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18 Abstract

19 Acanthamoeba castellanii, cause of keratitis and blindness, is an emerging pathogen 

20 because of its association with contact lens use. The cyst wall contributes to pathogenesis as 

21 cysts are resistant to sterilizing reagents in lens solutions and to antibiotics applied to the eye.  

22 Here we used structured illumination microscopy (SIM) and probes for glycopolymers to show 

23 that purified cyst walls of A. castellanii retain endocyst and ectocyst layers and conical 

24 structures (ostioles) that connect them. Mass spectrometry showed candidate cyst wall 

25 proteins (CWPs) are dominated by three families of lectins (named here Luke, Leo, and 

26 Jonah), because each binds to microcrystalline cellulose +/- chitin. Luke lectins contain two or 

27 three carbohydrate-binding modules (CBM49), which were first identified in a tomato cellulase. 

28 Leo lectins have two unique domains with eight Cys residues each (8-Cys) +/- a Thr-, Lys-, 

29 and His-rich spacer. Jonah lectins contain one or three choice-of-anchor A (CAA) domains 

30 previously of unknown function. Representative members of each family were tagged with 

31 green fluorescent protein (GFP) and expressed under their own promoters in transfected 

32 parasites. A representative Jonah lectin with one CAA domain is made early during 

33 encystation and localizes to the ectocyst layer. In contrast, Leo and Luke lectins are made later 

34 and localize to the endocyst layer and ostioles. Probes for CWPs (anti-GFP antibodies) and for 

35 glycopolymers (maltose-binding protein-fusions with CWPs) suggest Jonah lectin and the 

36 glycopolymers to which it binds are accessible in the ectocyst layer, while Luke and Leo lectins 

37 and their epitopes are mostly inaccessible in the ectocyst layer and ostioles. In summary, the 

38 most abundant A. castellanii CWPs are three sets of lectins, which have conserved (CBM49s 

39 of Luke), newly characterized (CAA of Jonah), or unique carbohydrate-binding modules (8-Cys 

40 of Jonah). 
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41 Author summary 

42 Fifty years ago, the cyst wall of Acanthamoeba castellanii was shown to contain 

43 cellulose and have an ectocyst layer, an endocyst layer, and conical ostioles that attach them. 

44 The goals here were to identify abundant cyst wall proteins (CWPs) and begin to determine 

45 how the wall is assembled. We used wheat germ agglutinin to show cyst walls also contain 

46 chitin fibrils. When trophozoites are starved of nutrients, they become immotile and make 

47 CWPs and glycopolymers in dozens of small vesicles. The primordial cyst wall is composed of 

48 a single, thin layer containing cellulose, chitin, and an abundant CWP we called Jonah. The 

49 primordial wall also has small, flat ostioles that contain another abundant CWP we called Luke. 

50 Jonah (the best candidate for diagnostic antibodies) is accessible in the ectocyst layer of 

51 mature cyst walls, while Luke and a third abundant CWP we termed Leo are present but 

52 mostly inaccessible in the endocyst layer and ostioles. While A. castellanii cyst walls contain 

53 cellulose (like plants) and chitin (like fungi), the glycopolymers are made in vesicles rather than 

54 at the plasma membrane, and the CWPs (Luke, Leo, and Jonah lectins) are unique to the 

55 protist.

56
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57 Introduction

58 Acanthamoebae, which include the genome project A. castellanii Neff strain studied 

59 here, are soil protists named for acanthopods (spikes) on the surface of trophozoites [1]. In 

60 immunocompetent persons, Acanthamoebae is a rare but important cause of corneal 

61 inflammation (keratitis), which is difficult to treat and so may lead to scarring and blindness [2-

62 5]. In immunosuppressed patients, Acanthamoebae may cause granulomatous encephalitis 

63 [6]. Acanthamoeba is considered to be an emerging pathogen, because 80 to 90% of 

64 infections are associated with growing contact lens use and is often transmitted via dirty hands 

65 or contaminated lens solutions [7-9]. Water for hand washing is often scarce in places where 

66 Acanthamoeba is endemic. However, we recently showed that alcohols in concentrations 

67 present in hand sanitizers kill A. castellanii trophozoites and cysts, providing a possible route 

68 to reducing infection [10-12]. 

69 Acanthamoebae host numerous pathogenic bacteria and so may contribute to 

70 pneumonia (Legionella pneumophilia), diarrhea (Vibrio cholera and Campylobacter jejuni), or 

71 disseminated disease (Listeria monocytogenes) [13-15]. Acanthamoebae also contain 

72 enormous double-stranded DNA viruses, which can cause respiratory infections [16, 17]. For 

73 30+ years, Acanthamoeba was used as a model system to identify and characterize the role of 

74 actin and actin-associated proteins in the cytoskeleton, during phagocytosis, and in cell motility 

75 [18, 19]. Finally, the A. castellanii genome contains >500 genes derived from bacteria by 

76 horizontal gene transfer (HGT), which is the greatest number of any human pathogen [1].

77 When A. castellanii trophozoites are deprived of nutrients in solution or on agar plates, 

78 they form cysts [20-22]. Transmission electron microscopy (TEM) shows cyst walls have two 
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79 fibril-dense layers (outer ectocyst and an inner endocyst), which are separated by a relatively 

80 fibril-free middle layer [23-25]. The endocyst and ectocyst layers are connected to each other 

81 by ostioles, which are conical and fibrillar. There is no cell division during encystation and 

82 excystation, so a single trophozoite passes through an individual ostiole when it exits the cyst 

83 [26]. The cyst wall of A. castellanii protects free-living parasites from osmotic shock when 

84 exposed to fresh water, from drying when exposed to air, or from starvation when deprived of 

85 bacteria or other food sources. Furthermore, the cyst wall also acts as a barrier, sheltering 

86 parasites from killing by disinfectants used to clean surfaces, sterilizing agents in contact lens 

87 solutions, or antibiotics applied directly to the eye [4, 5, 27-30]. 

88 We are interested in the cyst wall proteins (CWPs) of A. castellanii for four reasons. 1) 

89 Although monoclonal antibodies to A. castellanii have been made, the vast majority react to 

90 trophozoites, and no CWPs have been molecularly identified [31-35]. Indeed the only cyst-

91 specific protein identified, which was named for its 21-kDa predicted size (CSP21), is unlikely 

92 to be a CWP, as it lacks a signal peptide [36, 37]. 2) A. castellanii and related species are the 

93 only human pathogens that contain cellulose in their wall [38-40]. Whole genome sequences 

94 predict that there is a set of proteins with tandemly repeated carbohydrate-binding modules 

95 (CBM49) that was previously shown to be a cellulose-binding domain at the C-terminus of the 

96 tomato cellulase SlCel9C1 [41-43]. It is possible then that the A. castellanii CBM49 domain 

97 proteins are lectins that bind cellulose fibrils in the cyst wall [44]. 3) The whole genome of A. 

98 castellanii predicts a chitin synthase, a chitinase, and two chitin deacetylases, suggesting the 

99 possibility that chitin and chitin-binding proteins are present in the cyst wall [1, 45-49]. 4) We 

100 wanted to test the idea that structured illumination microscopy (SIM), which samples the entire 

101 wall of dozens of cysts without need for sectioning, may be able to replace, at least partially, 
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102 immunoelectron microscopy, which samples 100-nm sections of just a few cysts, for 

103 localization of proteins in the ectocyst and endocyst layers and ostioles [50].

104 The experimental design here was simple. We used SIM and probes for glycopolymers 

105 to localize structures in developing and mature cyst walls of A. castellanii. Specifically, we 

106 focused on probes for chitin and cellulose, which are a β-1,4-linked homopolymers of N-

107 acetylglucosamine and D-glucose, respectively, that exist as hydrogen-bonded chains called 

108 microbrils. SIM and TEM were used to check the intactness of purified cyst walls, which were 

109 treated with trypsin to identify candidate CWPs by mass spectrometry. We chose 

110 representative proteins from each of three families of abundant candidate CWPs and checked 

111 the timing of their expression, determined their localization and accessibility in the cyst wall (or 

112 not), and determined whether each protein binds cellulose and/or chitin. In this way, we began 

113 to answer five basic questions concerning A. castellanii CWPs: What are their identities? 

114 When are they made? Where are CWPs located in the developing and mature cyst wall? Why 

115 are CWPs located there? Which CWP is the best target for production of diagnostic 

116 antibodies?

117 Results

118 SIM of encysting Acanthamoebae shows glycopolymers are made in secretory 

119 vesicles and the primordial cyst wall is a single, thin layer with small, flat ostioles. To 

120 visualize the structures of developing and mature cyst walls of A. castellanii by SIM, we used 

121 probes that bind chitin (wheat germ agglutinin, WGA) and β-1,3 and β-1,4 polysaccharides 

122 (calcofluor white, CFW) in the walls of Saccharomyces and Entamoeba cysts [51-54]. CFW, a 

123 fluorescent brightener, has also been used to diagnose A. castellanii cysts in eye infections 
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124 [55]. We also made a glutathione-S-transferase (GST) fusion-protein, which contains the N-

125 terminal CBM49 of a candidate CWP of A. castellanii (S1 Fig and S1 Excel file) [56]. The GST-

126 AcCBM49 expression construct was designed to replicate that used to determine the 

127 carbohydrate binding properties of SlCBM49, which is a C-terminal CBM of the Solanum 

128 lycopersicum (tomato) cellulase SlGH9C [41].

129 GST-AcCBM49, WGA, and CFW bind to a small number of organisms in trophozoite 

130 cultures that are spontaneously encysting. In contrast, all three probes label dozens of vesicles 

131 of organisms induced to encyst by placing them on non-nutrient agar plates for three to six hr 

132 (Fig 1A). After 12 hr encystation, WGA-labeled vesicles are still prominent, but those labeled 

133 with GST-AcCBM49 are fewer and smaller (Fig 1B). GST-AcCBM49, WGA, and CFW each 

134 labels primordial cyst walls, which have a single, thin layer that is closely apposed to the 

135 surface of the encysting cell. The primordial wall contains small, flat ostioles, which label with 

136 CFW but not with GST-AcCBM49 or WGA. After 36 hr encystation, GST-AcCBM49 

137 predominantly labels the ectocyst layer, while WGA predominantly labels the endocyst layer 

138 that is closely apposed to the cell inside (Fig 1C). WGA labels dome-shaped ostioles in a 

139 punctate manner, while CFW diffusely binds the endocyst layer and ostioles. After 72 hr 

140 encystation, mature cyst walls are labeled in a similar manner, except that WGA labels an 

141 epitope that forms a sharp ring around ostioles (Fig 1D). 

