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24 Abstract 

 
25 

 

26 Trypanosoma brucei belongs to a genus of protists that cause life-threatening and economically 
 

27 important diseases of human and animal populations in Sub-Saharan Africa. T. brucei cells are cov- 
 

28 ered in surface glycoproteins some of which are used to escape the host immune system. Exo- 
 

29 /endocytotic trafficking of these and other molecules occurs via a single copy organelle called the 
 

30 flagellar pocket (FP). The FP is maintained and enclosed around the flagellum by the flagellar 
 

31 pocket collar (FPC). To date, the most important cytoskeletal component of the FPC is an essential, 
 

32 calcium-binding, polymer-forming protein called TbBILBO1. In searching for novel immune-tools 
 

33 to study this protein, we raised nanobodies (Nb), against TbBILBO1. Nanobodies were selected 
 

34 according to their binding properties to TbBILBO1, were tested as immunofluorescence tools and 
 

35 expressed as intrabodies (INb). One of them, Nb48, proved to be the most robust nanobody and 
 

36 intrabody. We further demonstrate that inducible, cytoplasmic expression of INb48 was lethal to 
 

37 these parasites, producing abnormal phenotypes resembling those of TbBILBO1 RNAi knockdown. 
 

38 Our results validate the feasibility of generating functional single-domain antibody derived intra- 
 

39 bodies to target trypanosome cytoskeleton proteins. 

 
40 
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41 Introduction 

 
42 

 

43 Trypanosomes are flagellated protists comprised of pathogenic species capable of infecting a wide 
 

44 range of vertebrate hosts including humans, domestic and wild animals. Commonly transmitted by 
 

45 insect vectors, trypanosomes cause lethal and economically important human and animal diseases 
 

46 worldwide (1, 2). A limited number of diagnostic tests and treatments are available for human and 
 

47 animal African trypanosomiasis and there are no vaccines. Fortunately, the first oral trypanocidal 
 

48 drug, Fexinidazole, was recently approved for use in humans in Africa (3, 4) which simplifies the 
 

49 treatment regime for certain cases. However, millions of wild animals and domesticated livestock 
 

50 are still at risk of infection with the economic burden of the disease to the African economy is esti- 
 

51 mated to be 4.7 billion USD per year due to the death of around 3 million head of cattle (5) 
 

52 (http://www.fao.org/paat/the-programme/the-disease/en/). Understanding the basic biology of any 
 

53 virulent organism is important to fully understand its pathogenicity. Furthermore, new targets, tools, 
 

54 and models are needed. 

 
55 

 

56 Trypanosomes possess a highly organized cytoskeleton comprised primarily of microtubules, but 
 

57 also many cytoskeleton-associated proteins (5–13). This ensemble of proteins coordinates changes 
 

58 in cell morphology during the cell cycle, as well as permitting cell motility and reorganization dur- 
 

59 ing differentiation between life-cycle stages. Most pathogenic trypanosomes possess a single copy 
 

60 organelle called the flagellar pocket (FP), an infolding of the pellicular membrane at the site where 
 

61 the flagellum exits the cell body, which is physically connected to the cytoskeleton (13–18). In 
 

62 many species the FP is the sole site of exo- and endocytosis. In T. brucei the FP is essential for sur- 
 

63 vival and this has been demonstrated through studies of an FP-linked cytoskeleton component 
 

64 called the flagellar pocket collar (FPC). The FPC is a cytoskeletal structure that circumvents the 
 

65 neck of the FP at the site where the flagellum exits the cell (13, 20–26). The FPC forms a cytoskele- 
 

66 tal boundary or interface at the site of contact between the pellicular, flagellar and FP membranes 

http://www.fao.org/paat/the-programme/the-disease/en/)
http://www.fao.org/paat/the-programme/the-disease/en/)
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67 (13, 20, 23–26). To date, only a handful of FPC and FPC-associated proteins have been identified 
 

68 and only two essential proteins have been characterized. The first is TbBILBO1 (67kDa; 587aa) 
 

69 which is the main protein component of the flagellar pocket collar (FPC), and the second is 
 

70 TbMORN1 (40.9kDa; 358aa) which is present in the Hook Complex (HC), a structure intimately 
 

71 linked and immediately distal to the FPC, and is thought to indirectly play a role in facilitating pro- 
 

72 tein entry into the cell. Two other FPC and FPC-associated proteins, TbBILBO2 and TbFPC4 re- 
 

73 spectively, are TbBILBO1 binding partners involved in a tripartite interaction (25, 27). Analysis of 
 

74 TbBILBO1 has demonstrated its uniqueness as a FPC component and it is indeed kinetoplastid- 
 

75 specific. The N-terminus of TbBILBO1 adopts a ubiquitin-like fold, followed by two calcium- 
 

76 binding EF-hand domains (EFh1: amino acid residues 185–213 and EFh2 221–249). These domains 
 

77 are followed by a large coiled-coil domain (CC, amino acids 263-566) and a C-terminal leucine 
 

78 zipper (LZ, amino acid residues from 534–578) that are respectively involved in dimerization and 
 

79 polymerization (14, 21, 22, 26). RNA interference (RNAi)-mediated knock-down of TbBILBO1 in 
 

80 the cultured, insect procyclic form (PCF) parasites prevents FPC and FP biogenesis, induces the 
 

81 aberrant repositioning of the new flagellum (detached from the cell body along its length), and re- 
 

82 sults in parasite cell death. Knock-down of TbBILBO1 in the mammalian bloodstream form (BSF) 
 

83 is rapidly lethal (14). The FPC is also intimately associated with the MtQ; a subset of specialized 
 

84 microtubules that originate near the basal bodies of the flagellum and grow very close to, if not 
 

85 through, the FPC (71, 72). Previous published work has identified binding of TbMORN1 and 
 

86 TbSPEF1 (a microtubule binding and bundling protein) onto detergent and salt-extracted MtQ (20, 
 

87 25, 73). Prior to those studies, our anti-TbBILBO1 (IgM) antibody demonstrated both an FPC and a 
 

88 minor MtQ signal. In considering the next steps of FPC analysis we decided to search for novel, 
 

89 easily modifiable, molecular and immunological tools to study BILBO1. Subsequently, we decided 
 

90 to raise nanobodies to purified TbBILBO1 protein. 

 
91 
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92 Nanobodies are derived from antibodies, more precisely, a specific class of heavy chain only anti- 
 

93 bodies (HCAb) found naturally in Camelidae (alpacas, camels, llamas and vicunas) and also in 
 

94 Elasmobranchs (cartilaginous fish - sharks and rays) (31, 32). Nanobodies are recombinant anti- 
 

95 body fragments derived from the antigen binding domain (variable domain, VHH) of heavy chain 
 

96 antibodies (33, 34). They are much smaller than traditional antibodies being ~ 15kDa in mass (35– 
 

97 37). The use of nanobodies is greatly expanding in cellular and molecular biology, diagnostics, and 
 

98 medicine (38–44). Indeed in 2018, caplacizumab was approved as the first nanobody-based drug 
 

99 (45, 46). Intrabodies (INb), cytoplasmic nanobodies, have many potential roles ranging from patho- 
 

100 gen detection, treating osteoarthritis and killing tumour cells (47), as well as therapeutic use for 
 

101 neurological disease, viral infections (HIV) and autoimmune disease (39, 42, 54–58). Numerous 
 

102 studies have used nanobodies to characterize trypanosome proteins (40, 43, 53, 59–69) but to date, 
 

103 only one nanobody has been developed against a trypanosome cytoskeleton protein, Nb392, target- 
 

104 ing the paraflagellar rod protein (PFR1)(66). 

 
105 105 

 

106 RNA interference (RNAi) has been used to greatly enhance knowledge of gene and consequently 
 

107 protein function in living cells. However, RNAi can have several limitations, such as incomplete 
 

108 knockdown of the target protein. Furthermore, the double-stranded RNA produced during RNAi has 
 

109 a relatively short half-life compared to an intrabody. Intrabodies are nanobodies expressed cyto- 
 

110 plasmically in the target cell, and have the benefit of having high antigen specificity, the ability to 
 

111 recognize and bind to a structural epitope not accessible by conventional antibodies, and have po- 
 

112 tential as tools for many biological systems (49, 49–53). One advantage of intrabodies is that they 
 

113 act at a post-translation stage, therefore they can target a specific isoform or post-translational mod- 
 

114 ification of a protein (78). Also, in case of essential or structural proteins, induction of the expres- 
 

115 sion of INbs at a specific cell-cycle, life-cycle stage or point in organelle biogenesis may provide 
 

116 very subtle and precise phenotypes. In this regard, nanobodies also have advantages over conven- 
 

117 tional antibodies due to their smaller size, allowing access to cryptic epitopes, and ability to cross 
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118 the blood-brain barrier (70, 71). Conventional antibodies have a further disadvantage of multi- 
 

119 epitope cross-reaction, a phenomenon exemplified by IgE in allergen cross-reaction, whereas, 
 

120 nanobodies are, theoretically, single epitope specific (37, 38, 72). 

 
121 121 

 

122 We show here that, our anti-TbBILBO1 (1-110) rabbit polyclonal, purified Nb48 and intrabody 48 
 

123 (INb48) all bind to the FPC and the MtQ. Importantly, we demonstrate that intrabodies raised 
 

124 against TbBILBO1 can have comparable effects to RNAi knock-down and we establish that anti- 
 

125 TbBILBO1 intrabody (INb48) identifies its target protein when expressed in a homologous mam- 
 

126 malian system in vitro and within the cytoplasm of T. brucei. Our data illustrates, for the first time, 
 

127 a functional anti-cytoskeletal intrabody in T. brucei, that is able to precisely target and bind to its 
 

128 target protein epitope and block biogenesis of a cytoskeletal structure leading to rapid cell death. 
 

129 This data supports the hypothesis that targeting minor, yet essential, cytoskeletal proteins is of con- 
 

130 siderable merit in the search to understand parasite biology. The results also suggest that the use of 
 

131 intrabodies might be useful in organisms that do not have RNAi machinery or to characterize the 
 

132 cell biology of emerging pathogens, marine organisms, protists and the numerous, new model or- 
 

133 ganisms such as those described by Faktorová et al (73). 

 
134 134 

 

135 Results 

 
136 136 

 

137 Production of anti-TbBILBO1 nanobodies 
 

138 Full-length histidine-tagged TbBILBO1 protein was expressed in bacteria (74). Purified recombi- 
 

139 nant protein was then used to immunize an alpaca to produce TbBILBO1 targeting nanobodies by 
 

140 the Nanobody Service Facility (NSF, VIB, Brussels). Seven different Nbs were identified following 
 

141 phage display screening. These were assigned to three different groups based on their amino acid 
 

142 sequences. It was hypothesized that Nbs in the same group would recognize the same epitope, but 
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143 their other characteristics such as affinity, potency, stability and expression yield, could be different. 
 

144 We chose to focus on one nanobody from each group for our current studies: Nb48, Nb9, and Nb73. 

 
145 145 

 

146 Nb48 as a functional tool for immunolabelling TbBILBO1 
 

147 The Nbs were cloned in the pHENC6c vector in frame with a HA and Histidine tag (Nb::HA::6His) 
 

148 allowing the secretion of the Nbs in the periplasm, their purification using metal affinity chromatog- 
 

149 raphy, and detection (Supplementary Figure S1). Samples of non-induced (-) and induced bacteria 
 

150 (+), pellet (P) and periplasmic extracts (Ex) were probed by western blot with anti-HA (Supplemen- 
 

151 tary Figure S2A and B). For simplicity, the HA::6HIS tagged nanobodies are hereafter called Nb48, 
 

152 Nb9 and Nb73 (with tags written in subscript). We tested purified Nb48::HA::6His, Nb9::HA::6His and 

 

153 Nb73::HA::6His by using anti-HA for detection in immunofluorescence microscopy (IFA) on T. 
 

154 brucei wild-type (WT) procyclics (PCF) detergent-extracted cells (cytoskeletons) (Figure 1). For 
 

155 convenience, in Figure 1 and 2, the cells that are probed with purified nanobodies are labelled as 
 

156 “Anti-Nb”, plus the relevant nanobody name. In these experiments purified Nb48::HA::6His labels 
 

157 endogenous TbBILBO1 at the FPC, as seen by co-localization with anti-TbBILBO1 (polyclonal 
 

158 antibody 1-110) (Figure 1A). Nb9::HA::6His does not label wild-type cytoskeletons expressing en- 
 

159 dogenous TbBILBO1 protein (Figure 1B) but does label TbBILBO1 in cells that over-express 
 

160 TbBILBO1::3cMyc (Figure 1C). Importantly, Nb73::HA::6His was negative in our experiments and did 
 

161 not label TbBILBO1 in either endogenous (Figure 1D) or overexpressed levels of TbBILBO1 (not 
 

162 shown). 
 
