNA1 at 15 minutes after the introduction of the nucleation reaction. (B) Quantification of the fraction 630 

of seeds that nucleated in 15 minutes with tubulin alone (control, light grey) and 2.5 µM 488-SSNA1 631 

(dark grey) as a function of tubulin concentration. Data are individual experimental replicates ± SE from 632 

six experimental days (N = 30 - 68 microtubules for each concentration tested in the tubulin-alone control 633 

condition, N = 33  - 77 microtubules for each concentration tested in the SSNA1 condition). The data 634 

were fitted to a sigmoidal curve of the form y(x) = xs/(C + xs) (solid lines). For tubulin alone, C = 5.9 635 

µM (95% CI: 5.5, 6.2) and s = 6.0 (95% CI: 3.4, 8.6). For the SSNA1 condition, C = 5.0 µM (95% CI: 636 

4.7, 5.3) and s = 8.0 (95% CI: 4.3, 11.9). (C) Representative kymographs of microtubules grown from 637 

GMPCPP-stabilized seeds with 9 µM Alexa-647 tubulin alone (control) and in the presence of 500 nM 638 

and 3 µM SSNA1. The microtubule plus ends are shown on the right and the minus ends are shown on 639 

the left. (D) Quantification of microtubule dynamicity as a function of the SSNA1 concentration. 640 

Dynamicity is calculated as total length of growth and shrinkage over the observation time. (E) 641 

Quantification of the microtubule catastrophe frequency at the plus and minus ends of microtubules 642 

grown with 9 µM tubulin and concentrations of SSNA1 from 0 µM to 1 µM. (F) Quantification of the 643 

microtubule shrinkage rate at the plus and minus ends of microtubules grown with 9 µM tubulin and 644 

concentrations of SSNA1 from 0 µM to 1 µM. For the quantifications in panels D-F, data are weighted 645 

means ± SE obtained from four independent experimental days (N =  43 - 485 growth events for each 646 

concentration tested at microtubule plus ends; N = 30 - 120 growth events for each concentration tested at 647 

microtubule minus ends). Plus end data are in dark purple; minus end data are in light purple. 648 

 649 

Figure 2. The progressive slowdown in microtubule growth correlates with SSNA1 accumulation 650 

on microtubule ends. (A) A representative kymograph of a microtubule plus end grown with 9 µM 651 

Alexa-647-labeled tubulin and 5 µM Alexa-488-labeled SSNA1 (7% labeled) showing the progressive 652 

localization of 488-SSNA1 to a growing microtubule end over time. The yellow arrow indicates SSNA1 653 

enrichment at the microtubule end at the onset of growth slowdown. The dotted orange lines demarcate 654 

the position of the microtubule seed (not shown). (B) Microtubule end positions as a function of time for 655 

microtubules grown with 9 µM tubulin and 5 µM Alexa-488-labeled SSNA1, color-coded with 2-minute 656 

segment velocity. (C) Microtubule end velocities over a 2-minute segment as a function of time 657 

calculated from the end positions in (B) and color-coded with velocity for consistency. Plots of 658 

microtubule end velocities and corresponding SSNA1 fluorescence intensities at microtubule ends (D) as 659 

a function of time and (E) as a function of 2-minute segment velocity. A total of 26 microtubules were 660 

analyzed. For the plots in (D) and (E), the median for each bin is shown as a bright red point with 661 

horizontal line. 662 

 663 

Figure 3. SSNA1 forms stretches on growing microtubule ends. (A) A representative field of view of 664 

microtubules at 10 minutes post-SSNA1 wash-in. Microtubule extensions were pre-grown with 15 µM 665 

647-tubulin and then 15 µM tubulin and 2.5 µM 488-SSNA1 (15% labeled) were introduced into the 666 

channel. (B) A kymograph of a microtubule from a wash-in experiment. The solid orange line indicates 667 

the time of SSNA1 introduction. The dashed vertical lines mark the boundary between the pre-existing 668 

lattice and the new lattice. (C) Quantification of the mean SSNA1 fluorescence intensity on the 669 