142 Conclusions. These results show glycopolymers labeled with WGA and GST-

143 AcCBM49 are made in secretory vesicles of encysting A. castellanii. The primordial cyst wall is 

144 single-layered and has the beginnings of ostioles (stained by CFW), which are small and flat 

145 but are present in the same number and are distributed in a similar fashion to that of mature 
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146 ostioles. The ectocyst layer of mature cyst walls is primarily labeled by GST-AcCBM49, while 

147 the endocyst layer and conical ostioles primarily label with WGA and stain with CFW. 

148 SIM and TEM show purified A. castellanii cyst walls preserve distinct endocyst 

149 and ectocyst layers, as well as ostioles. We used SIM and TEM to check the integrity and 

150 cleanliness of cyst wall preparations, which were made by sonicating cysts and separating 

151 walls from cellular contents by density centrifugation and retention on a membrane with 8 

152 micron pores. SIM shows that in purified cyst walls, like in intact cyst walls, GST-AcCBM49 

153 predominantly labels the ectocyst layer, WGA highlights the ostioles, and CFW stains the 

154 endocyst layer (Fig 1E).

155 For TEM, intact cysts and purified cyst walls were frozen under high pressure, and 

156 fixatives were infiltrated at low temperature [57]. Walls of intact cysts and purified cyst walls 

157 each have an ectocyst layer and an endocyst layer, as well as conical ostioles that link the two 

158 layers (Fig 2A) [23-25]. At higher magnification, bundles of fibrils are apparent in the endocyst 

159 layer, which is thicker (~300 nm) and less electron-dense than the ectocyst layer (~100 nm) 

160 (Fig 2C). The space between the endocyst and ectocyst layers, which is often wider in purified 

161 walls, is electron-lucent with a few thin fibrils. The purified walls are missing amorphous 

162 material that fills the space between the inner aspect of the cyst wall and the plasma 

163 membrane of the single trophozoite inside (Figs 2B and 2D). At the edge of the ostiole, the 

164 endocyst layer splits into an external face that meets the ectocyst layer (Fig 2E). In the center 

165 of the ostiole, the ectocyst layer forms a narrow cap over the internal face of the endocyst 

166 layer, which splits again. 
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167 Conclusions. SIM and TEM both show that ectocyst and endocyst layers, as well as 

168 ostioles, are preserved in purified cyst walls, which are relatively free of cellular material. The 

169 purified walls were then used to identify candidate CWPs by mass spectrometry.

170 Mass spectrometry shows candidate CWPs of A. castellanii are encoded by 

171 multigene families and contain tandem repeats of short domains (CBM49, 8-Cys, and 

172 CAA). Trypsin treatment of purified A. castellanii cyst walls followed by liquid chromatography 

173 mass spectrometry (LC-MS/MS) analysis of the released peptides gave similar results across 

174 five biological experiments (Table 1 and S1 Excel file). While some proteins remain in cyst 

175 walls after trypsin digestion, their identities are similar to those detected in the soluble fractions 

176 by in gel-digests with trypsin or chymotrypsin. Candidate CWPs with the most unique peptides 

177 identified by LC-MS/MS belong to three families, which we named Luke, Leo, and Jonah 

178 lectins, because each binds cellulose +/- chitin (see below). Although it is impossible to draw a 

179 line that separates actual CWPs from contaminating proteins, secreted proteins with 18+ 

180 unique peptides include six Leo lectins, four Luke lectins, and three Jonah lectins. The vast 

181 majority of proteins with <18 unique peptides are predicted to be cytosolic (including the 21-

182 kDa cyst-specific protein (CSP21) localized below) and so are likely intracellular contaminants 

183 of cyst wall preparations. The exception to this hypothesis, we think, are additional Luke, Leo, 

184 and Jonah lectins, which are most likely less abundant CWPs. For readers interested in 

185 cytosolic proteins of A. castellanii, we have added S2 Excel file, which contains all the mass 

186 spectrometry data including a “dirty” cyst wall preparation that was generated without using a 

187 Percoll gradient or porous filter.

188
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189 Table 1. Candidate CWPs identified by mass spectrometry
# Unique Coverage MassID peptides  (%) (kDa)

Jonah
three CAAs

ACA1_157320 147 38 146
one CAA

ACA1_164810 83 56 58
ACA1_261530 18 23 55
ACA1_133400 9 24 44
ACA1_377440 6 11 47

Luke
three CBM49s

ACA1_245650 72 74 44
ACA1_160160 8 25 43
ACA1_187760 7 25 42
ACA1_252830 6 19 44
ACA1_031530 6 21 43
ACA1_253650 5 20 42
ACA1_253500 5 19 42
ACA1_061050 3 12 43
ACA1_287530 2 14 43

two CBM49s
ACA1_377670 78 68 29
ACA1_096300 47 77 28
ACA1_246110 22 70 27

Leo
two 8-Cys domains

ACA1_074730 34 82 20
ACA1_351320 24 44 20
ACA1_394030 24 44 20
ACA1_394280 24 36 24
ACA1_083920 19 68 20
ACA1_394560 1 10 19

two 8-Cys + TKH-rich 
spacer

ACA1_188350 21 20 59
ACA1_374130 7 20 52
ACA1_188550 7 15 46
ACA1_188370 6 9 68
ACA1_116240 5 18 56
ACA1_365840 3 18 44
ACA1_117050 3 33 36
ACA1_096640 2 27 37
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190

191 Luke lectins are comprised of an N-terminal signal peptide, followed by two (Luke(2)) or 

192 three CBM49s (Luke(3)) separated by Ser- and Pro-rich spacers (Fig 3 and S2 Fig) [37, 42, 

193 43, 58]. The N-terminal CBM49 of Luke lectins contains three conserved Trp resides 

194 conserved in Sl CBM49 from tomato [41]. A fourth conserved Trp is present in the CBM49 of 

195 D. discoideum cellulose-binding proteins [43]. The other CBM49s (middle and/or C-terminal) of 

196 Luke lectins have two conserved Trp residues. Luke lectins are acidic (pI 5 to 6) and have 

197 formula weights (FWs) from 27 to 29-kDa (Luke(2)) or 42 to 44-kDa (Luke(3)). There are no 

198 predicted transmembrane helices or GPI-anchors in the Luke or Leo lectins [59, 60]. LC-

199 MS/MS of the released cell wall peptides identified at least one unique peptide corresponding 

200 to all 12 genes encoding Luke lectins, although the number of unique peptides varied from 78 

201 to two (Table 1 and S1 Excel file). In general, Luke lectins with two CBM49s have more unique 

202 peptides than Luke lectins with three CBM49s. One to four unique peptides were derived from 

203 three CBM49-metalloprotease fusion-proteins, which consist of an N-terminal signal peptide 

204 followed by a single CBM49 with four conserved Trp residues and a metalloprotease 

205 (ADAM/reprolysin subtype) with a conserved catalytic domain (HEIGHNLGGNH) [58]. We 

206 used the same Luke(2) lectin (ACA1_377670) to perform RT-PCR, make rabbit anti-peptide 

207 antibodies, and make maltose-binding protein (MBP)- and green fluorescent protein (GFP)-

208 fusions (S1 Fig) [18, 56, 61-63]. ]. In addition, we used Luke(3) lectin (ACA1_245650) to make 

209 a GFP-fusion (S2 Fig).

210 Leo lectins have an N-terminal signal peptide followed by two repeats of a unique 8-Cys 

211 domain, some of which are separated by a long Thr-, Lys-, and His-rich spacer (Fig 3 and S2 
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212 Fig). Leo lectins without a spacer are acidic (pI ~4.8) and have FWs from 19 to 24-kDa, while 

213 Leo lectins with the TKH-rich spacer (Leo(TKH)) are basic (pI ~8.3) and have FWs from 36- to 

214 59-kDa. Leo lectins are encoded by 16 genes, of which 14 proteins were identified by our LC-

215 MS/MS analysis. While the number of unique peptides varies from 34 to one, Leo lectins 

216 without the spacer generally have more unique peptides than Leo(TKH)s. We used a Leo 

217 lectin with no spacer (ACA1_074730) to perform RT-PCR, make rabbit anti-peptide antibodies, 

218 and make MBP- and GFP-fusions (S1 Fig). 

219 Jonah lectins have an N-terminal signal peptide followed by one or three choice-of-

220 anchor A (CAA) domains (Fig 3 and S2 Fig) [58]. The binding activity of the CAA domain, 

221 which is adjacent to a collagen-binding domain in a microbial surface component recognizing 

222 the adhesive matrix molecule (MSRAMM) of Bacillus anthracis, is not known [64]. Jonah(1) 

223 lectins with a single CAA domain are acidic (pI ~6), have a FW from 44 to 58-kDa and have an 

224 N-terminal Thr-, Lys-, and Cys-rich domain. Jonah(3) lectins with three CAA domains are basic 

225 (pI ~8.8), have a FW of ~146-kDa, and contain Ser- and Pro-rich spacers between CAA 

226 domains, as well as and hydrophobic regions that may be transmembrane helices [60]. Jonah 

227 lectins are encoded by eight genes, of which five can be identified by our LC-MS/MS analysis 

228 based on one to 147 unique peptides. We used a Jonah(1) lectin (ACA1_164810) with a single 

229 CAA domain to perform RT-PCR, make rabbit anti-peptide antibodies, and make MBP- and 

230 GFP-fusions (S1 Fig). 

231 Other secreted proteins with 18+ unique peptides detected by LC-MS/MS, which are 

232 candidate CWPs, include a laccase with three copper oxidase domains (ACA1_068450), a 

233 protein with a C-terminal ferritin-like domain (ACA1_292810), a Kazal-type serine protease 
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234 inhibitor (ACA1_291590), a conserved uncharacterized protein (ACA1_068630), and a protein 

235 unique to A. castellanii (ACA1_145900) [58, 65-67]. 

236 Conclusions. These results suggest that the most abundant candidate CWPs of A. 

237 castellanii contain tandem repeats of conserved domains (CBM49 in Luke lectins and CAA in 

238 Jonah lectins) or a unique domain (8-Cys in Leo lectins). Peptides corresponding to nearly all 

239 members of each gene family were detected by mass spectrometry, although the relative 

240 abundances of unique peptides for each CWP vary by more than an order of magnitude, 

241 suggesting marked differences in gene expression. Because we did not (and cannot) separate 

242 cyst walls into component parts (endocyst and ectocyst layers and ostioles) prior to LC-MS/MS 

243 analysis of tryptic peptides, we used SIM and GFP-tags to localize one or two representative 

244 members of each family of CWPs in cyst walls of transfected A. castellanii (see below).  