 

163 To exclude the possibility of cross-reaction between primary and or secondary antibodies in double 
 

164 labelling protocols, Nb48::HA::6His and anti-TbBILBO1 (1-110) were also used alone to probe cyto- 
 

165 skeletons. In both cases the subsequent labelling was observed on the FPC and the microtubule 
 

166 quartet, (MtQ) a subset of specialized microtubules that are in close proximity to the FPC, but with 
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167 unknown function (71, 72), (Figures 2A and B). Labelling with anti-TbBILBO1 (rabbit polyclonal, 
 

168 1-110) alone also clearly labelled the MtQ (Figure 2C). Co-localization was observed in double 
 

169 labelling experiments with anti-TbBILBO1 (1-110) and Nb48::HA::6His (Figures 1A and 2D). In 

 

170 Figures 2A-D, the asterisks indicate the labelling of the MtQ. Purified Nb48::HA::6His and 

 

171 Nb9::HA::6His both positively label full-length TbBILBO1 protein from T. brucei whole cell extracts 
 

172 in western blotting experiments (Figure 2E and F) as well as TbBILBO1 truncated versions 
 

173 (T3::3cMyc, aa 171-587 and T4::3cMyc, aa 251-587) (please also refer to the schematic in Figure 2G 

 

174 for an overview of the truncations). Neither, Nb48::HA::6His nor Nb9::HA::6His labelled T1 or T2 in- 

 

175 dicating that Nb48::HA::6His and Nb9::HA::6His bind to TbBILBO1 in the region ranging from aa 251 
 

176 to aa 587. Controls for IFA experiments in Figures 1 and 2 are presented in Supplementary Figure 
 

177 S2C. 
 
 

178 Surface Plasmon Resonance confirms a strong binding affinity of Nb48 to TbBILBO1 
 

179 To determine the equilibrium dissociation constant (KD) of Nb48::HA::6His (group 1) and 

 

180 Nb9::HA::6His (group 2) to TbBILBO1, we used surface plasmon resonance (SPR) (Figures 2H and 

 

181 I) (note: It was not possible to assess Nb73::HA::6His (group 3) using SPR due to the inconsistent 
 

182 yield and impure production of this nanobody from bacteria). Sensor chips were coated with puri- 
 

183 fied 6His::TbBILBO1 by amine coupling and probed sequentially at increasing concentrations with 

 

184 purified Nb9::HA::6His and Nb48::HA::6His The Nb binding results are shown on the sensorgrams 
 

185 (Figures 2H and I) respectively, and are from a titration data set of three concentrations of the nano- 
 

186 bodies: 31.3nM, 125nM and 500nM. These results illustrate that Nb9::HA::6His and Nb48::HA::6His 

 

187 bind to 6xHis::TbBILBO1, but do not behave kinetically in the same way. The superposition of the 
 

188 sensorgrams with the fitting curves validates the Langmuir 1:1 model of interaction for analyzing 
 

189 them. Nb9::HA::6His displays faster rate constants than Nb48::HA::6His with Nb9::HA::6His ka=6.54 x 
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190 10
6
 ± 0.27 x 10

6
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 s

-1
 and kb=98.9 x 10
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 ± 0.09 x 10
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, and Nb48::HA::6His ka=1.74 x 10
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 ± 

 
191 0.16 x 10

5
 M

-1
 s

-1
 and kb=1.52 x 10

-3
 ± 0.02 x 10

-3
 s

-1
. Because of a 100x fold slower rate of disso- 

 

192 ciation and despite a 10x fold slower rate of association, Nb48::HA::6His displays the highest affinity 

 

193 for 6xHis::TbBILBO1 with a KD of 8.8 ± 0.7 nM compared to Nb9::HA::6His KD of 15.2 ± 0.7 nM. 

 

194 These values confirm that Nb48::HA::6His has the highest affinity for 6xHis::TbBILBO1. Nb48 pro- 
 

195 vided the best results as a tool by IFA, as a probe on western blot and binding to TbBILBO1 as 
 

196 measured by SPR, we therefore decided to focus on Nb48 for further studies. 

 
197 197 

 

198 Anti-TbBILBO1 intrabodies bind to the FPC and the MtQ 
 
 

199 Previous studies using STimulated Emission Depletion microscopy (STED), a technique of switch- 
 

200 ing off the fluorescence of dye molecules by stimulated emission using laser light) (75), and immu- 
 

201 no-electron microscopy have illustrated that the anti-TbBILBO1 (1-110) rabbit polyclonal antibody 
 

202 labelled both at the FPC and the MtQ (25). It is important to note that Gheiratmand et al., 2013, 
 

203 Esson et al., 2012 and Albisetti 2017 et al., have shown that TbSPEF1 (a microtubule binding and 
 

204 bundling protein) and TbMORN1 are localized to the MtQ of flagella thus clearly indicating that 
 

205 they remain attached to this structure after harsh extraction and indicating that labelling of the MtQ 
 

206 is not artefactual (73, 20, 25). Given that TbBILBO1 and TbMORN1 are stable on isolated flagella, 
 

207 we questioned whether the FPC could be probed in vivo in trypanosomes by intra-nanobody (INb) 
 

208 targeting. Consequently, the DNA sequence encoding Nb48 plus a C-terminal 3cMyc tag was 
 

209 cloned into a T. brucei expression vector allowing the tetracycline-inducible expression of the re- 
 

210 combinant Intrabody48 (INb48::3cMyc). Isolated flagella derived from procyclic cells (PCF) express- 

 

211 ing INb48::3cMyc for 12 hours were prepared for IFA and double labelled by probing with anti- 
 

212 cMyc and anti-TbBILBO1 (1-110) showing co-localization of TbBILBO1 and INb48 (Figure 3A). 
 

213 For convenience the use of INb48 is displayed in these figures as Anti-INB48 rather than indicating 
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214 the tag used on the intrabody. Immuno-electron microscopy was also carried out on flagella that 
 

215 were double labelled using anti-cMyc and anti-TbBILBO1 antibodies (Figure 3B). Both the IFA 
 

216 and the electron micrographs of these experiments revealed that INb48::3cMyc colocalizes with anti- 
 

217 TbBILBO1 on the FPC, but also on the proximal region of the MtQ as described earlier in the IFA 
 

218 studies shown in Figures 2A-D. We also carried out temporally shorter  expression assay of 
 

219 INb48::3cMyc which revealed that it is observed on the FPC and the MtQ at 3 hours post induction 
 

220 (Supplementary Figure S2D). Since INb9 also localized with TbBILBO1 on the FPC, it was also 
 

221 tested at reduced expression time (6 hours) and was shown on the FPC and colocalized with anti- 
 

222 TbBILBO1 (Supplementary Figure S2E). 
 
 

223 The expression of anti-TbBILBO1 intrabodies is cytotoxic in T. brucei 
 

224 Because anti-TbBILBO1 intrabodies co-localize with TbBILBO1 on isolated flagella, we hypothe- 
 

225 sized that INbs bind tightly to TbBILBO1 and, as a consequence, may disturb FPC formation or 
 

226 function. To test this hypothesis, we monitored the effect of expression of INb48::3cMyc in PCF T. 
 

227 brucei using different concentrations of tetracycline (Figure 4A). Tetracycline concentrations of 0.1 
 

228 ng/mL and 1ng/mL had no impact on cell growth when compared to the non-induced cells (-Tet; red 
 

229 line). However, concentrations from 5ng/mL to 1μg/mL induced a rapid growth defect from 24 
 

230 hours post induction (hpi), and cell death after 24hpi. The change in growth rates related to different 
 

231 doses of tetracycline indicates that the lethality of INb48::3cMyc expression in PCF is dose depend- 
 

232 ent. 
 

233 Taking in account these results, we chose a tetracycline concentration of 1μg/mL as the standard 
 

234 concentration for INb48::3cMyc, INb9::3cMyc and INb73::3cMyc induction. After induction of the ex- 
 

235 pression of these three INbs in trypanosomes, daily samples were taken for cell counts (Figure 4B- 
 

236 D) and western blot analysis (Figure 4E). Independent induction of each INb resulted in pheno- 
 

237 types that ranged from rapid cell death from 24hpi for INb48::3cMyc, (Figure 4B), to a reduction in 
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238 cell growth rate for INb9::3cMyc (Figure 4C) or no change in growth rate for INb73::3cMyc (Figure 
 

239 4D). Western blot analysis of INb expression is shown in (Figure 4E) and illustrates robust expres- 
 

240 sion of all INbs at 24 hours post induction in trypanosomes. After 48hpi of intrabody expression, 
 

241 the signals for INb48::3cMyc and INb9::3cMyc were lost and the signal for TbBILBO1 and tubulin 
 

242 control proteins show signs of degradation, indicating some degree of cell death in the population. 
 

243 However, little or no degradation is observed in cells expressing INb73::3cMyc which, importantly, 
 

244 showed no effect on cell growth. 

 
245 245 

 

246 As a negative control an intrabody against Green Fluorescent Protein (INbGFP::3cMyc) was ex- 
 

247 pressed in trypanosomes, and as expected, no cell growth defect or phenotype was observed despite 
 

248 its strong expression and cytoplasmic localization (Supplementary Figure 3A-C). These data 
 

249 demonstrate that expression of INb48::3cMyc and of INb9::3cMyc are lethal, with INb48::3cMyc show- 

 

250 ing the strongest effect, whilst expression of INb73::3cMyc had no effect on cell growth. The data 

 

251 also suggest that INb48::3cMyc and INb9::3cMyc bind to TbBILBO1 in vivo, and somehow hinder its 
 

252 function. 

 
253 253 

 

254 Intrabody 48 (INb48::3cMyc) binds to TbBILBO1 and induces TbBILBO1 RNAi knockdown 

 

255 phenotypes 

 

256 Trypanosome cell cycle stages can be defined based on the arrangement and number of nuclei and 
 

257 mitochondrial genome (kinetoplasts) present in the cell. In wild-type G1 PCF cells, the linear or- 
 

258 ganization of kinetoplast (K), and the nucleus (N) is: kinetoplast followed by the nucleus (1K1N). 
 

259 As the cell passes through the cell cycle the kinetoplast duplicates to form 2K1N cells, then mitosis 
 

260 and nuclear duplication ensues to form 2K2N cells with a posterior new flagellum (NF) and a more 
 

261 distal old flagellum (OF), followed by cytokinesis producing 1K1N mother and daughter cells. This 
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262 means that wild-type cells should never possess more than the 2K2N DNA complement (76). 
 

263 RNAi knockdown of TbBILBO1 in cultured PCF cells results in cell-cycle arrest at the 2K2N stage, 
 

264 producing cells with elongated posterior ends, new flagella that were detached from the length of 
 

265 the cell body, and inhibition of new FP formation (13). We investigated further the localization of 
 

266 INb48 and its effects on cell morphology when expressed in T. brucei (Figure 5). Figure 5A shows 
 

267 non-induced (-Tet, NI), whereby the NI trypanosomes display the classic immunofluorescence sig- 
 

268 nal for TbBILBO1 with the annular labelling at the FPC and along the MtQ between the FPC and 
 

269 the basal bodies (BB). After 24hpi of INb48::3cMyc (+ 24h) TbBILBO1 RNAi-like morphological 
 

270 phenotypes were observed where the new flagellum was detached from the length of the cell body 
 

271 and cells demonstrated elongated posterior ends. In TbBILBO1RNAi knockdown experiments very 
 

272 little BILBO1 protein was observed at the new flagellum and only low levels were observed at the 
 

273 old flagellum (74, 77). However, when INb48::3cMyc is expressed, both INb48::3cMyc   and 
 

274 TbBILBO1 were sometimes observed at the old FPC and also at the base of the detached new fla- 
 

275 gellum (Figure 5B, asterisk). More importantly, rather than the classic annular and MtQ signals ob- 
 

276 served after anti-TbBILBO1 labelling, we observed both TbBILBO1and INb48::3cMyc signals ex- 
 

277 tending along the cell (Figure 5B, merged inset). This result demonstrates that no new FPC was 
 

278 formed after INb48::3cMyc expression leading to the TbBILBO1 RNAi-like phenotype and im- 

 

279 portantly, that INb48::3cMyc binding to TbBILBO1 disturbs FPC formation. 