GMPCPP-stabilized microtubule seed and pre-existing GDP microtubule lattices. A total of 17 670 

microtubules were analyzed. Statistical significance was determined by Welch’s t-test. (D) Linescan 671 

showing the normalized fluorescence intensities of the microtubule seed (red), dynamic microtubule 672 

extension (magenta) and SSNA1 (cyan). The two dashed vertical lines mark the boundary between the 673 

pre-existing and new microtubule lattice, as indicated on the kymograph in (B). (E) An example 674 
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kymograph showing stretches of SSNA1 forming at both microtubule ends. (F) Quantification of the 675 

SSNA1 fluorescence intensity towards and away from the direction of microtubule growth. The vertical 676 

dotted line indicates the position on the lattice at which the SSNA1 stretch initiated. N=16 SSNA1 677 

stretches were analyzed. (G) Representative images of curved microtubules that were grown with 9 µM 678 

tubulin and 5 µM 488-labeled SSNA1 (7% labeled) for 60 minutes. The orange box indicates the zoomed 679 

region shown in inset. (H) Plots of curved microtubule extensions of microtubules grown in the 680 

conditions described for (G) A total of 17 curls were analyzed. (I) Corresponding quantification of 681 

SSNA1 intensity as a function of microtubule curvature on dynamic microtubules. Individual data points 682 

are in grey and the means and SD of binned data (0.1 µm-1 bin width) are in black. The solid line is a 683 

linear fit to the means and is not significantly different from zero (intercept = 1.7 [1.5 — 1.8, 95% CI] 684 

a.u. and slope = 0.04 [-0.05 — 0.13, 95% CI] a.u. × µm, p-value=0.4). (J) Taxol-stabilized microtubules 685 

were incubated with 5µM 488-SSNA1 and imaged for 60 minutes. Sum projection images of a 686 

representative field of view are shown. (K) Plots of curved Taxol-stabilized microtubules. A total of 59 687 

microtubules were analyzed. (L) Corresponding quantification of SSNA1 intensity as a function of 688 

microtubule curvature on Taxol-stabilized microtubules. Individual data points are in grey and the means 689 

and SD of binned data (0.1 µm-1 bin width) are in black. The solid line is a linear fit to the means and is 690 

not significantly different from zero (intercept = 1.4 [1.3 — 1.5, 95% CI] a.u. and slope= -0.006 [-0.118 691 

— 0.105, 95% CI] a.u. × µm, p-value=0.9). 692 

 693 

Figure 4. SSNA1 binds cooperatively to microtubules. Representative kymographs of single-molecule 694 

SSNA1 binding events on GMPCPP-stabilized microtubules and corresponding quantification of the 695 

single-molecule dwell times (A) 0 – 5 minutes and (B) 5 – 10 minutes after SSNA1 addition. 696 

Representative kymographs of single molecule SSNA1 binding events in the presence of excess SSNA1 697 

(‘spiking’ condition) on GMPCPP-stabilized microtubules and corresponding quantification of the single-698 

molecule dwell times (C) 0 – 5 minutes and (D) 5 – 10 minutes after SSNA1 addition. (E) Cumulative 699 

distribution plots of SSNA1 single molecule dwell times at 0-5 minutes and 5-10 minutes post-addition 700 

of SSNA1 for both the single molecule control (blue dots) and spiking (purple dots) conditions. 701 

 702 

Figure 5. SSNA1 detects microtubule lattice damage. (A) Representative images of GMPCPP-703 

stabilized microtubules (red) that were pre-incubated for 5 minutes with 100 nM spastin and 1 mM ATP 704 

and then subsequently incubated with 5 µM 647-SSNA1 (cyan). The images shown are from 8 minutes 705 

after SSNA1 addition. The orange asterisks indicate the microtubule used for kymograph and linescan 706 

analysis. (B) Kymographs showing SSNA1 localization to sites of spastin-induced microtubule damage. 707 