245 Origins and diversity of genes that encode Luke, Leo, and Jonah lectins. Leo 

246 lectins, which have two domains with 8-Cys each, appear to be unique to A. castellanii, as no 

247 homologs were identified when BLAST analysis was performed using the nonredundant (NR) 

248 database at NCBI (https://www.ncbi.nlm.nih.gov/). The origin of genes encoding Luke lectins is 

249 difficult to infer, because its CBM49s show only a 31% identity over a short (77-amino acid) 

250 overlap with a predicted cellulose-binding protein of D. discoideum (expect value of BLASTP is 

251 just 7e-05) [45]. In contrast, the CAA domain of Jonah lectins appears to derive from bacteria 

252 by horizontal gene transfer (HGT), as no other eukaryote contains CAA domains, and there is 

253 a 28% identity over a bigger (263-aa) overlap with a choice-of anchor A family protein of 

254 Saccharibacillus sp. O16 (5e-12). The A. castellanii laccase (also known as copper oxidase), 

255 whose signals were abundant in the mass spectra, is likely the product of HGT, as there is a 

256 44% identity over a large (526-aa) overlap with a copper oxidase of Caldicobacteri oshimai 
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257 (6e-135). The uncertainty is based upon the presence of similar enzymes in plants, one of 

258 which (Ziziphus jujube) shows a 39% identity over a 484-aa overlap (4e-101) with the A. 

259 castellanii laccase.

260 No pairs of genes within each lectin family are syntenic, suggesting that individual 

261 genes rather than clusters of genes were duplicated. With the exception of two Luke lectins 

262 (ACA1_253500 and ACA1_253650) that are 98% identical and two Leo lectins (ACA1_074770 

263 and ACA1_083920) that are 85% identical, members of each family of CWPs differ in amino 

264 acid sequence by >40%. Genes that encode CWPs also vary in the number of introns (zero to 

265 two in Luke, two to four in Leo, and zero to 24 in Jonah). Searches of genomic sequences of 

266 11 strains of Acanthamoebae, deposited in AmoebaDB without protein predictions by Andrew 

267 Jackson of the University of Liverpool, using TBLASTN and sequences of representative Luke, 

268 Leo, and Jonah lectins localized in the next section showed four results [47]. First, although 

269 stop codons are difficult to identify using this method, all 11 strains appear to encode each 

270 CWP. Second, most strains show 100 to 200-amino acid stretches of each CWP that are 80 to 

271 90% identical to the A. castellanii Neff strain studied here. These stretches exclude low 

272 complexity spacers that are difficult to align. Third, some of the strains show greater 

273 differences from the Neff strain in each CWP, consistent with previous descriptions of 

274 Acanthamoeba strain diversity based upon 18S rDNA sequences [68]. Fourth, while coding 

275 sequences and 5’ UTRs are well conserved, introns are very poorly conserved, with the 

276 exception of branch-point sequences.

277 Conclusions. Genes encoding Jonah lectin and laccase likely derive by HGT, while 

278 genes encoding Leo lectins appear to originate within Acanthamoeba. Although CBM49s of 

279 Luke lectins share common ancestry with plants and other Amoebazoa, their precise origin is 
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280 not clear. For the most part, gene duplications that expanded each family within the 

281 Acanthamoeba genome occurred a long time ago, as shown by big differences in amino acid 

282 sequences of paralogous proteins and variations in the number of introns. However, the set of 

283 Luke, Leo, and Jonah lectins identified by mass spectrometry and the sequence of 

284 representative CWPs localized in the next section both appear to be conserved among 11 

285 sequenced isolates. This result suggests antibodies to a particular CWP in the A. castellanii 

286 Neff strain would likely recognize the same protein in other strains of Acanthamoebae.    

287 SIM shows a representative Jonah lectin is made early and is present in the 

288 ectocyst layer of mature cyst walls, while representative Luke and Leo lectins are made 

289 later and are present in the endocyst layer and ostioles. To localize candidate CWPs, we 

290 expressed representative Luke(2), Leo, and Jonah(1) lectins each with a GFP-tag under its 

291 own promoter (446-, 486- and 571-bp of the 5’UTR, respectively) in transfected trophozoites of 

292 A. castellanii, using an episomal vector that was selected with G418 (S1 Fig and S3 Excel file) 

293 [62, 63]. GFP-tagged candidate CWPs expressed under their own promoter are absent in the 

294 vast majority of log-phase trophozoites, which divide but do not become cysts (data not 

295 shown). GFP-tagged CWPs are present in small numbers in trophozoites in stationary 

296 cultures, where some organisms have begun to encyst spontaneously. In contrast, the vast 

297 majority of mature cysts express GFP-tagged CWPs in their walls, although the strength of the 

298 signal varies among the lectins assayed (S3 Fig).

299 After three to six hr encystation, Jonah(1)-GFP (single CAA domain) is present in 

300 hundreds of small vesicles, which are distinct from the WGA-labeled vesicles (Fig 4A). At 15 

301 hr, Jonah(1)-GFP is present in a fibrillar pattern in the single layer of the primordial cyst wall 

302 (Fig 4B). CFW-labeled ostioles are not visible with Jonah(1)-GFP or WGA. At 24 hr, Jonah(1)-
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303 GFP is present in the ectocyst layer, which is its final destination in the mature cyst wall (Figs 

304 4C and 4D). At this time, the endocyst layer labeled by WGA and CFW has separated from the 

305 ectocyst layer.

306 Luke(2)-GFP (two CBM49s) and Leo-GFP (two 8-Cys domains) are both made later 

307 than Jonah-GFP. Indeed vesicles containing these two lectins are too small and too few in 

308 number to be visualized easily with SIM even after 12 hr encystation. At 15 hr, Luke(2)-GFP 

309 forms a sharp outline around the edges of a subset of ostioles, which are small and flat (Fig 

310 5A). At 18 and 24 hr, Luke(2)-GFP expands across the endocyst layer and ostioles, which has 

311 begun to separate from the ectocyst layer (Figs 5B and 5C). In mature cysts, Luke(2)-GFP 

312 forms dense rings around the ostioles (Fig 5D). The distribution of Leo-GFP is different from 

313 that of Luke(2)-GFP in a number of ways. At 15 hr, Leo-GFP is present in abundant small 

314 vesicles, some of which have reached the single-layered wall (Fig 6A). At 18 hr, Leo-GFP 

315 forms patches on the cyst wall, which are for the most part independent of ostioles (Fig 6B). 

316 Only at 36 hr does Leo-GFP accumulate at the edges of the ostioles, which is its location in 

317 mature cysts (Figs 6C and 6D). We counted an average of 8.8 +/- 2.5 ostioles per cyst wall by 

318 rotating SIM images of cysts expressing Luke-GFP and Leo-GFP or labeled with WGA, MBP-

319 Luke, or MBP-Leo (24 cysts total).  

320 Conclusions. These results show that ~500 bp of the 5’ UTR is sufficient to cause 

321 encystation-specific expression of GFP-tagged representatives of Luke, Leo, and Jonah 

322 lectins. Jonah(1)-GFP is made early and is present in the single-layered, primordial cyst wall 

323 and the ectocyst layer of mature cyst walls. Luke(2)-GFP, which is made later, is present in 

324 some of the small, flat ostioles in the primordial cyst wall and in the endocyst layer and conical 

325 ostioles of mature cyst walls. Leo-GFP, which is also made later, is absent from small, flat 
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326 ostioles, but is present in endocyst layer and ostioles of mature cyst walls. This is the first 

327 estimate of the number of ostioles in Acanthamoeba cyst walls, because ostioles have not 

328 previously been visualized by light microscopy and are impossible to count by TEM, as the 

329 100-nm thick sections poorly sample the ostioles (Fig 2).

330 Control experiments suggest that the timing and locations of GFP-tagged 

331 constructs in mature cyst walls are accurate. RT-PCR showed that mRNAs of 

332 representative Luke, Leo, and Jonah lectins, as well as cellulose synthase (ACA1_349650), 

333 are absent or nearly absent from trophozoites but are present during the first three days of 

334 encystation (S4 Fig). These results are consistent with encystation-specific expression of GFP-

335 tagged CWPs under their own promoter (Figs 4-6). In contrast, glyceraldehyde 3-phosphate 

336 dehydrogenase (GAPDH), which catalyzes the sixth step in glycolysis, is expressed in both 

337 trophozoites and encysting A. castellanii [62]. Monospecific, polyclonal rabbit antibodies to a 

338 50-amino acid peptide of a representative Jonah lectin and a 16-amino acid peptide of a 

339 representative Leo lectin bind to Western blots of proteins from cysts but not trophozoites (S5 

340 Fig). (Rabbit antibodies to a 50-amino acid peptide of Luke(2) lectin did not react to 

341 trophozoites or cysts). Although these rabbit anti-peptide antibodies do not work for localization 

342 of CWPs by SIM, they confirm the encystation-specific expression of the GFP-tagged proteins 

343 under their own promoter.  

344 An abundant Luke lectin with three CBM49s tagged with GFP (Luke(3)-GFP) 

345 (ACA1_245650) and expressed under its own promoter is present in the endocyst layer and 

346 ostioles of mature cyst walls, which is the same place where Luke(2)-GFP with two CBM49s is 

347 located (Figs 3 and 5 and S2 Fig). In contrast, GFP-tagged cyst-specific protein CSP21 

348 expressed under its own promoter is present in cytosolic accumulations of mature cysts (Fig 6) 
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349 [36, 69]. Under a constitutive GAPDH promoter, Luke(2)-GFP and Jonah(1)-GFP are both 

350 present in secretory vesicles of trophozoites, which do not change their “acanthamoeboid” 

351 appearance when observed by differential-inference contrast microscopy (S6 Fig) (Leo-GFP 

352 did not express well under the GAPDH promoter). In addition, when Jonah(1)-GFP was 

353 expressed using the GAPDH promoter, it localizes to the ectocyst layer of mature cyst walls, 

354 while Luke(2)-GFP localizes to both the endocyst layer and ostioles (Figs 4 and 5). These are 

355 the same locations where Jonah(1)-GFP and Luke(2)-GFP go when expressed under their 

356 own promoter. In contrast, when GFP is expressed alone under control of the GAPDH 

357 promoter, it remains localized in the cytosol of trophozoites and cysts (S6 Fig). A GFP-fusion 

358 protein appended with an N-terminal signal peptide from Luke(2) lectin, also expressed under 

359 a GAPDH promoter, localizes to secretory vesicles of trophozoites and cysts but not to cyst 

360 walls (Fig 6). Finally, while there are issues of accessibility, MBP-Jonah(1), MBP-Luke(2), and 

361 MBP-Leo bind to the same structures in the mature cyst wall, where GFP-tagged CWPs 

362 localize when expressed under their own promoter (see next section). 