 
280 280 

 

281 Because FPC biogenesis is hindered in INb48::3cMyc induced cells, we decided to investigate the 
 

282 organization of the hook complex (HC), a structure intimately associated with the FPC, by immuno- 
 

283 labelling of TbMORN1 (78) in the background of INb48::3cMyc induced mutant cells. The HC is an 
 

284 essential structure positioned distal to the FPC, forming a distinctive hook shape, and is considered 
 

285 to be indirectly involved in the regulation of entry of molecules into the flagellar pocket (20, 78– 
 

286 80). Figure 5C illustrates the normal location and hook-like shape of anti-TbMORN1 labelling in 
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287 non-induced cells. However, at 24hpi of INb48::3cMyc expression, TbMORN1 labelling is elongated 
 

288 distally along the flagellum, and the hook shape is lost (Figure 5D). Importantly, little or weak 
 

289 TbMORN1 labelling is observed at the base of the new flagellum, suggesting that HC biogenesis is 
 

290 also strongly affected in cells expressing INb48::3cMyc,. A consistent observation in cells expressing 

 

291 INb48::3cMyc was that the new flagellum was detached from the length of the cell body, i.e. only 
 

292 attached at the base, an abnormal phenotype strongly resembling the TbBILBO1 RNAi knockdown 
 

293 phenotype (14). We further characterized the detached new flagellum phenotype by co-labelling 
 

294 with anti-TbPFR2 antibody (8). TbPFR2 is a protein of the paraflagellar rod (PFR) that is present 
 

295 alongside the axoneme of the flagellum of wild-type T. brucei (81) as shown in non-induced cells 
 

296 (Figure 5E). In induced cells (24hpi), TbPFR2 labelling was observed along the old flagellum and 
 

297 the newly detached new flagellum (Figure 5F). In this cell, INb48::3cMyc was only observed at the 
 

298 old FPC, indicating that a new flagellum and PFR was formed in the absence of the FPC. To inves- 
 

299 tigate any effect of INb48::3cMyc expression on the basal bodies (BB), an antibody marker anti- 
 

300 TbBLD10 was used, which was raised against TbBLD10, an essential protein in pro-basal body 
 

301 biogenesis (82). Figure 5G shows a non-induced T. brucei cell with the typical labelling of the ma- 
 

302 ture and pro-basal bodies. At 24hpi of INb48::3cMyc, the labelling of both the pro- and mature basal 
 

303 bodies of the mother and daughter flagella were unaffected (Figure 5H). We also checked a longer 
 

304 INb48::3cMyc expression (48hpi) by IFA and demonstrate that cells are severely compromised. Cells 
 

305 showed cell cycle disruption including the presence of multiple flagella (Supplementary Figure S3 
 

306 D and E). Also, the TbBILBO1 labelling revealed extended structures demonstrating that the shape 
 

307 of the polymers formed by TbBILBO1 were strongly affected and were unable to form the typical 
 

308 annular FPC. 

 
309 309 
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310 The phenotypes induced after INb48::3cMyc expression in trypanosomes were observed in more de- 
 

311 tail by transmission electron microscopy (TEM). TEM micrographs of thin sections through the FP 
 

312 (*) of a wild-type cell (Figure 6A) illustrate that the flagellum passes through this structure and that 
 

313 its transition zone is positioned within the FP lumen (black arrow). INb48::3cMyc expression for 24 
 

314 hours revealed that many of the new flagella were formed in the absence of an FP (Figure 6B, black 
 

315 arrowheads indicate the position where the FP should be formed), and the transition zone is now 
 

316 external to the cell (black arrows). These cells also accumulated cytoplasmic vesicles (Figure 6C). 
 

317 These abnormal features are typical of TbBILBO1 RNAi knockdown phenotypes (14) indicating 
 

318 that TbBILBO1 function was indeed hampered by the expression of INb48::3cMyc . We isolated fla- 

 

319 gella from INb48::3cMyc trypanosome cells at 24hpi (+Tet) and probed them with anti-cMyc (for 

 

320 INb48::3cMyc) and anti-TbBILBO1 or, in a separate experiment, anti-cMyc and anti-TbMORN1. The 
 

321 flagella were prepared for negative staining and visualized by transmission electron microscopy 
 

322 (TEM). The co-labelling of INb48::3cMyc with TbBILBO1 or TbMORN1 revealed that these latter 
 

323 proteins co-localize on the MtQ (Figure 6D and E). TbBILBO1 was located on the MtQ proximal to 
 

324 the basal bodies (Figure 6D), whereas TbMORN1 was primarily on the MtQ distal to the basal bod- 
 

325 ies (Figures 6E); it should be noted that TbMORN1 was previously shown on the MtQ by Esson et 
 

326 al., (20) and Albisetti et al., 2017 (25). Interestingly, however, the typical annular FPC structure is 
 

327 absent in INb48::3cMyc induced trypanosomes, explaining the detached flagellum phenotype. In Fig- 

 

328 ure 6D, INb48::3cMyc (arrowheads) is present alongside TbBILBO1 (arrows) extending from the 
 

329 basal bodies on the MtQ to the location where the FPC should be present. Figure 6E shows 
 

330 TbMORN1 labelling and shows in more detail that in the presence of INb48::3cMyc (arrowheads) it 
 

331 is observed on the MtQ (arrows) extending in a linear fashion proximally along the flagellum but 
 

332 not distally. These data demonstrate that the FPC and HC are structurally perturbed by the expres- 
 

333 sion of INb48::3cMyc in T. brucei. 
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334 334 

 

335 Expression of INb48::3cMyc disrupts the cell cycle in PCF T. brucei 

 

336 The linear organization of kinetoplasts and nuclei in INb48::3cMyc expressing cells and morphologi- 
 

337 cal phenotypes were analyzed at different time-points (Figure 7A). The percentage of non-induced 
 

338 (-Tet) cell cycle stages were 74.4% in the 1K1N stage (blue bars), 13.9% in the 2K1N stage, and 
 

339 9.4% in the 2K2N as previously published (14). A change was observed in trypanosomes expressing 
 

340 INb48::3cMyc for 12 hours (+Tet 12h), with a reduction in 1K1N cells and an increase in 2K1N and 
 

341 2K2N cells. There was also the appearance of abnormal K/N phenotypes such as 1K2N (1.5%) 
 

342 when the nucleus had divided before the kinetoplast and cells with other abnormal K/N ratios in- 
 

343 cluding cells with more than 2K and/or 2N annotated XKXN (1.6%). As previously mentioned, 
 

344 when INb48::3cMyc is expressed in trypanosome cells, they exhibit detached flagella (18.3%). After 
 

345 24hpi (+Tet 24h), this profile continued to augment with a further reduction in 1K1N (44.20%) and 
 

346 a further increase in 2K2N cells (27.5%). Additionally, the number of 1K2N (abnormal) cells in- 
 

347 creased to 4.3% and 5.9% of the population showed XKXN phenotype. Finally, the number of cells 
 

348 with detached flagella had also increased to 35.4%. INb48::3cMyc expressing cells in the 2K2N 
 

349 stage were further investigated and categorized according to linear organization of K and N from 
 

350 posterior to anterior orientation (Figure 7B). For non-induced cells (-Tet), most 2K2N trypano- 
 

351 somes had the normal KNKN organization with both flagella attached along the cell body (green 
 

352 bar). At 12hpi, the number of normal 2K2N population has decreased (from 93.5 to 45.8%) with 
 

353 the appearance of RNAi TbBILBO1 knockdown-like 2K2N cells. 36.44% of the +Tet 12h total 
 

354 2K2N population had detached flagella and an extended posterior end, which also included 15.8% 
 

355 with a K_NKN organization (here the underscore refers to an extended end, - orange bar). 13.1% of 
 

356 the abnormal population had a K_KNN kinetoplast organization (red bar) and 7.6% had a poorly 
 

357 segregated nuclei K_NKN* (yellow bar). The other 2K2N population 17.7% (blue bar) included 
 

358 cells that appeared normal in kinetoplast and nuclear organization KNKN but with detached flagel- 
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359 la, and cells with oddly misplaced kinetoplast (KKNN) with detached flagella. At 24hpi (+Tet 24h), 
 

360 the proportion of 2K2N “normal-like” population was significantly reduced to 20.3% at the expense 
 

361 of abnormal cells mentioned above. The rest of the abnormal cells possessed a detached new flagel- 
 

362 lum which were distributed over a number of arrangements of K and N plus an extended posterior 
 

363 end K_KNN (red bar), K_NKN (orange bar) and K_NKN* (yellow bar) or without extended poste- 
 

364 rior ends (blue bar). These abnormal phenotypes are a clear indication of disruption of the cell cy- 
 

365 cle. As with RNAi knockdown of TbBILBO1, it appears that there is a general cell cycle arrest at 
 

366 the 2K2N stage, indicating the cells cannot undergo division. Overall, this indicates that the DNA 
 

367 containing structures of the cell were able to divide and indeed separate (albeit imperfectly in some 
 

368 cases), but the trypanosome cell itself was unable to undergo cytokinesis. With regards to these cell 
 

369 cycle counts, similar findings were observed with RNAi knockdown of TbBILBO1 (14), suggesting 
 

370 that the crucial steps and structures required for cytokinesis, were impaired after INb48::3cMyc ex- 
 

371 pression. Taken together, this data shows that INb48 targeting of TbBILBO1 can be as effective as 
 

372 RNAi knockdown. 

 
373 373 

 

374 Heterologous expression of TbBILBO1 and INb48 
 

375 Expression of full-length and truncated forms of TbBILBO1 in a U-2 OS heterologous system has 
 

376 been published previously (23). In summary, that work had demonstrated that expression of full- 
 

377 length TbBILBO1 in mammalian cells induces the formation of linear polymers with comma and 
 

378 globular shaped termini. To determine if Nb48 can bind to TbBILBO1 as an antibody probe in this 
 

379 heterologous system, we expressed full-length TbBILBO1 in U-2 OS cells and probed detergent- 
 

380 extracted cells with the purified Nb48 (Nb48::HA::6His) and with anti-TbBILBO1 (1-110) (Figure 
 

381 8B). Non-transfected, extracted U-2 OS cells were probed with anti-TbBILBO1 (1-110) and 
 

382 Nb48::HA::6His, and showed a negative signal (Figure 8A). When full-length TbBILBO1 was ex- 
 

383 pressed it induced the formation of long BILBO1 polymers that were co-labelled with 
 

384 Nb48::HA::6His and anti-TbBILBO1 (1-110), (Figure 8B). TbBILBO1 possesses two canonical cal- 
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385 cium-binding EF-hand domains; 1 and 2. Mutation of EF-hand domain 1 alone, or both EF-hands 
 

386 together prevented the formation of linear polymers, however mutation of EF-hand domain 2 alone 
 

387 (Mut2 EF-hand) resulted in the formation of helical polymers (23). We therefore used Mut2 EF- 
 

388 hand to test for co-labelling with Nb48. Excellent co-labelling was observed when the Mut2 EF- 
 

389 hand was expressed: the helical polymers of the mutated BILBO1 co-label with Nb48::HA::6His 

 

390 (Figure 8C), suggesting that mutating the calcium-binding site, and preventing calcium binding, 
 

391 does not affect Nb48 binding. We next expressed the TbBILBO1 truncations T1, T2, T3, T4 (refer 
 

392 to Figure 2G) in U-2 OS cells and used the previously anti-TbBILBO1 monoclonal IgM antibody to 
 

393 label T3 and T4 constructs (23). Previous studies had shown that TbBILBO1 truncations T1 (aa1- 
 