(C) Corresponding linescan analysis of the microtubule and SSNA1 intensities every minute from 0 min 708 

to 10 min after the introduction of SSNA1. 709 

 710 

Figure 6. SSNA1 protects microtubules against severing by spastin. (A) Representative images of a 711 

mixed population of Taxol-stabilized microtubules that were either coated or not coated with 647-SSNA1 712 

and treated with 25 nM GFP-spastin in the presence of 1 mM AMPPNP. (B) Quantification of the SSNA 713 

fluorescence intensities on SSNA1-coated (N=79) and non-coated (N=72) microtubules, p<0.001, 714 

unpaired t-test. (C) Quantification of the spastin fluorescence intensities on SSNA1-coated (N=79) and 715 

non-coated (N=72) microtubules, p = 0.4, unpaired t-test. The colors in (B) and (C) represent different 716 

experimental repeats, the larger markers are mean ± SD for each experimental day. X marks the overall 717 

mean. (D) Representative images of a mixed population of microtubules (red) that were either coated or 718 

not coated with 2 µM 647-SSNA1 (cyan) prior to the introduction of 25 nM GFP-spastin (blue). The 719 

images are from 0 min, 2 min and 4 min post- addition of spastin and 1mM ATP. The orange arrows 720 

indicate microtubules that were coated with SSNA1 and the yellow asterisks were non-coated. (E) 721 

Representative kymographs of a non-coated (left) and SSNA1-coated (right) microtubules. (F) Overlay of 722 

the tubulin signal for field of view in (D) at 0 min (green) vs. 4 mins (magenta), showing the loss of non-723 

SSNA1-coated microtubules. (G) An example trace of tubulin fluorescence intensity over time for non-724 

coated (pink) and SSNA1-coated (grey) microtubules in one field of view. Error bars represent SE. (H) 725 
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Tubulin intensity for a time point where control (non-coated) microtubules reach an average of 20% of 726 

initial intensity. p<0.001, unpaired t-test. The colors represent different experimental repeats, the larger 727 

markers are mean ± SE for each experimental day. X marks the overall mean. N=66 microtubules per 728 

condition. Data are from 3 independent experimental repeats. 729 

 730 

Figure 1 – Supplement 1. (A) SDS-page gels showing purified His-SSNA1 protein (left) and Western 731 

blot of purified SSNA1 protein probed with anti-SSNA1 Rabbit Polyclonal Antibody (Proteintech; cat# 732 

11797-1-AP) (right). (B) Mass spectrometry analysis of His-SSNA1 purified from E. coli cells. The hits 733 

with more than 10 total peptides are listed. 734 

 735 

Figure 1 – Supplement 2. Quantification of the growth rate, shrinkage rate, catastrophe frequency, and 736 

rescue per shrinkage length at the plus (dark purple) and minus (light purple) ends of microtubules grown 737 

with 9 µM tubulin and concentrations of SSNA1 from 0 µM to 3 µM. Data are weighted means ± SE 738 

obtained from four independent experimental days (N =  43 - 485 growth events for each concentration 739 

tested at microtubule plus ends; N = 30 - 120 growth events for each concentration tested at microtubule 740 

minus ends). Note that no catastrophes were detected at the minus ends with SSNA1 concentrations 741 

greater than 1 µM, therefore, the shrinkage rate and rescue per shrinkage length could not be measured in 742 

those conditions. 743 

 744 

Figure 2 – Supplement 1. (A) A representative kymograph of a microtubule grown with 9 µM tubulin 745 

and 3 µM SSNA1 showing that microtubule growth rate slows down over time; the position of the 746 

microtubule tip over time is represented by the overlaid track (white line). (B) Microtubule end positions 747 

as a function of time for microtubules grown with 9 µM tubulin and 3 µM SSNA1, color-coded with 2-748 

minute segment velocity. A total of 27 microtubules were analyzed. (C) Microtubule end velocity in a 2-749 

minute segment as a function of time calculated from the end positions in (B) and color-coded with 750 

velocity for consistency. For each bin, the median is shown as a bright red point with horizontal line.  751 

 752 

Figure 2 – Supplement 2. 647-SSNA1 fibrils were grown by incubating 58 µM 647-His-SSNA1 at 35°C 753 

for 4 hours. The reaction was then flowed onto coverslips coated with anti-His-antibody and imaged by 754 