363 Conclusions. RT-PCR and Western blots with anti-CWP antibodies confirm the 

364 encystation-specific expression of GFP-tagged CWPs under their own promoters. The number 

365 of CBM49s does not appear to affect localization of Luke lectins, as Luke(2)-GFP and Luke(3)-

366 GFP each localize to endocyst layer and ostioles. Because localizations of Luke(2)-GFP and 

367 Jonah(1)-GFP are the same under their own or GAPDH promoters, it appears that intrinsic 

368 properties of each CWP (e.g. carbohydrate-binding specificity tested below) rather than timing 

369 of expression determine its location in the cyst wall. As CSP21 is homologous to universal 

370 stress proteins and lacks an N-terminal signal peptide, its presence in the cytosol after nutrient 

371 deprivation was expected [69, 70].
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372 Jonah lectin and glycopolymers are readily accessible in ectocyst layer of mature 

373 cyst walls, while Luke and Leo lectins and glycopolymers are poorly accessible in the 

374 endocyst layer and ostioles. To determine the accessibility of glycopolymers in the two 

375 layers of the cyst wall and ostioles, we fused each CWP to MBP and recombinantly expressed 

376 them in the periplasm of E. coli. Previously, we have used MBP-fusions to express a chitin-

377 binding domain of an Entamoeba Jessie lectin, a β-1,3-linked GalNAc polymer-binding domain 

378 of Giardia cyst wall protein 1, and a β-1,3-glucan-binding domain of a Toxoplasma glucanase 

379 [71-73]. MBP-Jonah(1) labels small vesicles and the primordial cyst wall of encysting 

380 organisms (Fig 7). MBP-Jonah(1) also binds to the ectocyst layer of mature cell walls, which is 

381 the same location as Jonah(1)-GFP expressed under its own promoter (Fig 4). Because nearly 

382 100% of the organisms are labeled with MBP-Jonah(1), glycopolymer(s) bound by Jonah 

383 lectins must not be completely covered by CWPs (S7 Fig). MBP-Luke(2) and MBP-Leo also 

384 label small vesicles and the primordial cyst wall of encysting organisms, but these probes label 

385 the endocyst layer and ostioles of <10% mature cyst walls (Fig 7 and S7 Fig). Although these 

386 are the same places where Luke(2)-GFP and Leo-GFP localize under their own promoter (Figs 

387 5 and 6), these results suggest that glycopolymers bound by Luke and Leo lectins in the 

388 endocyst layer and ostioles are, for the most part, inaccessible to external probes. In a parallel 

389 fashion, anti-GFP antibodies show that Jonah(2)-GFP is accessible in the endocyst layer of 

390 nearly 100% of mature cysts with a detectable Jonah-GFP signal (Fig 4 and S3 Fig). In 

391 contrast, anti-GFP antibodies show Luke(2)-GFP and Leo-GFP are accessible in the endocyst 

392 layer and ostioles of 3 and 2%, respectively, of cysts with detectable GFP signals. 

393 Conclusions. Jonah(1)-GFP and glycopolymer(s) bound by MBP-Jonah(1) are 

394 accessible in the ectocyst layer of mature cyst walls, while Luke(2)-GFP and Leo-GFP and 
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395 glycopolymers bound by MBP-Luke(2) and MBP-Leo are, for the most part, inaccessible in the 

396 endocyst layer and ostioles. It appears the CWPs and glycopolymers in the ectocyst layer 

397 block access of external probes to the endocyst layer and ostioles. Alternatively, CWPs and 

398 glycopolymers in the endocyst layer and ostioles are so tightly packed that they are 

399 inaccessible to external probes.

400 Luke, Leo, and Jonah lectins all bind microcrystalline cellulose, while binding of 

401 CWPs to chitin beads is variable. To test the binding of representative CWPs to 

402 commercially available glycopolymers, we isolated GFP alone and GFP-labeled Luke and 

403 Jonah lectins from lysed trophozoites that expressed each fusion-protein under the GAPDH 

404 promoter (S1 and S6 Figs). We also performed parallel experiments using MBP-CWP fusion-

405 proteins recombinantly expressed in E. coli. The targets were microcrystalline cellulose (used 

406 to characterize binding activities of GST-SlCBM49 from tomato cellulase) and chitin beads 

407 (used to characterize myc-tagged Jacob and Jessie lectins of E. histolytica) [41, 74]. 

408 Western blots anti-GFP and anti-MBP antibodies show both Luke(2)-GFP and MBP-

409 Luke(2), each of which is partially degraded, bind to microcrystalline cellulose and somewhat 

410 less well to chitin beads (Fig 8). Jonah(1)-GFP and MBP-Jonah(1) also bind to microcrystalline 

411 cellulose, while binding to chitin beads is mixed (Jonah(1)-GFP not at all and MBP-Jonah(1) to 

412 some degree). MBP-Leo binds less well to microcrystalline cellulose and weakly at best to 

413 chitin beads. GFP alone and MBP alone (negative controls) do not bind to microcrystalline 

414 cellulose or chitin beads. 

415 Conclusions. Luke(2) and Jonah(1) lectins bind cellulose well, while Leo lectin binds 

416 cellulose less well. Luke(2) lectin also binds well to chitin beads, while binding of Leo and 

417 Jonah(1) lectins is much less to chitin beads. 
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418 Discussion

419 Numerous advantages of studying A. castellanii cyst walls. A. castellanii has a 

420 number of properties that make it possible to quickly identify and begin to characterize its 

421 CWPs. The protist grows axenically in medium without serum or vitamins and synchronously 

422 encysts when placed on non-nutrient agar plates [20, 21]. Cyst walls separate cleanly from 

423 cellular contents without losing essential structures (ectocyst and endocyst layers and 

424 ostioles), which we show can be readily visualized with SIM using probes for wall 

425 glycopolymers (GST-AcCBM49, WGA, and CFW). The most abundant CWPs belong to three 

426 protein families that contain tandem repeats of CBM49s (Luke lectins), 8-Cys domains (Leo 

427 lectins), or CAA domains (Jonah lectins). Although CRISPR/Cas9 methods are not yet 

428 available, stable expression of GFP-tagged proteins under their own promoters allows 

429 localization of candidate CWPs during cyst wall development using SIM [62, 63]. Expression of 

430 GFP-tagged proteins under a constitutive promoter in trophozoites or expression of 

431 recombinant proteins in the periplasm (MBP-fusions) of bacteria makes it possible to assay the 

432 ability of CWPs to bind microcrystalline cellulose or chitin beads by techniques that have been 

433 previously used to characterize other protist cyst wall lectins and carbohydrate-binding 

434 modules [41, 61, 74]. 

435 The ease of studying cyst walls of A. castellanii is in contrast to studies of cyst walls of 

436 E. histolytica, which do not encyst in vitro and so are modeled by cysts of the reptilian 

437 pathogen E. invadens [53, 71]. While Giardia cysts made in mice excyst well, cysts made in 

438 vitro do not [72]. Toxoplasma forms walled oocysts in cats, while Cryptosporidium forms 

439 oocysts in cows, mice, or gnotobiotic pigs [73, 75, 76]. Oomycetes (water molds that cause 

440 potato blight) also have cellulose and chitin in their walls, but the amount of chitin is very small, 
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441 and β-1,3-glucan is also present [77]. The spore coat of Dictyostelium discoideum, a cousin of 

442 A. castellanii, contains cellulose and a heteropolysaccharide of galactose and GalNAc, but it 

443 lacks chitin [78, 79].

444 Familiarity and novelty in A. castellanii CWPs.  While Giardia has three copies of a 

445 unique cyst wall protein with Leu-rich repeats (CWP1 to CWP3) and Entamoeba has two 

446 copies each of unique Cys-rich, cyst wall proteins (Jacob and Jessie lectins), A. castellanii has 

447 many copies each of its three CWPs [71, 72, 80]. although we expected Luke lectins with two 

448 or three CBM49s would be present in the cellulose-rich cyst wall, we could not have predicted 

449 the other abundant CWPs, because the 8-Cys domains of Leo lectins are unique to 

450 Acanthamoebae and the CAA domain(s) of Jonah lectins were previously uncharacterized [41, 

451 64]. 

452 While Luke lectins have two or three CBM49s, D. discoideum has dozens of proteins 

453 with a single CBM49 (S8 Fig) [42, 43, 81]. In addition, there is a rare uncharacterized protein 

454 with three CBM49s. The Luke(2) lectin binds cellulose and chitin, while the D. discoideum 

455 proteins with a single CBM49 bind cellulose. Chitin-binding was not tested DdCBM49 or 

456 SlCBM49 because this polysaccharide is not present in D. discoideum and tomato walls. 

457 Demonstration that CBM49s of the Luke(2) lectin likely also bind chitin fibrils is new, but is 

458 consistent with recent studies showing CBMs may bind more than one glycopolymer [82]. The 

459 metalloprotease fused to an N-terminal CBM49 of A. castellanii is absent in D. discoideum, 

460 while D. discoideum adds two CBM49s to a cysteine proteinase, which lacks these domains in 

461 A. castellanii [58]. The CBM49 may act to localize the metalloproteases to the A. castellanii 

462 cyst wall, as is the case for the chitin-binding domain in Entamoeba chitinases or glucan-

463 binding domain in Toxoplasma glucanases [71, 73, 74]. Alternatively, the CBM49 may suggest 
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464 the metalloprotease is specific for glycopeptides rather than peptides. While the GH5 glycoside 

465 hydrolases of A. castellanii lack CBM49 domains, CBM49 is present at the C-terminus of GH9 

466 glycoside hydrolases of D. discoideum and S. lycopersicum (tomato) [41]. 