394 170) and T2 (aa1-250) are soluble in U-2 OS cells and do not form polymers (23). No signal was 
 

395 observed when these extracted cells were probed by anti-TbBILBO1 (1-110), furthermore no 
 

396 Nb48::HA::6His signal was observed (Figures 8D and E). Truncations T3 (aa171-587) and T4 
 

397 (aa251-587), however, form long polymers when expressed in U2-OS cells and, as with FL poly- 
 

398 mers, these were positively co-labelled when probed with TbBILBO1 and Nb48::HA::6His (Figures 
 

399 8F and G). As such, this suggest that the Nb48 epitope lies between the amino acids 251-587. These 
 

400 results illustrate that as a specific nanobody probe, Nb48::HA::6His, in a heterologous environment, 
 

401 performed equally to a rabbit polyclonal antibody (anti-TbBILBO1 1-110) and to anti-TbBILBO1 
 

402 IgM. 

 
403 403 

 

404 To determine if INb48 can bind to TbBILBO1 in the U-2 OS heterologous system and influence 
 

405 polymerization, we co-expressed INb48::3HA with full-length TbBILBO1 (FL), Mut2 EF-hand, or 

 

406 truncated forms of TbBILBO1. Expression of INb48::3HA alone produces a cytoplasmic signal in 
 

407 whole cell preparations (Figure 8H), that was eliminated after detergent extraction (Figure 8I), 
 

408 demonstrating that INb48::3HA does not bind to any cytoskeletal structure in U-2 OS cells, and does 

 

409 not form polymers. When INb48::3HA was co-expressed with FL-TbBILBO1, and cells detergent- 
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410 extracted, a strong co-localisation was observed between the TbBILBO1 signal and that of 
 

411 INb48::3HA, demonstrating that INb48::3HA was expressed, and binds to TbBILBO1, in vivo, in ex- 
 

412 tracted conditions (Figure 8J and K). Importantly, however, the typical polymer structures that 
 

413 TbBILBO1 normally forms in U-2 OS cells (refer to Figure 8B) were absent. Instead, dense com- 
 

414 pacted structures, attached to thin minor polymers were formed. Similar dense structures were ob- 
 

415 served when Mut2-EFh was co-expressed with INb48::3HA, indicating that the EF hand domain 2 

 

416 mutation (which prevents calcium binding) did not influence binding of INb48::3HA to TbBILBO1 

 

417 (Figure 8L). This data indicates that binding of INb48::3HA to TbBILBO1 modifies and reduces 
 

418 linear polymerization in this environment. 

 
419 419 

 

420 When INb48::3HA was co-expressed with T1 and with T2 (both have been demonstrated to be cyto- 
 

421 plasmic in non-extracted cells) (23), a cytoplasmic signal was observed (Figures 8M and N). In con- 
 

422 trast to the long, linear, polymers observed when T3 alone is expressed (Figure 8F), co-expression 
 

423 of T3 and INb48::3HA induced dense globular structures (Figure 8O) similar to the observations 

 

424 made when INb48::3HA was co-expressed with FL-TbBILBO1 (Figures 8K) or Mut2-EFh (Figure 

 

425 8L). Co-expression of INb48::3HA with T4 resulted in long polymers similar, but not identical, to 

 

426 expression of T4 alone (as observed in Figure 8G). Instead, the INb48::3HA bound T4 polymers 
 

427 were associated with many small, detergent insoluble, network-forming, polymers (Figure 8P), 
 

428 which were never observed in T4 only expression as previously described (14) and suggests that 
 

429 binding of INb48::3HA to T4 modifies normal polymerization. Taken together these data suggest a 
 

430 critical disturbance by INb48 in TbBILBO1 polymer organization when co-expressed in a heterolo- 
 

431 gous mammalian system. IFA controls for INb48::3HA and TbBILBO1 expression in U-2 OS cells 
 

432 alone and together can be found in Supplementary Figure S4 A-D demonstrating a lack of labeling 
 

433 when no primary antibodies were used. Supplementary Figure S5 A-E shows the control intra- 
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434 nanobody against GFP (INbGFP) expressed in U-2 OS cells exhibiting a cytoplasmic signal which 
 

435 was extracted in cytoskeleton preparations and did not co-localize or bind to TbBILBO1 polymers 
 

436 or any other structure. Negative and no primary antibody controls are also shown. 

 
437 437 

 
 

438 Discussion 
 
 

439 Nanobodies are rapidly being developed, not only as revolutionary therapeutics but also as biologi- 
 

440 cal tools. In mammalian cells they have been used to assess protein function intracellularly (intra- 
 

441 bodies), explore protein-protein interactions and as protein inhibitors (42, 83). Nanobodies have 
 

442 been used in a number of experiments associated with trypanosomes including the potential of 
 

443 nanobodies as diagnostic tools, in experimental therapy, and as trypanolytic agents (40, 54, 56, 58, 
 

444 60–64, 84, 85). However, intrabodies have not been used to target the trypanosome cytoskeleton 
 

445 intracellularly as a knockdown tool. This study shows that Nb48 proved to be an excellent tool for 
 

446 detecting its trypanosomatid target antigen TbBILBO1 by western blotting and by immunofluores- 
 

447 cence (IFA) on fixed trypanosomes and immuno-electron microscopy. Further, when expressed as 
 

448 an intrabody, INb48 targeted specifically TbBILBO1 and functioned to disrupt the function of this 
 

449 essential cytoskeletal protein. 
 
 

450 The difference in the IFA behavior between Nb48 and Nb9 may be explained by their CDR3 se- 
 

451 quences. If we consider that the two target epitopes are clearly different then this can, in part, ex- 
 

452 plain a difference in detection by IFA. This would also suggest that binding of Nb48 to its BILBO1 
 

453 epitope is possible under the, in vivo, native, BILBO1 expression levels within the FPC, whereas 
 

454 binding of Nb9 is impaired due the possible presence of BILBO1 partner proteins that could partial- 
 

455 ly shield the epitope or because the epitope is not fully exposed. Over-expression of BILBO1 
 

456 would most probably produce and expose much more unshielded and/or accessible BILBO1 epitope 
 

457 allowing Nb9 to bind. This would also explain why Nb9 was initially selected using ELISA assays 
 

458 since the selection protocol was based on the use of purified, denatured recombinant BILBO1. 
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459 INb48 modifies TbBILBO1 polymers in U-2 OS cells and in T. brucei 
 
 

460 Nb48 and INb9 both bind to the T4 domain of TbBILBO1 (aa 251-587) demonstrating that they 
 

461 recognize the same epitope in vitro and in vivo. Binding of INb48 to TbBILBO1 in U-2 OS cells 
 

462 modifies polymer structure and induced condensed structures (Figure 8J and K) compared to the 
 

463 long, comma or annular shaped polymers that are normally observed (23). INb48 binds to the do- 
 

464 main of TbBILBO1 that includes the CCD and the LZ domains both involved in protein-protein 
 

465 interaction, and importantly, the CCD domain is required for dimerization and the LZ for polymeri- 
 

466 zation (22, 23). Based on the structures observed in the U-2 OS cells, both dimerization and 
 

467 polymerization occur, but it is difficult to speculate on how INb48 affects the polymers. However, 
 

468 one could expect the same effect in parasites, resulting in alteration in FPC formation. Indeed, the 
 

469 expression of INb48 in T. brucei led to perturbation of the structure of the FPC and the HC, as seen 
 

470 by IFA and iEM labelling of TbBILBO1 and TbMORN1 respectively. Interestingly, INb48 labelled 
 

471 strongly the MtQ and the typical annular FPC structure and “hook and shank” aspect of the HC was 
 

472 not observed in many salt-extracted flagella in iEM experiments. Also, IFA experiments demon- 
 

473 strated (via the elongated structures labelled with an anti-BILBO1 polyclonal), that INb48 affects 
 

474 the biogenesis of the FPC. This suggests that TbBILBO1 and TbMORN1 traffic along the MtQ. 

 
475 475 

476 INb48 induces BILBO1-RNAi knockdown-like phenotypes 

 

477 The perturbations of TbBILBO1 assembly by INb48 leads to RNAi knock-down-like phenotypes 
 

478 and this included the endomembrane system (14). Although membrane trafficking was affected by 
 

479 INb48 expression, it does not have membrane targeting or retention signals, which are sometimes 
 

480 used on INbs (86). This suggests that the accumulation of intracellular vesicles following INb48 
 

481 expression (Figure 6) are due to disruption in endo-/exocytosis and is a downstream consequence of 
 

482 the disturbance of the flagellar pocket and the HC. After 24h of INb48 induction there is no INb48 
 

483 or BILBO1 protein degradation and the BILBO1 RNAi-like phenotypes are apparent, but at 48h 
 

484 induction there is considerable protein degradation probably due to cell lysis. INb48 binding to 
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485 BILBO1 might result in BILBO1 sequestration, which could lead to intense disruption of the FP 
 

486 and that at some point this induces cell lysis. It is also possible that the intrabody binds to BILBO1 
 

487 that has already been incorporated into the FPC, but does not disrupt its function. If the intrabody is 
 

488 only able to capture free BILBO1 the difference in effect on free vs FPC-incorporated BILBO1 
 

489 could explain the delay in the phenotype. In this context, it is noteworthy that we also observed 
 

490 dramatic changes in BILBO1 polymers when co-expressed with INb48 in U2-OS cells. The binding 
 

491 of INb48 to newly forming BILBO1 polymers could prevent correct FPC formation by inducing 
 

492 malformation of the growing BILBO1 polymers. Indeed, figures 5B and D (and Supplementary 
 

493 Figure S3 D and E) illustrate the formation of unusual, BILBO1 positive, linear polymers, when 
 

494 INb48 was expressed in trypanosomes, instead of the annular polymers normally present in a wild- 
 

495 type FPC. We are currently investigating the knockdown effect in more detail and also the traffick- 
 

496 ing of FPC proteins to the FPC, to ascertain whether the MtQ is implicated. This may also answer, 
 

497 in part, the question of how the FPC, a flagellum-associated complex of proteins, is built. 

 
498 498 

 

499 In conclusion, we induced a BILBO1 RNAi phenotype not by knocking down protein expression 
 

500 but rather by preventing protein function. This indicates that an intrabody-induced, protein binding 
 

501 approach can prevent the formation of a new FPC most likely even in presence of BILBO1 interact- 
 

502 ing proteins. This would indeed suggest that BILBO1 is the main protein performer in FPC biogen- 
 

503 esis. Therefore, our data support the hypothesis that targeting minor, yet essential, cytoskeletal pro- 
 

504 teins is of considerable merit in the search to understand parasite biology. Intrabodies would be use- 
 

505 ful in organisms that do not have RNAi machinery and to characterize the biology of emerging 
 

506 pathogens, newly discovered protists and new model organisms (73). As a consequence, the data 
 

507 presented here demonstrates, for the first time, the use of a functional, tractable, anti-cytoskeletal 
 

508 intrabody in T. brucei, that is able to precisely target and bind to its target epitope and induce dis- 
 

509 ruption of a cytoskeletal structure leading to rapid cell death. 

 
510 510 
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511 511 
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512 Materials and Methods 

 
513 513 

 

514 Ethics statement 
 

515 The alpaca immunization was carried out by Nanobody Service Facility, VIB Rijvisschestraat 120, 
 

516 9052, Belgium and was approved by the Ethical Committee for Animal Experiments of the Vrije 
 

517 Universiteit Brussel (VUB), Brussels, Belgium. 

 
518 518 

 

519 Alpaca immunization and Nb library construction 
 

520 HIS-tagged, full-length T. b. brucei BILBO1 protein (6HIS::TbBILBO1) was expressed in bacteria, 
 

521 purified in urea on Ni-NTA resin by affinity column purification, as described in (25), and sent to 
 

522 Nanobody Service Facility (NSF, VIB, Brussels). The nanobody library was constructed as de- 

 
523 scribed by NSF-VIB (Nanobody Service Facility, Belgium) and produced 2×10

8
 independent trans- 

 

524 formants that were subjected to two rounds of panning, performed on solid-phase coated full-length 
 

525 TbBILBO1 antigen (10μg/well). Ninety-five colonies from round two were randomly selected and 
 

526 analyzed by ELISA for the presence of antigen-specific Nbs in their periplasmic extracts. Thirty- 
 

527 four colonies scored positive, representing seven different Nbs from three different groups based on 
 

528 their gene sequences: Nbs in each group have very similar sequence data. The Nb genes were 
 

529 cloned into a pMECS vector containing a secretion PelB leader signal sequence at the N-terminus, a 
 

530 hemagglutinin A (HA) tag and a hexa-histidine (His) tag at the C-terminus, for purification and im- 
 

531 munodetection. These vectors were transformed into TG1 E. coli and stored at -80°C. 