TIRF microscopy.  755 

 756 

Figure 3 – Supplement 1. (A) A stretch of SSNA1 that initiates at the microtubule tip (yellow arrow) 757 

and subsequently resolves allowing the microtubule tip continues to grow. (B) A stretch of SSNA1 that 758 

serves as a stable rescue point (yellow arrows).  759 

 760 

Figure 4 – Supplement 1. Representative images showing GMPCPP-stabilized microtubules incubated 761 

with 2 µM Alexa-488-SSNA1 at 0, 2 and 5 minutes after SSNA1 addition. The total SSNA1 fluorescence 762 

intensity along the total length of microtubule lattice in the microscope field of view excluding the 763 

background was measured over time for 4 independent experimental repeats.  764 

 765 

Figure 5 – Supplement 1. (A) An image of a GMPCPP-stabilized microtubule that was incubated with 2 766 

µM 488-SSNA1 and corresponding fluorescence intensity linescan. (B) An image of a Taxol-stabilized 767 

microtubule that was incubated with 5 µM 488-SSNA1 and corresponding fluorescence intensity 768 

linescan.  769 

 770 

Figure 5 – Supplement 2. SDS-Page gel of purified 6His-MBP-spastin and His-strep-sfGFP-spastin 771 

(del227) proteins used in this study. 772 

 773 

Figure 6 – Supplement 1. Representative images of control (left) and SSNA1-coated (right) 774 

microtubules incubated with 200 nM spastin. Microtubules were pre-incubated with either SSNA1 775 
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storage buffer (control) or 1 µM 488-SSNA1 for 10 minutes prior to the addition of spastin. Spastin was 776 

introduced at t = 0 min.  777 

 778 

VIDEO LEGENDS 779 

Video 1. Dynamic microtubules were grown from GMPCPP-stabilized seeds with 9 µM Alexa-647 780 

tubulin alone (control, left) and in the presence of 5 µM SSNA1 (right). The seeds are shown in red and 781 

the dynamic extensions are in magenta. Time is min:s. Scale, 10 µm. Playback, 30 fps. 782 

 783 

Video 2. Dynamic microtubule extensions (magenta) growing from GMPCPP-stabilized microtubule 784 

seeds (red) with 9 µM tubulin and 5 µM 488-SSNA1 (cyan). Time is in min:s. Scale, 10 µm. Playback, 785 

30 fps. 786 

 787 

Video 3. A field of view of microtubules in a wash-in experiment in which dynamic microtubule 788 

extensions (magenta) were initially grown from GMPCPP-stabilized microtubule seeds (red) with 15 µM 789 

tubulin alone and subsequently, at t = 2 minutes, the reaction was exchanged to 15 µM tubulin and 2.5 790 

µM 488-SSNA1 (cyan). Time is in min:s. Scale, 10 µm. Playback, 30 fps. 791 

 792 

Video 4. GMPCPP-stabilized microtubules were pre-incubated with 100 nM spastin to generate damage 793 

sites on the microtubule lattice and 5 µM 647-SSNA1 was introduced at t = 0 min. Seeds are in red, 794 

SSNA1 is in cyan. Time is in min:s. Scale, 5 µm. Playback, 20 fps. 795 

 796 

Video 5. Control (left) and SSNA1-coated (right) microtubules were incubated with 200 nM spastin. 797 

Microtubules were pre-incubated with either SSNA1 storage buffer (control) or 1 µM 488-SSNA1 for 10 798 

minutes prior to the addition of spastin. Spastin was introduced at t = 0 min. Scale, 5 µm.  799 

 800 

Video 6. A mixed population of Taxol-stabilized microtubules (red) were either coated or not coated with 801 

647-SSNA1 (cyan) and treated with 25 nM GFP-spastin (blue) in the presence of 1 mM ATP. Time is in 802 

min:s. Scale, 10 µm. Playback, 10 fps. 803 

 804 

Figure 4 – Video 1. GMPCPP-stabilized microtubules (red) were incubated with 2 µM 488-SSNA1 805 

(cyan). Time is in min:s. Scale, 10 µm, Playback, 10 fps. 806 
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