467 Even though A. castellanii Leo lectins and E. histolytica Jacob lectins share no common 

468 ancestry, they have 8-Cys and 6-Cys lectin domains, respectively, often separated by low 

469 complexity sequences (S9 Fig) [74, 80]. E. histolytica low complexity sequences vary from 

470 strain to strain, contain cryptic sites for cysteine proteases, and are extensively decorated with 

471 O-phosphate-linked glycans [83]. We have not yet identified any Asn-linked or O-linked 

472 glycans on Leo lectins or any of the other CWPs. A. castellanii and oomycetes (Pyromyces 

473 and Neocallmistic) each contain proteins with arrays of CAA domains, but the sequences of 

474 the CAAs are so different that it is likely that concatenation of domains occurred independently 

475 (S10 Fig) [43, 58]. Although A. castellanii is exposed to collagen in the extracellular matrix of 

476 the cornea, the protist lacks a homolog of the collagen-binding domain that is adjacent to the 

477 CAA domain in the Bacillus anthracis collagen-binding protein [64]. 

478 Concatenation of carbohydrate-binding domains in Luke, Leo, and Jonah lectins, which 

479 has previously been shown in WGA, Jacob lectins of E. histolytica, and peritrophins of insects, 

480 most likely increases the avidity of the lectins for glycopolymers [53, 74, 80, 83, 84]. The large 

481 number of genes encoding Luke, Leo, and Jonah lectins may be necessary to increase the 

482 numbers of CWPs coating glycopolymers in the cyst wall. We showed that Luke(2)-GFP and 

483 Luke(3)-GFP localize to the same place in mature cyst walls. We did not test Leo(TKC) lectins 

484 with a long spacer or Jonah(3) lectins with three tandem repeats of CAA domains. Finally, 

485 other candidate CWPs, which are abundant but present at lower copy numbers (e.g. laccase 

486 or ferritin-domain protein), may have important functions in the cyst wall [65-67]. 
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487 Insights into the structure and assembly of the A. castellanii cyst wall. Assembly 

488 of the cyst wall, which is comprised of two layers that are connected by ostioles, is a 

489 complicated process. Chitin (detected with WGA) and cellulose (detected with MBP-Luke, 

490 MBP-Leo, and/or MBP-Jonah) are both made in vesicles. Similarly, chitin is made in vesicles 

491 of encysting Entamoeba, and a β-1,3-linked GalNAc polymer is made in vesicles of encysting 

492 Giardia [71, 72]. In contrast, fungi make chitin and β-1,3-glucan at the plasma membrane, and 

493 cellulose synthesis in plants takes place at the plasma membrane [85, 86]. Because Luke, 

494 Leo, and Jonah lectins bind cellulose but also bind chitin to varying degrees, definitive 

495 localization of cellulose and chitin in vesicles of encysting organisms will depend upon 

496 localization of cellulose and chitin synthases, each of which is encoded by a single gene A. 

497 castellanii [45, 47, 58]. 

498 Small, flat ostioles in the single-layered primordial cyst wall label beautifully with CFW, 

499 but not with probes for chitin and cellulose, so the identity of the glycopolymer in early ostioles 

500 remains unknown. CFW has been shown to bind several β-1,3 and β-1,4 polysaccharides, 

501 including cellulose, chitin, mixed linkage glucans and galactoglucomannan [85]. Therefore, our 

502 data suggests that A. castellanii may be producing a previously uncharacterized CFW-binding 

503 polysaccharide in the ostioles. Alternatively, the fibrillar form of the polysaccharide in the 

504 ostioles is not recognized by the cellulose- or chitin-binding probes. Because GFP-tagged 

505 CWPs expressed under the GAPDH promoter are absent from the surface of trophozoites and 

506 ostioles label with CFW prior to being coated with Luke(2)-GFP under its own promoter, it 

507 appears that CWPs are binding to glycopolymers rather than vice versa. What is directing 

508 glycopolymers to form ostioles and later endocyst and ectocyst layers (e.g. Rho GTPases that 
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509 direct chitin synthases in bud necks and septa of Saccharomyces) is of great interest but was 

510 not determined [86, 87]. 

511 Because timing of expression does not affect localization of the CWPs tested here, 

512 intrinsic properties of each lectin appear to determine its localization. Binding studies with 

513 microcrystalline cellulose and chitin beads show CWPs bind best to cellulose but also bind 

514 chitin to varying degrees. These binding studies with commercial substrates do not explain 

515 why Jonah binds to glycopolymers in the ectocyst layer, while Luke and Jonah lectins bind to 

516 glycopolymers in the endocyst layer and ostioles. It is likely that each lectin recognizes specific 

517 fibrillar forms of cellulose and/or chitin, which remain uncharacterized. There may also be 

518 protein-protein interactions and/or lectin-glycoprotein interactions. As an example of protein-

519 protein interactions, an E. histolytica Jessie lectin has a chitin-binding domain and a self-

520 agglutinating “daub” domain, which makes cyst walls impermeable to probes as small as 

521 phalloidin (789-Da) [71]. As an example of lectin-glycan interactions, the Gal/GalNAc lectin on 

522 the plasma membrane of E. histolytica binds to glycans on Jacob lectins, and these in turn 

523 bind to chitin fibrils in the cyst wall [53].

524 Cellulose and chitin are likely present in both layers of the cyst wall and in ostioles, 

525 based upon the following evidence. While the chitin-binding lectin WGA strongly labels the 

526 endocyst layer and ostioles of mature cyst walls, WGA often labels the ectocyst layer, as well. 

527 Cellulose-binding CWPs are abundant in the ectocyst (Jonah(1)-GFP) and endocyst layer and 

528 the ostioles (Luke(2)-GFP and Leo-GFP). Jonah(1)-GFP and glycopolymers bound by MBP-

529 Jonah(1) are both accessible in the ectocyst layer. In contrast, Luke(2)-GFP and Leo-GFP and 

530 glycopolymers bound by MBP-Luke(2) and MBP-Leo are, for the most part, inaccessible in the 

531 endocyst layer and the ostioles. These results suggest the ectocyst layer may be accessible to 
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532 bacterial glycoside hydrolases and proteases, while the endocyst layer and ostioles are not. 

533 Glycoproteins in the walls of Giardia, Eimeria, and Saccharomyces protect glycopolymers from 

534 exogenous or endogenous glycoside hydrolases [71-73, 86]. How A. castellanii glycoside 

535 hydrolases, which belong to CAZy families (www.cazy.org) GH1, GH5, GH8, GH10, and 

536 GH18, are involved in wall formation during encystation and enzyme-catalyzed destruction 

537 and/or reorganization of the wall during excystation is of great interest but beyond the scope of 

538 these studies [42, 43, 45, 47]. 

539 Implications for diagnostics and therapeutics. While the focus here was on the 

540 biochemistry and cell biology of the cyst wall, an abundant and accessible Jonah(1) lectin in 

541 the ectocyst layer appears to be an excellent target for diagnostic antibodies for A. castellanii 

542 cysts [31, 32, 34]. We expect each antibody would react with a single Jonah lectin, as 

543 paralogous CWPs, with a couple of exceptions, share less than 40% amino acid identities. 

544 Giardia CWP1 and Entamoeba Jacob2 lectin, which are abundant and accessible in cyst walls, 

545 are targets for diagnostic antibodies [88, 89]. In contrast, Luke(2) and Leo lectins are not 

546 accessible in the endocyst layer and ostioles, and so these abundant CWPs do not appear to 

547 be good targets for diagnostic antibodies. Evidence for chitin in the cyst wall, admittedly not 

548 extensively developed here, suggests the possibility that chitin synthase inhibitors might be 

549 used as therapeutics [90]. Preliminary studies have explored the possibility of cellulose 

550 synthase inhibitors as therapeutics versus A. castellanii cysts [91-94]. The SIM methods, which 

551 worked so well here to study A. castellanii cyst walls, might be used to study the fine structure 

552 and assembly of other protist walls. Finally, insights from studies of the development of the A. 

553 castellanii cyst wall, which is relatively simple, may inform studies of fungal and plant walls, 

554 which are highly complex.
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555 Materials and methods. 

556 Ethics Statement. Culture and manipulation of A. castellanii have been approved by 

557 the Boston University Institutional Biosafety Committee. 

558 Culture of trophozoites and preparation of encysting organisms and cysts. A. 

559 castellanii Neff strain trophozoites were purchased from the American Type Culture collection. 

560 Trophozoites of A. castellanii MEEI 0184 strain, which was derived from a human corneal 

561 infection, were obtained from Dr. Noorjahan Panjwani of Tufts University School of Medicine 

562 [12]. Trophozoites were grown in T-75 tissue culture flasks at 30°C in 10 ml ATCC medium 

563 712 (PYG plus additives), which contains 2% proteose peptone, 0.1% yeast extract, 0.1 M 

564 glucose, 4 mM MgSO4, 0.4 mM CaCl2, 3.4 mM sodium citrate, 0.05 mM Fe(NH4)2(SO4)2, 2.5 

565 mM Na2HPO4, and 2.5 mM KH2PO4, pH 6.5 (Sigma-Aldrich Corporation, St. Louis, MO) [21]. 

566 Flasks containing log-phase trophozoites (free of cysts that form spontaneously in stationary 

567 cultures) were either chilled or scraped with a cell scraper to release adherent amoebae, which 

568 were concentrated by centrifugation at 500 x g for 5 min and washed twice with phosphate 

569 buffered saline (PBS). Approximately 107 amoebae obtained from a confluent flask were 

570 induced to encyst by incubation at 30oC on non-nutrient agar plates [20]. After 6, 12, 15, 18, 

571 24, 36, or 72 hr incubation, 15 ml of PBS were added to agar plates, which were incubated on 

572 a shaker for 30 min at room temperature (RT). Encysting organisms were removed using a cell 

573 scraper and concentrated by centrifugation at 1,500 x g for 10 min. 