 
532 532 

 
533 533 

534 Nanobody cloning and bacterial expression 

535 535 

536 Nbs were sub-cloned from pMECS to pHEN6c vector as follows: TG1 E. coli harboring the Nbs, 
 

537 were grown overnight on solid agar + ampicillin (100μg/mL). The Nb genes were amplified by 
 

538 PCR directly on colonies using specific primers A6E (5’GAT GTG CAG CTG CAG GAG TCT 
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539 GGR GGA GG 3’) and PMCF (5’ CTA GTG CGG CCG CTG AGG AGA CGG TGA CCT GGG T 
 

540 3’). PCR fragments were digested with PstI and BstII then ligated into the pHEN6c vector har- 
 

541 boured in XL1 blue E. coli and stored at -80°C. For expression and purification, WK6 E. coli were 
 

542 transformed with pHEN6c harbouring the Nb. PCR on transformed colonies, using M13R (5’ TCA 
 

543 CAC AGG AAA CAG CTA TGA C 3’) and PMCF (5’ CTA GTG CGG CCG CTG AGG AGA CGG 
 

544 TGA CCT GGG T 3’) confirmed the Nb insert. TbBILBO1, TbBILBO1 EF-hand domain mutant 2 
 

545 and TbBILBO1 truncations T1, T2, T3 and T4 were expressed in the heterologous mammalian sys- 
 

546 tem, U2-OS, by using pCDNA3 vector as described in (23). Nb48 sequence was cloned into the 
 

547 pcDNA3.1 C-terminus tag 3HA vector (derived from pCDNA3.1 Invitrogen) between NheI-XhoI 
 

548 restriction sites and expressed transiently as an intrabody, INb48::3HA. 

 
549 549 

 

550 Intra-nanobody expression in Trypanosoma 
 

551 The Nb inserts were digested out from pHEN6c with HindIII and NdeI and cloned into HindIII and 
 

552 NdeI digested pLew100-3cMyc (86). Plasmid sequences were confirmed by DNA sequencing. 

 
553 553 

 

554 Nanobody expression and purification 
 

555 Freshly transformed WK6 with pHEN6c-Nb vectors were inoculated into 10mL LB + ampicillin 
 

556 (100μg/mL) + 1% glucose and incubated overnight at 37°C, shaking at 250 rpm. Terrific broth (TB) 
 

557 medium was prepared for Nb expression (2.3g/L KH2 PO4, 16.4g/L K2 HPO4.3H2O, 12g/L Tryp- 
 

558 tone, 24g/L Yeast extract, 4% glycerol). One mL of culture was added to 330mL TB + 100μg/mL 
 

559 ampicillin, 2mM MgCl2 and 0.1% glucose, incubated at 37°C, shaking 250 rpm, until a mid-log 
 

560 phase of growth OD600 of 0.6-0.9 was reached. Nb expression was induced with 1mM Isopropyl β- 
 

561 D-1-thiogalacto-pyranoside (IPTG). The culture was incubated for 17 hours at 28°C with shaking. 
 

562 Nb was extracted from the periplasm as follows. Cultures were centrifuged for 16 minutes at 4,500 
 

563 x g. The pellet was re-suspended in 4mL of TES (0.2M Tris pH8.0, 0.5mM EDTA, 0.5M sucrose), 
 

564 then shaken for 1 hour on ice at 110 rpm. Four mL of TES/4 (TES diluted 1:4 in water) was added 
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565 and further incubated on ice for 1 hour with shaking, then centrifuged for 60 minutes at 4,500 x g at 
 

566 4°C to releases the contents of the periplasmic space (87). The supernatant contains the periplasmic 
 

567 extract with Nb. A control periplasmic extraction was performed using the same procedure as 
 

568 above, without the Nb insert in the vector. 

 
569 569 

 

570 The periplasmic extract was filtered on 0.45 µm, and loaded onto a HisTrap
TM

FF column (GE 
 

571 Healthcare) pre-equilibrated with running buffer (PBS, 20mM imidazole, 10% glycerol, protease 
 

572 Inhibitor Cocktail Set III Calbiochem, Ref. 539134-1 at 1:10,000 dilution). The column was washed 
 

573 with five column volumes (CV) of lysis running buffer and bound protein was eluted by 500 mM 
 

574 imidazole/running buffer with 10 CV. Elutions containing the highest concentration of purified 

 

575 nanobody were pooled and dialysed against 1xPBS + 20% glycerol using Slide-A-Lyzer
TM

 (Thermo 
 

576 Scientific B2162132) and stored in 1xPBS + 20% glycerol. To verify the presence of Nb in purified 
 

577 elutions, 10μL from each elution was run on 15% SDS-PAGE gel stained with Coomassie Brilliant 

 

578 Blue (Instant Blue
TM

 Expedeon Ltd). Proteins from a second identically loaded gel were transferred 
 

579 to PVDF membrane using a semi-dry transfer method (BIORAD) and a western blot was performed 
 

580 using anti-HIS (Sigma H-1029, mouse, 1:3000) and anti-HA (Biolegend MMS-101R or, Santa-Cruz 
 

581 7392, 1:1000) antibodies to detect the Nb, followed by anti-mouse HRP conjugated (Jackson, 115- 
 

582 035-044, 1:10,000 or, Jackson, 515-035-062 1:1000). 

 
583 

 

584 Surface Plasmon Resonance Assays 
 

585 Surface plasmon resonance (SPR) was used to measure the binding affinity of the nanobodies to 
 

586 TbBILBO1 purified protein, the benefits being it is measured in real-time and is label-free. All solu- 
 

587 tions and buffers used were filtered and degassed. The experiments were performed at 25°C using a 

 

588 Biacore
TM

 T200 instrument (GE Healthcare Life Sciences, Uppsala, Sweden) flowed with EP+ 
 

589 buffer (10mM HEPES, pH 7.4, 150mM NaCl, 3mM EDTA, 0.05% Tween-20) from the manufac- 
 

590 turer as running buffer. For TbBILBO1 expression, 6His::TbBILBO1 protein was overexpressed in 
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591 bacteria, soluble supernatant purified on Ni-NTA resin as describe in (13). Briefly, the cells were 
 

592 grown at 37°C in Luria–Bertani (LB) medium containing 50µg/mL kanamycin to OD600 0.6. The 
 

593 cells were cold-shocked on ice for 30 minutes and induced with of 1mM of IPTG for 2 hours at 
 

594 16°C. After centrifugation, the cell pellet was lysed by sonication in lysis buffer (2mM Tris–HCl pH 
 

595 7.4, 0.5M NaCl, 20mM imidazole, 10% glycerol, Protease Inhibitor Cocktail Set III Calbiochem, 
 

596 1:10,000) and centrifuged (10,000g, 30 minutes, 4°C) to remove cell debris. The supernatant was 
 

597 filtered at 0.45µm, and loaded onto a HisTrapTMFF column (GE Healthcare) pre-equilibrated with 
 

598 the same lysis buffer. The column was washed with 5 column volumes (CV) of lysis buffer and 
 

599 bound protein was eluted by 500mM imidazole with 10 CV in lysis buffer. TbBILBO1 fractions 
 

600 were pooled and dialyzed against PBS, 10% glycerol and concentration was measured using Ther- 
 

601 mo Scientific™ NanoDrop 2000. TbBILBO1, prepared at 50µg/mL in 10mM sodium acetate buffer, 
 

602 pH 7, was immobilized on a one flow cell of a CM5 sensor chip (GE-Healthcare, lot no 10266084) 
 

603 by amine coupling as indicated by the manufacturer and the protein solution was injected for 11 
 

604 minutes; 2973 resonance units (RU) of protein were immobilized. One flow cell was left blank for 
 

605 double-referencing of the sensorgrams. The nanobodies were dialyzed against the EP+ running 
 

606 buffer and were injected over the target by Single-Cycle Kinetics (SCK). This method consists of 
 

607 injecting the partner sequentially at increasing concentration without a regeneration step between 
 

608 each concentration injected. Protein concentrations were determined using a Thermofisher 

 

609 Nanodrop
TM

 One spectrophotometer (Ozyme) and were injected over the target by Single-Cycle 
 

610 Kinetics (SCK) (89, 90). The surface was regenerated after each SCK cycle with two 1 minute puls- 
 

611 es of 10mM glycine-HCl pH 2.1. The sensorgrams were analyzed with Biacore T200-v2.0 evalua- 
 

612 tion software using a Langmuir 1:1 model of interaction to determine the association (ka) and disso- 

 

613 ciations (kb) rate constants. A regeneration test was performed using 10mM glycine-HCl pH 2.1 

 

614 (GE healthcare), 10mM glycine HCl pH2.1, at 30μg/min for 30 seconds with TbBILBO1 alone to 
 

615 ensure no loss of signal. The dissociation equilibrium constant, KD, was calculated as kb/ka. The 
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616 values shown are the average and standard deviation of three independent experiments with samples 
 

617 injected in duplicate. 

 
618 618 

 

619 Trypanosome cell lines, culture and transfection 
 

620 Procyclic (PCF) cell line Tb427 29.13 Trypanosoma brucei brucei (86) was grown in SDM-79 me- 
 

621 dium (GE Healthcare, G3344-3005) pH7.4 supplemented with 2 mg/mL hemin (Sigma Aldrich, H- 
 

622 5533), 10% fetal bovine serum complement deactivated at 56°C for 30 minutes (FBS; Gibco, 

623 11573397;) and incubated at 27°C. Selection antibiotics hygromycin (25g/mL) and neomycin 

624 (10g/mL) were added to the media to maintain the plasmid vectors pLew29 and pLew13 (86).  For 

625     transfection, the pLew100_Nb_3cMyc plasmids were linearized with NotI, then concentrated and 

626       purified by ethanol precipitation. Laboratory cell lines PCF Tb427 29.13 were grown to 5-10x10
6
 

627 cells/mL, then 3x10
6
 cells were electro-transfected with 10μg of plasmid using the program X-001 

628 of the Nucleofector®II, AMAXA apparatus (Biosystems) as described in reference (88) with the 
 

629 transfection buffer described in (91). After transfection, clones were obtained by serial dilution and 

 
630 maintained in logarithmic phase growth at 2x10

6
 cells/mL . Selection antibiotics hygromycin 

 

631 (25μg/mL) and neomycin (10μg/mL) were added to the media to maintain the laboratory cell lines 
 

632 Tb427 29-13 (procyclic forms, PCF). Phleomycin (5μg/mL) was added to the media of transfected 
 

633 cells to select for those harboring the pLew100-3cMyc vector and the Nb gene. Expression of Nb in 
 

634 the parasites (intrabody) was induced with tetracycline at 0.1ng/mL - 1μg/mL tetracycline. Growth 
 

635 curves representing logarithmic number of cells were calculated by counting the number of cells 
 

636 every 24 hours using Mallassez counting chamber slides. Error bars represent SEM = standard error 
 

637 of the mean. 

 
638 638 

 

639 Mammalian cell line culture and transfection 
 

640 U-2 OS cells (human bone osteosarcoma epithelial cells, ATCC Number: HTB-96) (88) were grown 
 

641 in D-MEM Glutamax (Gibco) supplemented with final concentrations of 10% fetal calf serum 
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642 (Invitrogen), 100 units/mL of Penicillin (Invitrogen), and 0.100mg/L of Streptomycin (Invitrogen) 
 

643 at 37°C plus 5% CO2. Exponentially growing U-2 OS cells in 24 well plate with glass coverslips 
 

644 were lipotransfected as described in (89) with 0.5μg of DNA using lipofectamine 2000 in OPTI- 
 

645 MEM (Invitrogen) according to the manufacturer’s instructions and processed for immunofluores- 
 

646 cence 24 hours post-transfection. 