574 Preparation of mature cyst walls for SIM, TEM, and mass spectrometry. After 3 to 

575 10 days incubation on non-agar plates, mature cysts were washed in PBS and suspended in 

576 lysis buffer (10 mM HEPES, 25 mM KCl, 1 mM CaCl2, 10 mM MgCl2, 2% CHAPS, and 1X 
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577 Roche protease inhibitor) (Sigma-Aldrich). For SIM, cysts in 500-µl lysis buffer were broken 

578 four times for 2 min each with 200 µl of 0.5 mm glass beads in a Mini-Beadbeater-16 (BioSpec 

579 Products, Bartlesville, OK). For TEM, where glass beads cannot be used, cysts in 200-µl lysis 

580 buffer were broken by sonication four times for 20 seconds each in continuous mode in a 

581 Sonicator Cell Disruptor (formerly Heat Systems Ultrasonic, now Qsonica, Newtown, CT). 

582 Broken cysts were added to the top a 15-ml falcon tube containing 60% sucrose and 

583 centrifuged at 4,000 x g for 10 min. The broken cyst wall pellet was suspended in PBS buffer 

584 and washed three times at 10,000 x g in a microcentrifuge. The cyst wall pellet was used 

585 directly for labeling for SIM or fixation for TEM. For mass spectrometry, the cyst wall pellet 

586 broken in the bead beater was overlaid on gradient containing 2 ml each of 20%, 40%, 60% 

587 and 80% Percoll (top to bottom) and centrifuged for 20 min at 3,000 x g. The layer between 

588 60% and 80% Percoll, where the broken cyst walls were located, was collected and washed in 

589 PBS. The cyst wall preparation was suspended in 10 ml of PBS, placed in a syringe, and 

590 forced through a 25-mm diameter Whatman Nuclepore Track-Etched Membrane with 8-µm 

591 holes (Sigma-Aldrich). The cellular debris, which passed through the membranes, was 

592 discarded. The membrane was removed from the cassette, suspended in 5 ml of PBS, and 

593 vortexed to release cyst walls. The membrane was removed, and cyst walls were distributed in 

594 microfuge tubes and pelleted at 15,000 x g for 10 min. The pellet was suspended in 50 µl PBS 

595 and stored at -20°C prior to trypsin digestion and mass spectrometry analysis.

596 SIM of glycopolymers of encysting organisms, mature cysts, and purified cyst 

597 walls. A GST-AcCBM49 fusion-construct, which contains the N-terminal CBM49 of a 

598 representative Luke lectin minus the signal peptide, was prepared by codon optimization (76 to 

599 330-bp coding region of ACA1_377670) (GenScript, Piscataway, NJ). It was cloned into pGEX-
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600 6p-1 (GE Healthcare Life Sciences, Marlborough, MA) for cytoplasmic expression in 

601 BL21(DE3) chemically competent E. coli (Thermo Fisher Scientific, Waltham, MA) [41, 56]. 

602 Expression of GST-AcCBM49 and GST were induced with 1 mM IPTG for 4 hr at RT, and 

603 GST-fusions were purified on glutathione-agarose and conjugated to Alexa Fluor 594 

604 succinimidyl esters (red) (Molecular Probes, Thermo Fisher Scientific). Approximately 106 

605 trophozoites, encysting organisms, mature cysts, or cyst walls were washed in PBS and fixed 

606 in 1% paraformaldehyde buffered with phosphate for 15 min at RT. Pellets were washed two 

607 times with Hank’s Buffered Saline Solution (HBSS) and incubated with HBSS containing 1% 

608 bovine serum albumin (BSA) for 1 hour at RT. Preparations were then incubated for 2 hr at 

609 40C with 2.5 µg GST or GST-CBM49 conjugated to Alexa Fluor 594 and 12.5 µg of WGA 

610 (Vector Laboratories, Burlingame, CA) conjugated to Alexa Fluor 488 in 100 µl HBSS [52, 53]. 

611 Finally, pellets were labeled with 100 µg of calcofluor white M2R (Sigma-Aldrich) in 100 µl 

612 HBSS for 15 min at RT and washed five times with HBSS [51, 55]. Preparations were mounted 

613 in Mowiol mounting medium (Sigma-Aldrich) and observed with widefield and differential 

614 interference contrast microscopy, using a 100x objective of a Zeiss AXIO inverted microscope 

615 with a Colibri LED (Carl Zeiss Microcopy LLC, Thornwood, NY). Images were collected at 0.2-

616 μm optical sections with a Hamamatsu Orca-R2 camera and deconvolved using ZEN software 

617 (Zeiss). Alternatively, SIM was performed with a 63-x objective of a Zeiss ELYRA S.1 

618 microscope at Boston College (Chestnut Hill, MA), and 0.09-μm optical sections deconvolved 

619 using Zen software [50]. To count ostioles, we rotated 3D reconstructions of each cyst wall 

620 labeled with WGA, MBP-Luke, MBP-Leo, Luke-GFP, or Leo-GFP (24 cysts total), which were 

621 prepared as described below. 
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622 TEM of intact and purified walls. High-pressure freezing and freeze substitution were 

623 used to prepare cyst and cyst walls for TEM at the Harvard Medical School Electron 

624 Microscope facility [57]. To make them noninfectious, we fixed mature cysts in 1% 

625 paraformaldehyde for 10 min at RT and washed them 2 times in PBS. Cyst walls in PBS were 

626 pelleted, placed in 6-mm Cu/Au carriers, and frozen in an EM ICE high-pressure freezer (Leica 

627 Microsystems, Buffalo Grove, Il). Freeze substitution was performed in a Leica EM AFS2 

628 instrument in dry acetone containing 1% ddH20, 1% OsO4, and 1% glutaraldehyde at -90°C for 

629 48 hr. The temperature was increased 5°C/hour to 20°C, and samples were washed 3 times in 

630 pure acetone and once in propylene oxide for 10 min each. Samples were infiltrated with 1:1 

631 Epon:propylene oxide overnight at 4°C and embedded in TAAB Epon (Marivac Canada Inc. St. 

632 Laurent, Canada). Ultrathin sections (80 to 100 nm thick) were cut on a Leica Reichert Ultracut 

633 S microtome, picked up onto copper grids, stained with lead citrate, and examined in a JEOL 

634 1200EX transmission electron microscope (JEOL USA, Peabody, MA). Images were recorded 

635 with an AMT 2k CCD camera.

636 Mass spectrometry of tryptic and chymotryptic peptides from cyst walls. Broken 

637 cyst walls, prepared as above, were dissolved into 50 mM NH4HCO3, pH 8.0, reduced with 50 

638 mM dithiothreithol (DTT) for 20 min at 60°C, alkylated with iodoacetamide (IAA) for 20 min at 

639 RT, and then digested with proteomics grade trypsin (Sigma-Aldrich) overnight at 37°C. 

640 Alternatively broken cyst walls either before or after digestion with trypsin were reconstituted in 

641 1× reducing SDS/PAGE loading buffer and run on a 4–20% precast polyacrylamide TGX gel 

642 (Bio-Rad). Bands stained by colloidal Coomassie blue were excised and washed with 50 mM 

643 NH4HCO3/acetonitrile (ACN). Reduction, alkylation, and trypsin/chymotrypsin digestion were 

644 performed in-gel. Peptides were dried and desalted using C18 ZipTip concentrators (EMD 

.CC-BY 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 13, 2018. ; https://doi.org/10.1101/496307doi: bioRxiv preprint 

https://doi.org/10.1101/496307
http://creativecommons.org/licenses/by/4.0/


645 Millipore). Peptides from five biological replicates for both in solution and in-situ hydrolysis 

646 were dissolved in 2% ACN, 0.1% formic acid (FA) and separated using a nanoAcquity-UPLC 

647 system (Waters) equipped with a 5-μm Symmetry C18 trap column (180 μm x 20 mm) and a 

648 1.7-μm BEH130 C18 analytical column (150 μm × 100 mm). Samples were loaded onto the 

649 precolumn and washed for 4 min at a flow rate of 4 μl/min with 100% mobile phase A (99% 

650 Water/1% ACN/0.1% FA). Samples were eluted to the analytical column with a gradient of 2–

651 40% mobile phase B (99% ACN/1% Water/0.1% FA) delivered over 40 or 90 min at a flow rate 

652 of 0.5 μl/min. The analytical column was connected online to a QE or a QE-HF Mass 

653 Spectrometer (Thermo Fisher Scientific) equipped with a Triversa NanoMate (Advion Inc., 

654 Ithaca, NY) electrospray ionization (ESI) source, which was operated at 1.7 kV. Data were 

655 acquired in automatic Data Dependent top 10 (QE) or top 20 (QE-HF) mode. Automated 

656 database searches were performed using the PEAKS software suite version 8.5 

657 (Bioinformatics Solutions Inc., Waterloo, ON, Canada). The search criteria were set as follows: 

658 trypsin/chymotrypsin as the enzyme with ≤ 3 missed cleavages and ≤ 1 non-specific cleavage, 

659 the error tolerances for the precursor of 5 ppm and 0.05 Da for fragment ions, 

660 carbamidomethyl cysteine as a fixed modification, oxidation of methionine, Pyro-glu from 

661 glutamine, and deamidation of asparagine or glutamine as variable modifications. The peptide 

662 match threshold (-10 logP) was set to 15, and only proteins with a minimum of two unique 

663 peptides were considered. The mass spectrometry proteomics data have been deposited to 

664 the ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the 

665 PRIDE partner repository with the dataset identifiers PXD011826 and 10.6019/PXD011826 

666 [95].
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667 Bioinformatic characterization of candidate CWPs. Signal peptides and 

668 transmembrane helices were predicted using SignalP 4.1 and TMHMM, respectively [37, 60]. 

669 GPI anchors were searched for using big-PI [59]. AmoebaDB, which contains sequence 

670 information from the Neff strain, was used to identify genome sequences, predict introns, and 

671 identify paralogous proteins by BLASTP [45, 47]. TBLASTN were used to identify homologous 

672 proteins in 11 sequenced genomes, which have been assembled without protein predictions. 

673 BLASTP against the NR database at the NCBI was used to identify homologs of candidate 

674 CWPs in other species and conserved domains [58]. Carbohydrate-binding modules were 

675 searched using CAZy and InterPro databases [42, 43].

676 Expression and visualization of GFP-fusions in transfected A. castellanii. We used 

677 RT-PCR from RNA of encysting protists to obtain the coding sequences of a representative 

678 Luke lectin (840-bp CDS of ACA1_377670) (Luke(2), Leo lectin (562-bp CDS of 

679 ACA1_074730), and Jonah lectin (1596-bp CDS of ACA1_164810) (Jonah(1)). Using 

680 NEBuilder HiFi DNA assembly (New England Biolabs, Ipswich, MA), we cloned each CDS into 

681 the pGAPDH plasmid, which was a kind gift from Yeonchul Hong [62, 63]. pGAPDH contains a 

682 neomycin resistance gene under a TATA-box promoter (for selection with G418) and a 

683 glyceraldehyde 3-phosphate dehydrogenase promoter for constitutive expression of GFP-

684 fusions (S1 Fig and S3 Excel file). The GFP tag was placed at the C-terminus of each CWP, 

685 and a polyadenylation sequence was added downstream of the GFP-fusion’s stop codon. As 

686 controls, GFP alone and GFP with a 60-bp sequence encoding the signal peptide of Luke(2) 

687 lectin were cloned into the same pGAPDH vector. For expression of CWP genes under their 

688 own promoters, we replaced the GAPDH promoter with 446-bp from the 5 ’UTR of the Luke(2) 

689 gene, 486-bp from the 5’ UTR of the Leo gene, and 571-bp of the 5’UTR of the Jonah(1) gene, 
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690 each cloned from the genomic DNA. A second Luke lectin representative (500-bp 5’ UTR and 

691 1293-bp CDS of ACA1_245650; Luke(3)) was tagged with GFP. The 470-bp 5’ UTR and 525-

692 bp CDS of cyst-specific protein 21 (CSP21) (ACA1_075240) were also tagged with GFP [36, 

693 69]. 

694 Transfections in A. castellanii were performed as described previously [62] with some 

695 modifications. Briefly, 5 x 105 log-phase trophozoites were allowed to adhere to 6-well plates in 

696 ATCC medium 712 for 30 min at 30°C. The adherent trophozoites were washed and replaced 

697 with 500 µl of non-nutrient medium (20 mM Tris-HCl [pH 8.8], 100 mM KCl, 8 mM MgSO4, 0.4 

698 mM CaCl2 and 1 mM NaHCO3). In an Eppendorf tube, 4 µg of Midiprep (PureLink HiPure 

699 Midiprep Kit, Thermo Fisher Scientific) plasmid DNA was diluted to 100 µl with non-nutrient 

700 medium. Twenty microliters of SuperFect Transfection Reagent (Qiagen Inc, Germantown, 

701 MD) was added to the DNA suspension, mixed gently by pipetting five times, and incubated for 

702 10 min at RT. Six hundred microliters of non-nutrient medium was added to the DNA-

703 SuperFect mix, and the entire suspension added to the trophozoites adhering to the 6-well 

704 culture plate. The culture plate was incubated for 3 hr at 30°C, after which the non-nutrient 

705 medium was replaced with ATCC medium 712 and incubated for another 24 hr at 30°C. To 

706 select for transfectants, we added 12.5 µg/ml of Gibco G418 antibiotic (Thermo Fisher 

707 Scientific) to the culture after 24 hr, and we changed the medium plus antibiotic every 4 days. 

708 After 2 to 4 weeks, the transfectants were growing robustly in the presence of the antibiotic, 

709 and trophozoites and/or cysts expressing GFP were detected by widefield microscopy. These 

710 organisms were induced to encyst, fixed, labeled with WGA and CFW, and examined by 

711 widefield microscopy and SIM, as described above.
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712 Labeling of encysting parasites and mature cysts with CWPs fused to MBP. MBP-

713 fusion constructs were prepared (S3 Excel file) by cloning the cDNA of a representative 

714 Luke(2) lectin (60 to 843-bp CDS of ACA1_377670) and a representative Jonah(1) lectin (70 to 

715 1599-bp CDS of ACA1_164810) without their signal sequences into pMAL-p2x vector (New 

716 England Biolabs) for periplasmic expression in BL21-CodonPlus(DE3)-RIPL (Agilent 

717 Technologies, Lexington, MA) [61]. For the Leo-MBP fusion, the Leo CDS without the signal 

718 sequence (67 to 564-bp of ACA1_074730) was codon optimized (GenScript) and cloned into 

719 pMAL-p2x vector. MBP-Luke(2) was induced with 250 µM IPTG for 5 hr at RT; MBP-Jonah(1) 

720 was induced with 1 mM IPTG for 5 hr at RT; and MBP-Leo was induced with 250 µM IPTG for 

721 3.5 hr at 370C. MBP-fusion proteins were purified with amylose resin following the 

722 manufacturer’s instructions (GE Healthcare, Pierce, Agilent Technologies and New England 

723 Biolabs). Encysting organisms and mature cysts were fixed, blocked, and incubated with 15 µg 

724 of each MBP-CWP fusion conjugated to Alex Fluor 594 in for 2 hr at 4oC. Preparations were 

725 labeled with WGA conjugated to Alexa Fluor 488 and CFW, as described above. 

726 Labeling of mature cysts expressing GFP-fusions with anti-GFP antibodies. 

727 Mature cysts expressing GFP-fusions under their own promoter were blocked with BSA, 

728 incubated with 1:400 mouse anti-GFP IgG (Roche) for 1 hr at RT, washed and then incubated 

729 with 1:800 goat anti-mouse IgG-Alexa Fluor 594 (Molecular Probes, Invitrogen).  Preparations 

730 were labeled with CFW and fixed in paraformaldehyde as the last step prior to mounting.

731 Binding of GFP- and MBP-fusions to microcrystalline cellulose and chitin beads. 

732 Approximately 2 x 106 trophozoites expressing GFP-tagged CWPs or GFP alone under a 

733 GAPDH promoter were lysed in 100 µl of 1% NP40. Mass spectrometry of GFP-fusions 

734 purified on GFP-Trap_A (ChromoTek GmbH, Planegg-Martinsried, Germany) showed that 
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735 each preparation was strongly enriched with GFP-fusions but also contained actin and actin-

736 binding proteins. GFP-fusions from 2 x 106 lysed trophozoites or MBP-fusions (1 µg each in 

737 100 µl of 1% NP40 ) were incubated with 0.5 µg Avicel microcrystalline cellulose (Sigma-

738 Aldrich) or a 50-µl slurry of magnetic chitin beads (New England Biolabs) for 3 hr at 40C with 

739 rocking. Cellulose or chitin beads were centrifuged to collect the supernatant (unbound 

740 fraction) and pellet (bound fraction). The pellet was washed three times with 1% NP40. To 

741 solubilize proteins, the input material (total), unbound, and bound fractions were boiled in SDS 

742 sample buffer. Proteins were visualized in SDS-PAGE gels and Western blots using anti-GFP 

743 (Roche) or anti-MBP (New England Biolabs) antibodies. 

744 Western blots of A. castellanii trophozoite and cyst lysates probed with anti-lectin 

745 rabbit antibodies. Log-phase trophozoites and 36-hr-old cysts were harvested, and the total 

746 protein solubilized in SDS sample buffer, run in SDS-PAGE gels, blotted on PVDF 

747 membranes, and blocked in 5% BSA. MBP-CWP fusions and MBP alone were run in adjacent 

748 lanes as positive and negative controls, respectively. The blots were probed with 1:100 

749 dilutions of rabbit polyclonal antibodies (Li International) raised to 16- or 50-amino acid 

750 peptides of representative Luke (residues 230-279 of ACA1_377670), Leo (residues 124-139 

751 of ACA1_074730) and Jonah (residues 362-411 of ACA1_164810). A 1:1000 dilution of anti-

752 rabbit IgG-HRP (BioRad) was used as secondary antibody and Super Signal West Pico PLUS 

753 (ThermoFisher Scientific) for chemiluminescent detection. Coomassie stained gels were run in 

754 parallel for loading control.
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1041 green each label dozens of small vesicles, which do not appear to overlap. CFW in blue is 

1042 difficult to see, so overlaps with GST-AcCBM49 and WGA cannot be judged. B. After 12 hr, 

1043 WGA is still prominently in vesicles, while all three probes bind to a single-layered cyst wall, 

1044 which contains small, flat ostioles visible only with CFW.  C. After 36 hr, GST-AcCBM49 

1045 predominantly labels the ectocyst layer; WGA diffusely labels both ectocyst and endocyst 
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1046 layers and labels ostioles in a punctate manner; while CFW labels endocyst and ostioles. The 

1047 ectocyst layer of intact (D) and purified A. castellanii cyst walls (E) labels with GST-AcCBM49; 

1048 the edges of ostioles label with WGA; and the endocyst layer labels with CFW. Scale bars are 

1049 2 µm.

1050 Figure 2. TEM also shows purified cyst walls retain endocyst and ectocyst layers 

1051 and ostioles. A, B. Intact and purified A. castellanii cyst walls have an outer ectocyst layer 

1052 (red arrows), an inner endocyst layer (blue arrows), and ostioles (green arrows) that connect 

1053 the layers. Endocyst and ectocyst layers have the same appearance in intact cysts (C) and 

1054 purified cyst walls (D). Purified cyst walls are missing amorphous material (purple arrow) 

1055 between the wall and the plasma membrane of intact cysts. E. At the edge of the ostiole of an 

1056 intact cyst, the endocyst layer bifurcates, and the outer branch (yellow arrow) meets the 

1057 ectocyst layer. In the center of the ostiole, the ectocyst layer (pink arrow) forms a narrow cap 

1058 over the inner branch of the endocyst layer (pale green arrow). Scale bars as marked on 

1059 micrographs.

1060 Figure 3. Representative proteins of abundant families of CWPs contain two 

1061 CBM49s (Luke(2) lectin), two 8-Cys domains (Leo lectin), or one CAA domain (Jonah(1) 

1062 lectin) . A representative Luke lectin has an N-terminal signal peptide (purple) and two 

1063 CBM49s separated by short Ser- and Pro-rich spacers (light blue). The N-terminal CBM49 

1064 contains four Trp residues (red Ws), three of which are conserved in a C-terminal CBM49 of a 

1065 tomato cellulase (larger font) and three of which are conserved in a single CBM49 of 

1066 Dictyostelium spore coat proteins (underlined). The C-terminal CBM49 has two conserved Trp 

1067 residues, which are also present in the middle and C-terminal CBM49s of Luke(3) lectins (S2 

1068 Fig). A 50-amino acid peptide used to immunize rabbits is underlined. A representative Leo 
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1069 lectin has a signal peptide and two unique domains (dark blue) containing eight Cys residues 

1070 each (red Cs). Leo(TKH) lectins have a Thr-,Lys- and His-rich domain between 8-Cys domain 

1071 (S2 Fig). A 16-amino acid peptide used to immunize rabbits is underlined. A representative 

1072 Jonah(1) has a signal peptide, a Thr-, Lys-, and Cys-rich domain (tan), and a single CAA 

1073 domain (green). Jonah(3) lectins have three CAA domains, hydrophobic domains and Ser- and 

1074 Pro-rich spacers (S2 Fig). A 50-amino acid peptide used to immunize rabbits is underlined. 

1075 Localization of GFP-tagged CWPs expressed in transformed protists is shown in Figs 4 to 6. 

1076 Binding of MBP-CWP fusions to encysting organisms and mature cysts and to microcrystalline 

1077 cellulose and chitin beads are shown in Figs 7 and 8, respectively. 