 
647 647 

 

648 Western blot analysis 
 

649 Trypanosomes were collected, centrifuged at 800 x g for 10 minutes, and washed in 1xPBS. For 
 

650 whole cell samples, the number of trypanosomes to be loaded per well were calculated, then re- 
 

651 suspended in protein sample buffer 2x, plus nuclease 250 IU/mL (Sigma Aldrich, Ref. E1014). The 
 

652 samples were boiled at 100°C for 5 minutes then stored at -20◦C until required. 15% SDS-PAGE 

 

653 gels were prepared and samples loaded at 5x10
6
 WT PCF trypanosome cells, or PCF expressing 

 

654 pLew100-Nb-3cMyc (induced with tetracycline 1μg/mL, 24 - 48 hours). For detection of Nb in bac- 

 

655 terial periplasmic extract, 2x10
8
 bacterial cells or equivalent volume of periplasmic extract, flow 

 

656 through or elution were loaded. Samples were separated according to manufacturer’s recommenda- 
 

657 tions then transferred in a semi-dry system (BIORAD Trans-Blot Semi-dry transfer cell 
 

658 221BR54560) onto PVDF membrane and incubated with blocking solution (BS: 5% skimmed milk 
 

659 powder, 0.2% Tween 20 in 1xTBS) for 60 minutes. For detection of intrabody, INb::3cMyc, expres- 
 

660 sion in trypanosomes, an anti-cMyc antibody (Sigma, rabbit, C-3956) was diluted in blocking solu- 
 

661 tion 1:1000 and incubated with the membranes overnight at 4°C. Membranes were washed in 
 

662 1xTBS and then in BS before probing with anti-rabbit antibody conjugated to Horse Radish Peroxi- 
 

663 dase (HRP) (1:10,000 in BS, Sigma, goat, A9169) for 60 minutes at RT. The following antibodies 
 

664 were also used as primaries: anti-TbBILBO1 aa1-110 (rabbit polyclonal, 1:1,000) (23); anti- 
 

665 TbEnolase (rabbit polyclonal, 1:25,000) (94), and anti-TAT1 (anti-Tubulin mouse monoclonal, 
 

666 1:1,000) (95) were used as loading controls. A secondary anti-mouse HRP antibody was also used, 
 

667 diluted 1:10,000 (Jackson, sheep, 515-035-062). Revelation was carried out using Image Quant 
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668 LAS 4000 (GE) or Chemidoc (Biorad). Purified Nbs were used as primary antibodies in western 
 

669 blot assays to detect the presence of TbBILBO1 in whole trypanosome cells. Whole cell extract of 

 

670 5x10
6
 WT PCF trypanosome cells, or PCF expressing TbBILBO1-3cMyc, full-length or truncations 

 

671 of TbBILBO1 (T1, T2, T3, T4, induced with tetracycline 1μg/mL, 24 hours), were loaded on 12 or 
 

672 15% SDS-PAGE. Western blots were carried out as described above and the purified Nb::3HA::6His 

 

673 was used at a concentration of 10ug/mL to probe the membranes. To detect purified nanobody, an 
 

674 anti-HA (1:1000, Biolegend, 901513) or anti-HIS (1:10,000, Sigma H1029) was used, followed by 
 

675 an anti-mouse HRP conjugated secondary (above). 

 
676 676 

 

677 Immunofluorescence assay (IFA) 
 

678 One mL of log-phase trypanosomes were collected, centrifuged for 5 minutes at 1000 x g, washed 
 

679 in 1x PBS, then 20μL was loaded onto poly-L-lysine 0.1% solution (P8920 Sigma-Aldrich) coated 
 

680 slides for 4 minutes to adhere. Whole cells were fixed in methanol at -20°C for at least 60 minutes. 
 

681 Cytoskeleton extraction was with 0.25% NP40 in PIPES buffer (100 mM PIPES pH 6.8, 1mM 
 

682 MgCl2) for 5 minutes, washed twice in PIPES buffer and cytoskeletons were fixed with 1% PFA or 
 

683 methanol. Fixed trypanosomes were incubated with single or combination antibodies: anti-cMyc 
 

684 (monoclonal antibody IgG1 9E10, 1:20) to detect expressed INb, anti-TbBILBO1 (amino acids 1– 
 

685 110, rabbit, 1517028 bleed 1 1:4000), anti-TbMORN1 (rabbit 1:5000), anti-TbPFR2 (rabbit 1:200), 
 

686 anti-TbBLD10 (rabbit 1:2000), for 60 minutes, washed twice in 1xPBS, then incubated with sec- 
 

687 ondary antibodies: anti-mouse IgG FITC-conjugated (Jackson, 115-095-164), and anti-rabbit Alexa 
 

688 fluor 594-conjugated (Invitrogen, A-11012). Kinetoplasts and nuclei were stained with 10μL DAPI 
 

689 (10μg/mL) in 1xPBS for 2 minutes and slides were mounted with Slowfade® Gold antifade reagent 
 

690 (Invitrogen, Molecular Probes). Images were acquired on a Zeiss Axioimager Z1 using MetaMorph 
 

691 software and a Roper CoolSNAP HQ2 camera. For Nbs used as probes in IFA of fixed trypano- 
 

692 somes, PCF Tb427 29.13 wild type (WT) and Tb427 29.13 pLew100-TbBILBO1-3cMyc were fixed 
 

693 (as above) incubated with Nb (0.25mg/mL) for 1 hour, followed by anti-HA (Biolegend, 901513, 
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694 mouse) diluted 1:200. For co-labelling with TbBILBO1, anti-TbBILBO1 (1-110) was used diluted 

695 1:4000 in 1xPBS. Secondary antibodies were used with 1:100 dilution: anti-mouse FITC- 

696 conjugated (Sigma, F2012), anti-rabbit Alexa fluor 594-conjugated (Invitrogen, A11012). For IFA 

697 on U-2 OS cells, cells were fixed and processed as described in (23, 25). The primary antibodies 

698 anti-TbBILBO1 (1-110), 1:4000 dilution; anti-TbBILBO1 (IgM) mouse monoclonal, 5F2B3, (14) 

699 1:2 dilution; anti-HA epitope tag (mouse monoclonal, Biolegend, 1:1000); anti-HA (rabbit, 

700 GeneTex GTX115044, 1:1000) were incubated for 1h in a dark moist chamber. After two 1 x PBS 

701 washes, cells were incubated for 1 hour respectively with the secondary antibodies goat anti-rabbit 

702 IgG (H+L) conjugated to Alexa fluor 594 (Molecular Probes A-11012, 1:400); goat anti-mouse IgM 

703 conjugated to Alexa fluor 594 (Invitrogen, 1:400); goat anti-mouse whole molecule conjugated to 

704 FITC (Sigma F-2012, 1:400); goat anti-rabbit IgG (H+L) conjugated to Alexa fluor 594 (Molecular 

 

705 Probes A-11012, 1:400). Purified Nb48::HA::6His raised against TbBILBO1 was used as a probe (10 

706 μg/mL) and incubated for 1h in a dark moist chamber. After two PBS washes, cells were incubated 

707 for 1 hour with the secondary antibody directed against the HA tag, anti-HA epitope tag (Biolegend, 

708 1:1000) then washed twice in PBS and incubated 1 hour with the tertiary antibody goat anti-mouse 

709 whole molecule conjugated to FITC (Sigma, 1:400). The intrabody anti-GFP nanobody 3 x HA- 

 

710 tagged (INbGFP::3HA) was probed with anti-HA mouse IgG Biolegend, diluted 1:1000 in PBS FCS 

711 10%, saponin 0.1% and probed with anti-mouse goat whole molecule FITC, Sigma, diluted 1:100 in 

712 PBS FCS 10%, saponin 0.1%. The nuclei were stained with DAPI (0.25 μg/mL in PBS for 5 

713 minutes). Slides were washed and mounted with Prolong (Molecular Probes S-36930). Images were 

714 acquired on a Zeiss Imager Z1 microscope with Zeiss 63x objective (NA 1.4), using a Photometrics 

715 Coolsnap HQ2 camera and Metamorph software (Molecular Devices), and processed with ImageJ 

716 (NIH). 

717 
 

718 Flagella preparation for IFA 
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719 Ten mL of mid-log PCF cells were collected and washed once in 1xPBS for 5 minutes at 1000 x g 
 

720 at RT. Cells were extracted with 1mL 1% NP40 in 100mM PIPES pH6.9, 1mM MgCl2 for 7 
 

721 minutes at RT to make cytoskeletons. Cytoskeletons were centrifuged for 10 minutes at 5,000 x g at 
 

722 4◦C and further extracted for 15-30 minutes on ice with 1% NP40 in 100mM PIPES buffer + 2mM 
 

723 MgCl2, containing 1M KCl. Flagella were centrifuged for 5 minutes at 5,000 x g at 4◦C, the super- 
 

724 natant was removed and flagella were resuspended in 500μL PIPES buffer. Flagella were washed 
 

725 twice in 100mM PIPES buffer + 1mM MgCl2 for 5 minutes 5000 x g at 4◦C before being deposed 
 

726 on poly-lysine coated slides and left to adhere for 5–10 minutes. The flagella were fixed at -20◦C in 
 

727 MeOH or in 3% PFA as described above. 

 
728 728 

 

729 Transmission Electron microscopy 
 

730 Ten mL of mid-log phase procyclic, Tb427 29.13 wild type (WT) cells, pLew100-Nb48-3cMyc, 
 

731 (induced for 24h) were fixed, dehydrated and embedded, cut and stained as in (13) with the excep- 
 

732 tion that tannic acid was omitted and cells were initially fixed in their culture medium by the addi- 
 

733 tion of glutaraldehyde to a final concentration of 2.5% and paraformaldehyde at 3.7% for two hours 
 

734 then pelleted at 1,000 x g and fixed for 2 hours in 2.5% glutaraldehyde in phosphate buffer pH 7.4. 

 
735 735 

 

736 Immuno-electron microscopy 

 

737 Ten mL of mid-log phase ~ 5 x 10
6
/mL pLew100-Nb48-3cMyc cells were induced with 1μg/mL 

 

738 tetracycline for 24 hours. Five mL of induced cells were harvested at 1,000 x g, for 5 minutes, 
 

739 washed twice with PBS by centrifugation (1,000 x g) resuspended in 500µL of PBS. Freshly glow- 
 

740 discharged, formvar and carbon-coated G2000-ni nickel grids (EMS) were floated on the droplets 
 

741 and the cells allowed to adhere for 15 minutes. Grids were then moved onto a drop of 1% NP-40 in 
 

742 PEME buffer (100 mM PIPES pH 6.8, 1 mM MgCl2, 0.1mM EGTA) (5 min, RT), followed by in- 
 

743 cubation on a 500µL drop of 1% NP-40, 1M KCl in PEME buffer for 15 minutes (3 x 5 minutes, 

 

744 4
0
C). Flagella were washed twice (2 x 5 minutes) in PEME buffer at RT, equilibrated and blocked 
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745 on 50μL drops of 2% fish skin gelatin (Sigma-Aldrich G7041) or 0.5% BSA, 0.1%tween 20 in PBS, 
 

746 incubated in 25μL of primary antibody diluted in blocking buffer (each primary antibody was used 
 

747 either alone, or mixed with a second primary antibody), 1 hour at room temperature (RT). Anti- 
 

748 cMyc IgG mouse monoclonal antibody, (9E10, purified, a kind gift from Pr. Klaus Ersfeld), was 
 

749 diluted 1:10 or protein G purified/concentrated supernatant (diluted 1:50). Anti-TbBILBO1 (1-110) 
 

750 was diluted 1:200 or 1:400. Grids were blocked and incubated in secondary antibody for 1 hour at 
 

751 RT (anti-mouse goat GMTA 5nm gold, and/or anti-rabbit goat 15nm gold GAR15, BBInternation- 
 

752 al) 1:10 in 0.2% fish skin gelatin in PBS. Grids were blocked, and fixed in 2.5% glutaraldehyde in 
 

753 0.2% fish skin gelatin in PBS. Samples were negatively stained with 1% aurothioglucose (Sigma- 
 

754 Aldrich) (10μL for 30 seconds). Micrographs were taken on a Phillips Technai 12 transmission 
 

755 electron microscope at 100 kV. 

 
756 756 
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1056 Figure legends 

1057 
 

 

1058 Fig 1. Nanobodies as TbBILBO1 immunofluorescence detection tools 

 
1059 (A) IFA testing of purified Nb48::HA::6His (green) on wild-type (WT) T. brucei cytoskeletons show- 

1060 ing co-localization with TbBILBO1 (probed with anti-TbBILBO1 aa1-110 rabbit; red). The arrow 

1061 indicates the FPC and the asterisk indicates co-labelling on the MTQ; both of these structures are 

 

1062 co-labelled. (B) Purified Nb9::HA::6His does not label endogenous TbBILBO1 in WT cytoskeletons. 

 

1063 (C) Nb9::HA::6His on T. brucei over-expressing TbBILBO1 (++) shows co-localization with 

 

1064 TbBILBO1. (D) Purified Nb73::HA::6His on WT cytoskeletons does not label TbBILBO1. Scale bar 

1065 = 5μm, inset = 1μm. For the sake of convenience, the proteins being probed in all figures are named 

1066 as anti-Nb, plus the relevant nanobody name rather than its tag. 
 

1067 

 

1068 Fig 2. Anti-TbBILBO1 nanobodies Nb48::HA::6His and Nb9::HA::6His bind to TbBILBO1 in 

 

1069 vitro 
 

1070 (A) and (B) show WT, PCF cytoskeletons probed with Nb48::HA::6His followed by anti-HA, then 

 
1071 FITC conjugated anti-mouse. (A) is a parasite cell in the 1K1N stage of the cell cycle. (B) is a cell 

1072 in the 2K1N stage. Both cell stages show Nb48::HA::6His labelling on the FPC (black arrow) and MtQ 

1073 (white asterisk). The MtQ signal was not always apparent on every cell imaged, which could be due 

1074 to modulations between cell cycle stages. (C) WT, T. brucei cytoskeleton probed with anti- 

1075 TbBILBO1 (1-110) followed by anti-rabbit Alexa fluor 594. (D) WT cytoskeleton probed with anti- 

1076 TbBILBO1 and Nb48::HA::6His showing complete co-localization. (E) Western blot analysis of whole 

1077 cell extracts of T. brucei PCF cells expressing TbBILBO1 full-length (FL) and TbBILBO1 trunca- 

1078 tions, probed with Nb48::HA::6His. Non-induced (NI) and induced (I) trypanosomes expressing 

1079 TbBILBO1::3cMyc FL protein, aa 171-587 (T3), and aa 251-587 (T4) were positive when probed with 

1080 purified Nb48::HA::6His. (F) Western blot analysis of whole cell extracts of T. brucei PCF cells ex- 
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1081 

 
1082 

 
1083 

pressing TbBILBO1 full-length (FL) and TbBILBO1 truncations probed with Nb9::HA::6His. Non- 

induced (NI) and induced (I) trypanosomes expressing TbBILBO1::3cMyc FL protein, aa 171-587 

(T3), and aa 251-587 (T4) were positive when probed with purified Nb9::HA::6His. Note: all proteins 

1084 are running slightly faster than predicted size; FL should run at 70kDa, T3 should run at 49kDa and 
 

1085 T4 at 40kDa. The black asterisk indicates labeling of endogenous TbBILBO1 seen across all sam- 
 

1086 ples. (G) A schematic diagram of cMyc tagged TbBILBO1 full-length (FL) and truncations. Note 
 

1087 

 
1088 

 
1089 

that T1 and T2 are soluble. Nb9::HA::6His and Nb48::HA::6His bind to a region within aa 251 and 587 of 

TbBILBO1. (H) Kinetic analysis by surface plasmon resonance (SPR) of Nb9::HA::6His and (I) 

Nb48::HA::6His, binding to 6His::TbBILBO1. The results of Nb9::HA::6His and Nb48::HA::6His binding are 

1090 shown on the sensorgrams respectively, and are represented by the red curves. The black lines rep- 
 

1091 resent the theoretical fit of each Nb as obtained from the Biaevaluation software to a kinetic titration 
 

1092 

 
1093 

 
1094 

 
1095 

data set of three concentrations of the nanobodies in vitro. Nb9::HA::6His displays a good affinity for 

6His::TbBILBO1 with a KD of 15.2 ± 0.7 nM, however, Nb48::HA::6His displays the highest affinity for 

6His::TbBILBO1 with a KD of 8.8 ± 0.7 nM. Scale bar = 5μm, inset = 1μm. 

 

1096 Fig 3. INb48::3cMyc binds to TbBILBO1 in vivo 

 

1097 (A) IFA co-localization of INb48::3cMyc with TbBILBO1 on isolated T. brucei PCF flagella. Scale 
 

1098 bar = 5μm, inset = 1μm. (B) Immuno-electron micrographs of a purified flagellum from a trypano- 
 

1099 some expressing INb48::3cMyc3                 for 24hpi showing clear co-localization of INb48::3cMyc  (5nm gold 
 

1100 beads = white arrow) with TbBILBO1 (15nm gold beads = black arrow). Both 5nm and 15nm sized 
 

1101 gold beads are also clearly visible on the MtQ. BB = Basal Body, PBB = Pro-Basal body, FPC = 
 

1102 Flagellar Pocket Collar, MtQ = Microtubule Quartet, A= axoneme. Scale bar = 500nm, inset = 250 
 

1103 

 
1104 

nm. 

 

1105 Fig 4. INb48::3cMyc expression is trypanocidal 
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1106 (A) Growth curves of trypanosome cells expressing INb48::3cMyc. Tetracycline dose dependent ef- 

 

1107 fect on trypanosome growth and cytotoxicity for INb48::3cMyc expression in PCF T. brucei. (B) 

 

1108 INb48::3cMyc (group 1) expressed in PCF induces rapid decline in population growth followed by 
 
 

1109 cell death, (C) INb9::3cMyc (group 2) expressed in PCF induces cell growth arrest and cell death, 

 

1110 and (D) INb73::3cMyc (group 3) expressed in PCF has no effect on population growth. (E) Western 

 

1111 blot of INb48::3cMyc, INb9::3cMyc and INb73::3cMyc expression in PCF showing expression only in 

 

1112 induced cells. Rapid degradation of protein due to cell death at 48hpi is observed for INb48::3cMyc 

 

1113 and INb9::3cMyc. Time post induction is in hours. 

1114 
 

 

1115 Fig 5. INb48::3cMyc expression in vivo induces phenotypes resembling TbBILBO1 RNAi 

1116 knockdown 

1117 (A) IFA of non-induced (NI) PCF T. brucei cells probed with anti-cMyc as a probe for INb48::3cMyc 

 

1118 (green) and anti-TbBILBO1 (red), indicating the absence of INb48::3cMyc labelling in non-induced 

 

1119 cells. (B) An INb48::3cMyc induced (Ind) T. brucei cell at 24hpi showing co-localisation of 

 

1120 INb48::3cMyc (green) with a disorganized signal for TbBILBO1 (linear polymer formation instead of 

1121 the typical annular shape) and a posteriorly localised, detached new flagellum (labelled as NF). As- 

 

1122 terisk (*) denote the presence of co-localisation of INb48::3cMyc and anti-TbBILBO1, which is ob- 

1123 served on the old flagellum (labelled as OF) and at the base of the new detached flagellum (labelled 

1124 as NF). (C) Non-induced (NI) trypanosome showing correct location of TbMORN1 labelling (red) 

1125 at the base of the flagellum (labelled as F), with the classic hook and shank composition; there is no 

 

1126 anti-cMyc signal in this NI cell. (D) At 24hpi (Ind), INb48::3cMyc labelling (green) is seen in the 

1127 location of the FPC with linear labeling extending a short way along the axoneme; TbMORN1 la- 

1128 belling has changed from the classic hook shape and is seen as an extended linear form extending 
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1129 distally from the FPC region along the direction of the old flagellum (OF). (E) Non-induced (NI) 

1130 trypanosome showing typical labelling of TbPFR2 (red) along the flagellum. (F) 24hpi Ind 

 

1131 INb48::3cMyc (green) showing a trypanosome cell with both the old (OF) and new flagella (NF) la- 

 

1132 belled with TbPFR2. INb48::3cMyc labelling is observed only at the old FPC extending along ante- 

1133 riorly in this cell. (G) A non-induced (NI) trypanosome cell probed with anti-TbBLD10 (red), label- 

1134 ling both the mature and pro-basal bodies (BB) at the base of the flagellum. (H) At 24hpi (+Tet) of 

 

1135 INb48::3cMyc (green), a detached new flagellum (NF) is seen at the tip of at an extended posterior 

1136 end; anti-TbBLD10 labelling is seen associated with both the new and old flagella (red); 

 

1137 INb48::3cMyc labelling is seen mainly in the region of the FPC of the old flagellum (green). Scale 

1138 bar = 5μm. 

1139 
 

 

1140 Fig 6. INb48::3cMyc expression disrupts FPC and HC formation 

1141 (A) Transmission electron micrograph (TEM) of a thin section of a WT PCF T. brucei cell showing 

1142 the typical flagellar pocket (FP) (*), the base of the flagellar pocket (white arrows), flagellar ax- 

1143 oneme (A), and exit site of the axoneme from the FP membrane; the transition zone is indicated by 

1144 a black arrow within the FP. (B) Illustrates a detached flagellum from a thin section of PCF cells 

 

1145 expressing INb48::3cMyc 24hpi (+Tet). The FP has not been formed and microtubules are present 

1146 where the FP membrane should be located (black arrowheads). The transition zone of the axoneme 

 

1147 is outside the cell body (black arrow). (C) TEM of a thin section of a cell expressing INb48::3cMyc 

1148 for 24hpi (+Tet), showing accumulation of intracellular vesicles. M = Mitochondrion, V = vesicles, 

1149 F = flagellum. Scale bar = 1µm. (D) Immuno-electron micrograph (iEM) of isolated flagella of PCF 

 

1150 T. brucei after 24hpi (+Tet) of INb48::3cMyc expression. INb48::3cMyc is observed (5nm gold beads 

1151 = black arrowheads) co-localizing with anti-TbBILBO1 (15nm gold beads = black arrows) on the 

1152 MtQ between the BB and the expected location of the FPC; note that the FPC is absent. (E) IEM of 
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1153 isolated flagella of PCF T. brucei after 24hpi (+Tet) of INb48::3cMyc   expression showing 

 

1154 INb48::3cMyc (5nm gold beads = black arrowheads) on the MtQ and an abnormal elongated label- 
 

1155 ling of TbMORN1 (15nm gold beads = black arrows). Note that in trypanosome cells expressing 
 

1156 INb48::3cMyc, the new FPC is absent and the Hook Complex that is normally represented by 
 

1157 TbMORN1 has lost its hook-shape. BB = Basal Body, PBB = Pro-Basal body, MtQ = Microtubule 
 

1158 Quartet, A= axoneme, PMtQ = Presumed Pro-basal body MtQ. Scale bar = 500nm, inset scale bar = 
 

1159 

 
1160 

100nm. 

 

1161 Fig 7. Expression of INb48::3cMyc disrupts the cell cycle in T. brucei 

 

1162 (A) INb48::3cMyc expression disrupts cytokinesis in T. brucei. Bar graph to show the percentage of 
 

1163 trypanosomes counted at each stage of the cell cycle for non-induced (-Tet, blue bars), 12 hpi (+Tet 
 

1164 12h, orange bars) and 24 hpi (+Tet 24h, red bars) for INb48::3cMyc expression. Note that at 24hpi 

 

1165 approximately 35% of cells have detached flagella. INb48::3cMyc expression leads to a decrease in 
 

1166 1K1N and an increase in 2K1N, 2K2N, abnormal 1K2N and XKXN phenotypes. N=300 trypano- 
 

1167 somes per time point and each time point has been completed in triplicate. (B) Distribution of 2K2N 
 

1168 cells after INb48::3cMyc  expression in T. brucei showing strong similarities to TbBILBO1 RNAi 
 

1169 knockdown. The 2K2N cells were subdivided into 5 categories according to the visual appearance 
 

1170 of the cell i.e., possessing a detached flagellum, an extended posterior end, abnormal positioning of 
 

1171 

 
1172 

the kinetoplast and nucleus. **** p < 0.0001. 

 

1173 Fig 8. Nb48 and INb48::3HA bind to TbBILBO1 in a heterologous system and INb48::3HA inter- 
 

1174 feres with TbBILBO1 polymer formation 
 

1175 (A) Illustrates a non-transfected U-2 OS cell extracted with Triton X-100, probed with anti- 
 

1176 TbBILBO1 (1-110 rabbit) and purified Nb48::HA::6His and revealed independently by anti-HA 
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1177 (mouse) and their respective secondary fluorophores: anti-rabbit, Alexa fluor 594 and anti-mouse, 

1178 FITC-conjugated. No labelling is observed. (B) Illustrates a U-2 OS cell that is expressing FL 

1179 TbBILBO1 and probed as above. TbBILBO1 forms polymers and Nb48::HA::6His labels these poly- 

1180 mers. (C) Illustrates a U-2 OS cell expressing mutated EF-hand domain 2 (Mut2EF-TbBILBO1) 

1181 and probed as above. The typical spiral polymers of this mutant are formed and are co-labelled with 

1182 rabbit 1-110 and Nb48::HA::6His. (D and E) Illustrate TbBILBO1 truncations T1 (aa 1-170) and T2 (aa 

1183 1-250) which are both cytoplasmic and thus eliminated during detergent extraction and thus not 

1184 labelled (F and G) Illustrate the typical signals observed when TbBILBO1 truncations T3 (171-587 

1185 aa) and T4 (251-587 aa) are expressed in U-2 OS; the resulting polymers formed are both positive 

1186 for TbBILBO1 (in this case anti-TbBILBO1 mouse monoclonal, IgM) and Nb48::HA::6His (anti-HA 

1187 rabbit, IgG). The IgM was used here because it binds to the C-terminus whereas anti-TbBIL1BO (1- 

1188 110) binds to the N-terminus of TbBILBO1. (H - P) In all experiments INb48, TbBILBO1, 

1189 TbBILBO1 mutations and truncations were expressed in U-2 OS cells for 24h then processed for 

1190 IFA. IFA of non-extracted U-2 OS cell expressing INb48::3HA only, and probed with anti-TbBILBO1 

1191 and anti-HA to detect the intrabody. This cell shows that INb48::3HA is cytoplasmic. (I) Illustration 

1192 of a cell expressing INb48::3HA only and probed with anti-TbBILBO1 and anti-HA after detergent 

1193 extraction, showing that INb48::3HA has been removed after extraction. (J) Illustration of a non- 

1194 extracted cell expressing INb48::3HA and FL-TbBILBO1 simultaneously, and probed as in (H and I). 

1195 It illustrates that INb48::3HA binds to the TbBILBO1 polymers. However, these polymers are differ- 

1196 ent to WT polymers shown in (B), suggesting that INb48::3HA affects normal TbBILBO1 polymer 

1197 formation. (K) Illustrates a cell treated as in (J) but detergent extracted, demonstrating that 

1198 INb48::3HA is not removed upon detergent extraction. (L) The cell in this image is simultaneously 

1199 expressing an EF-hand domain 2 mutated form of TbBILBO1 (Mut2-EFh) and INb48::3HA. The typ- 

1200 ical helical spirals formed by the Mut2-EFhand protein are not formed when bound by INb48::3HA, 

1201 suggesting again that INb48::3HA binding affects polymer formation. TbBILBO1 proteins and 

1202 INb48::3HA were expressed in U-2 OS cells for 24h; in this case INb48::3HA, was co-expressed T1-T4 
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1203 truncations. Cells were then processed for IFA using either the anti-TbBILBO1 (1-110) rabbit poly- 

1204 clonal, raised to and binding only, the N-terminus of TbBILBO1, for detecting T1 and T2, or an in- 

1205 house made anti-TbBILBO1 IgM mouse monoclonal, which recognizes the C’ terminus of 

1206 TbBILBO1; anti-HA was used to detect INb48::3HA followed by their respective secondary antibod- 

1207 ies. (M) Illustrates an IFA image of a U-2 OS cell simultaneously expressing INb48::3HA and 

1208 TbBILBO1 T1. These images illustrate that INb48::3HA and T1 are both cytoplasmic and therefore 

1209 give an overlapping signal. (N) Illustrates an IFA image of a U-2 OS cell simultaneously expressing 

1210 INb48::3HA and TbBILBO1 T2. Similar to (M) both of these proteins are cytoplasmic and give an 

1211 overlapping signal. (O) This is a IFA image of a U-2 OS cell simultaneously expressing INb48::3HA 

1212 and TbBILBO1 T3.  The typical linear  filaments formed by T3 are modified when bound  by 

1213 INb48::3HA, suggesting the intrabody binding inhibits the typical polymer formation. (P) Illustrates 

1214 detergent extracted IFA images of U-2 OS cells simultaneously expressing INb48::3HA and 

1215 TbBILBO1 T4. The spindle shaped polymers, as observed in Figure 8G, are observed to a lesser 

1216 extent but numerous smaller polymers are present in the cytoplasm. These are never present in cells 

1217 expressing T4 alone, suggesting that the binding of INb48 to T4 modifies the polymer forming ca- 

1218 pacity of this truncation. Scale bar = 5μm. 

1219 
 

1220 Supporting Information 

1221 Sup Fig 1. Production and purification of Nb48, 9 and 73 

 

1222 (A) Coomassie blue stained gel of Nb48 expression before (NI) and after IPTG induction (I) and 

1223 purification samples. Nb48 was obtained from elutions E2-E5. (FT = flow through, W = wash and 

1224 E1-E5 = elution 1 to elution 5) in bacteria. (B) Coomassie blue stained gel of Nb9 expression in 

1225 bacteria before (NI) and after IPTG induction (I) and purification. Nb9 was obtained from elutions 

1226 E1-E5 and peaking at E3. (PE = periplasmic extract, FT = flow through and E1-E5 = elution 1 to 

1227 elution 5). (C) Coomassie blue stained gel of Nb73 expression in bacteria before (NI) and after 
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1228 IPTG induction (I) and purification. Nb73 was obtained from elutions E2-E3. (FT = flow through, 

1229 W = wash and E1-E5 = elution 1 to elution 5). 

 

1230 
 

1231 Sup Fig. 2. Anti-TbBILBO1 nanobodies: Western blotting, purification and use in IFA 

 
1232 (A) Bacterial expressed nanobody (Nb::HA::6His) samples probed on a WB with anti-HA. Samples of 

1233 non-induced (NI), induced (I) bacterial cultures, pellet (P) and periplasmic extract (Ex). (B) Purifi- 

1234 cation of Nb48::HA::6His : flow through (FT), wash (W) and elutions (lanes 1-6), all lanes were probed 

1235 by WB using anti-His. (C) IFA controls for (Figure 2A-D and Figure 1). First panel is a WT T. 

1236 brucei, procyclic, cytoskeleton probed with anti-rabbit Alexa fluor 594 followed by anti-mouse 

1237 FITC but no primary antibodies, demonstrating that there is no cross-reaction between these sec- 

1238 ondary antibodies or on the cytoskeleton. The second panel is a negative control of WT cytoskele- 

1239 ton probed with anti-mouse FITC but no primary antibody, which demonstrates that there is no 

1240 cross-reaction between this secondary antibody and the cytoskeleton. The third panel is a negative 

1241 control of a WT cytoskeleton probed with anti-HA rabbit followed by anti-mouse FITC, which 

1242 

 
1243 

demonstrates that there is no cross-reaction between these antibodies on the cytoskeleton. (D) In 

 

non-induced INb48::3cMyc cells (first panel), anti-cMyc reveals no labeling. After INb48::3cMyc ex- 

 
1244 

 

pression is induced for 3 hours (+3h; second panel) labelling is visible at the FPC (green) co- 

1245 localizing with TbBILBO1 (red) at the FPC and along the MtQ (*). The two other panels show lo- 

1246 calization of INb48::3cMyc (green) with TbMORN1 (red) and TbBLD10 (a basal body marker; red) 

1247 respectively. (E) After 6 hours of INb9::3cMyc induction INb9 labelling is visible at the FPC 

1248 (green) and co-localizes with TbBILBO1 (red) at the FPC. Scale bar = 5μm, inset = 1μm. 

 

1249 
 

1250 Sup Fig 3. Expression of control anti-GFP nanobody and 48h expression of INb48 

1251 (A) Growth curve of T. brucei PCF cells expressing INbGFP::3cMyc, show that expression of anti- 

1252 GFP intrabody does not induce a cell growth phenotype. (B) Western blot of expression of IN- 

1253 bGFP::3cMyc in T. brucei showing expression at 24 and 48hpi. TbEnolase, is a cytoplasmic protein, 
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1254 that has been used as a loading control. (C) IFA of non-induced PCF T. brucei cells probed with 

1255 anti-TbBILBO1 (red) and anti-cMyc to label INbGFP::3cMyc (green - weak background signal) (non- 

1256 induced NI; top panel). A trypanosome induced for 24h (+Tet) demonstrating cytoplasmic localisa- 

1257 tion of INbGFP::3cMyc (green) and the normal FPC localisation of TbBILBO1 (red) (Bottom panel). 

1258 Scale bar = 5μm, in the insets the scale bar = 1μm. (D) IFA of a T. brucei PCF cell expressing 

1259 INb48::3cMyc for 48h and probed with anti-cMyc (green) and anti-BILBO1 (red). Multiple detached 

1260 flagella are observed in a single cell, with TbBILBO1 labelling at two disrupted FPs. (E) As in D, 

1261 but showing two very distorted FPC that consist of long polymers rather than the distinctive annular 

1262 structure. For the sake of convenience, the protein being probed is named as anti-Nb, plus the rele- 

1263 vant nanobody name rather than its tag. Scale bar = 5μm, inset = 1μm. 

1264 
 

 

1265 Sup Fig 4. IFA antibody controls for expression of INb48::3HA and/or TbBILBO1 in U-2 OS 

1266 cells Controls for Figure 8. (A) Images of a U-2 OS wild-type (WT) whole cell that has not been 

 

1267 transfected with INb48::3HA or TbBILBO1 and is probed with secondary antibodies only. No signal 

 

1268 is observed. (B) Images of a U-2 OS whole cell that has been transfected with INb48::3HA and 

1269 TbBILBO1 and probed as in (A); no signal is observed. (C) Images of a U-2 OS whole cell that has 

1270 been transfected with TbBILBO1 full-length and probed as in (A); no signal is observed. (D) Imag- 

 

1271 es of a U-2 OS whole cell that has been transfected with INb48::3HA and probed as in (A); no signal 

1272 is observed. Scale bars = 5μm. 

1273 
 

1274 Sup Fig 5. Controls of intra-nanobody anti-GFP (INbGFP::3HA) and/or TbBILBO1 expressed 

1275 in U-2 OS cells 

1276 (A) Images of antibody controls of intrabody anti-GFP (INbGFP::3HA) and TbBILBO1 expressed in 

1277 U-2 OS cells and probed with anti-HA, plus anti-TbBILBO1 (1-110) followed by their respective 

1278 secondary antibodies anti-rabbit Alexa 594 and anti-mouse FITC. Both TbBILBO1 polymers and 
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1279 the cytoplasmic nanobody (INbGFP::3HA ; green) are observed, but the GFP intrabody does not bind 

1280 to TbBILBO1 positive polymers (red). (B) Images of a cell treated and probed as in (A) but deter- 

1281 gent extracted, illustrating that the anti-GFP intrabody is cytoplasmic and soluble and is removed by 

1282 detergent extraction, but not the TbBILBO1 polymers (red). (C) Images of a U-2 OS cell only ex- 

 

1283 pressing the INbGFP::3HA but probed as in (A) and illustrating a green cytoplasmic labelling of the 

1284 intrabody only, which does not form polymers. (D and E) Images of antibody controls of IN- 

 

1285 bGFP::3HA and TbBILBO1 expressed in U-2 OS cells and probed with secondary antibodies only: 

1286 Alexa 594 and anti-mouse FITC. (D) is a whole cell whilst (E) is detergent extracted. No signal is 

1287 observed in either cell. Scale bar = 5μm. 

1288 
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