1078 Fig. 4. SIM shows a representative Jonah(1) lectin tagged with GFP and 

1079 expressed under its own promoter is made early during encystation and localizes to the 

1080 ectocyst layer of mature cyst walls. A Jonah(1) lectin with a single CAA domain, which was 

1081 tagged with GFP and expressed under its own promoter in transfected A. castellanii, is not 

1082 expressed by trophozoites (data not shown). A. In contrast, after six hr encystation, Jonah(1)-

1083 GFP (green) is present in dozens of small encystation-specific vesicles, which do not overlap 

1084 with WGA-labeled vesicles (red) containing chitin. B. After 15 hr encystation, Jonah(1)-GFP 

1085 has a fibrillar appearance in the single-layered, primordial cyst wall, which also labels with 

1086 WGA and CFW. Small, flat ostioles are labeled by CFW but are not visible with Jonah(1)-GFP 

1087 or WGA. C. After 24 hr encystation, Jonah(1)-GFP remains with the ectocyst layer, while WGA 

1088 and CFW predominantly label the endocyst layer and ostioles. D. Jonah(1)-GFP localizes to 

1089 the ectocyst layer of the wall of mature cysts; WGA labels both ectocyst and endocyst layers; 

1090 while CFW labels the endocyst layer and ostioles. E. Jonah(1)-GFP expressed under a 

1091 GAPDH promoter also localizes to the ectocyst layer. F. Anti-GFP antibodies bind to 100% of 
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1092 mature cysts expressing Jonah(1)-GFP. A to F. Scale bars are 2 µm. Methods and primers for 

1093 making Jonah(1)-GFP and other constructs are shown in S1 Fig and S3 Excel file. Widefield 

1094 micrographs of groups of cysts expressing Jonah(1)-GFP and other CWPs under their own 

1095 promoters are shown in S3 Fig. RT-PCR of mRNAs of trophozoites and encysting organisms 

1096 with primers to Jonah(1) and other CWPs are shown in S4 Fig. Western blots of rabbit anti-

1097 Jonah(1) and ant-Leo anti-antibodies to trophozoites and cyst proteins are shown in S5 Fig. 

1098 Widefield and DIC micrographs of trophozoites and cysts expressing Jonah(1)-GFP, Luke(2)-

1099 GFP, and GFP alone under the GAPDH promoter are shown in S6 Fig. 

1100 Figure 5. A representative Luke(2) lectin is made later during encystation, marks 

1101 small, flat ostioles in developing cyst walls, and is present in the endocyst layer and at 

1102 the edges of conical ostioles in mature cyst walls. A representative Luke(2) lectin with two 

1103 CBM49s, which was tagged with GFP and expressed under its own promoter in transfected A. 

1104 castellanii, is not expressed by trophozoites and is difficult to visualize during the first 12 hr of 

1105 encystation (data not shown). A, B. After 15 and 18 hr encystation, Luke(2)-GFP (green) 

1106 sharply outlines a subset of small, flat ostioles, which are also visible with CFW (blue) but not 

1107 with WGA (red). In a more developed cyst wall (lower right), Luke(2)-GFP also coats the 

1108 endocyst layer. C. After 24 hr encystation, Luke(2)-GFP is diffusely present in the endocyst 

1109 layer and ostioles, which are labeled with WGA and CFW. D. Luke(2)-GFP is diffusely present 

1110 in the endocyst layer and sharply outlines conical ostioles of mature cysts. E. Luke(2)-GFP 

1111 expressed under a GAPDH promoter is also present in the endocyst layer and sharply outlines 

1112 conical ostioles of mature cysts. F. Luke(3) with three CBM49s, tagged with GFP and 

1113 expressed under its own promoter, is also present in the endocyst layer and ostioles. A to F. 

1114 Scale bars are 2 µm.
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1115 Figure 6. A representative Leo lectin is also made later during encystation and is 

1116 present in the endocyst layer and at the edges of conical ostioles in mature cyst walls. 

1117 A representative Leo lectin with two 8-Cys domains, which was tagged with GFP and 

1118 expressed under its own promoter in transfected A. castellanii, is not expressed by 

1119 trophozoites and is difficult to visualize during the first 12 hr of encystation (data not shown). A. 

1120 After 15 hr encystation, Leo-GFP (green) is present in dozens of encystation-specific vesicles 

1121 and is weakly present in the single-layered, primordial cyst wall, which is diffusely labeled red 

1122 with WGA. In contrast, CFW alone labels small, flat ostioles. B. At 18 hr, Leo-GFP forms 

1123 patches on the cyst wall, which are for the most part independent of ostioles. Only at 36 hr (C) 

1124 does Leo-GFP accumulate at the edges of the ostioles, which is its location in mature cysts 

1125 (D). Control cysts show punctate labeling of CSP21-GFP expressed under its own promoter 

1126 (E) and GFP with a signal peptide from the N-terminus of Luke(2) lectin expressed under a 

1127 GAPDH promoter (F).  A to F. Scale bars are 2 µm.

1128 Figure 7. MBP-CWP fusions show glycopolymers bound by Jonah(1) lectin are 

1129 accessible in the ectocyst layer of mature cyst walls, while glycopolymers bound by 

1130 Luke(2) and Leo lectins are much less accessible in the endocyst layer and ostioles. 

1131 After 12 hr encysting, MBP-Jonah (A), MBP-Luke(2) (C), and MBP-Leo (E), each labels 

1132 vesicles in nearly 100% of organisms, the primordial walls of which are labeled green with 

1133 WGA and blue with CFW. While MBP-Jonah(2) labels the ectocyst layer of nearly 100% of 

1134 mature cysts (B), MBP-Luke(2) (D) and MBP-Leo (F) each label the endocyst layer and 

1135 ostioles of <10% of mature cysts. A to F. Scale bars are 2 µm. Widefield micrographs of 

1136 groups of mature cysts labeled with MBP-CWP fusions are shown in S7 Fig. 
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1137 Figure 8. Representative Western blots of pull-downs with microcrystalline 

1138 cellulose and chitin beads show Luke, Leo, and Jonah lectins all bind cellulose, while 

1139 binding to chitin is variable. Luke(2)-GFP, Jonah(1)-GFP, and GFP alone were each 

1140 expressed under the GAPDH promoter in transfected A. castellanii (S1 and S6 Figs), extracted 

1141 from lysed trophozoites, and incubated with microcrystalline cellulose (A) or chitin beads (B). 

1142 Total proteins (T), bound proteins (B), and unbound proteins (U), as well as molecular weight 

1143 markers (M), were run on SDS-PAGE, transferred to PVDF membranes, and detected with an 

1144 anti-GFP reagent. Full-length products in total fractions are underlined in red. Luke(2)-GFP, 

1145 which included some breakdown products, bound completely to microcrystalline cellulose (A) 

1146 and partially to chitin (C). Jonah(1)-GFP, which also included some breakdown products, 

1147 bound partially to microcrystalline cellulose but not at all to chitin. GFP alone (negative control) 

1148 did not bind to cellulose or chitin. MBP-CWP fusions and MBP alone were made as 

1149 recombinant proteins in the periplasm of bacteria and detected with an antibody to MBP. MBP-

1150 Leo partially bound to microcrystalline cellulose and bound weakly, if at all to chitin. MBP-

1151 Luke(2) and MBP-Jonah(1) each bound more completely to cellulose and partially to chitin, 

1152 while MBP alone (negative control) did not bind to cellulose and chitin. 

1153 Supplemental files:

1154 S1 Figure. Constructs made to localize CWPs and the glycopolymers to which 

1155 they bind in encysting organisms and mature cysts and to determine their binding to 

1156 microcrystalline cellulose and chitin beads. A. A representative Luke(2) lectin with two 

1157 CBM49s was used to make GFP-, GST-, and MBP-fusions, and a representative Luke(3) lectin 

1158 with three CBM49s was used to make GFP-fusions. B, C. Representative Leo and Jonah(1) 

1159 lectins were made into GFP- and MBP-fusions. D. Vectors for expressing GFP-fusions in 
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1160 transfected A. castellanii under its own promoter or a constitutive GAPDH promoter contained 

1161 a neomycin resistance gene under a TATA-binding protein promoter [62, 63]. Primers for 

1162 making constructs are listed in S3 Excel file.

1163 S2 Figure. Sequences of representative candidate CWPs with three CBM49s 

1164 (Luke(3) lectin), two 8-Cys domains separated by a Thr-, Lys-, and His-rich domain 

1165 (Leo(TKH) lectin), or three CAA domains (Jonah(3) lectin). A representative Luke(3) lectin 

1166 has an N-terminal signal peptide (purple) and three CBM49s separated by short Ser- and Pro-

1167 rich spacers (light blue). The CBM49s contain conserved Trp (red Ws) present in Luke(2) lectin 

1168 (Fig 3). B. A representative Leo(TKH) lectin has a signal peptide, two domains containing eight 

1169 Cys residues each (red Cs), and a Thr-,Lys- and His-rich spacer (brown). C. A representative 

1170 Jonah(3) has three CAA domains (green), hydrophobic regions (tan), and short Ser- and Pro-

1171 rich spacers (light blue). The representative Luke(3) lectin, expressed with a GFP tag under its 

1172 own promoter, localizes to the endocyst layer and ostioles (Fig 5). 

1173 S3 Figure. Widefield micrographs of mature cysts expressing GFP-labeled CWPs 

1174 show Jonah(1) lectin is accessible to anti-GFP antibodies, while Luke(2) and Leo-GFP 

1175 are poorly accessible. A to C. Cysts expressing Jonah(1)-GFP, Luke(2)-GFP, and Leo-GFP 

1176 (green), each under its own promoter, were labeled with WGA (red) and CFW (blue). D to F. 

1177 Anti-GFP antibodies (red) show that Jonah(1)-GFP, which localizes to the ectocyst layer by 

1178 SIM (Fig 4), is accessible in nearly 100% of organisms. In contrast, Luke(2)-GFP and Leo-

1179 GFP, which localize to the endocyst layer and ostioles, were accessible in 3% and 2% of cysts, 

1180 respectively. A to F. Scale bars are 5 µm.

1181 S4 Figure. RT-PCR shows mRNAs of representative Luke(2), Leo, and Jonah(1) 

1182 lectins, as well as those of cellulose synthase, are encystation-specific. DNA and total 
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1183 RNA was extracted from trophozoites and organisms encysting for one to three days. RT-

1184 PCRs were performed with primers specific for segments of each CWP mRNA, as well as 

1185 primers specific for segments of mRNAs for GAPDH and cellulose synthase (see S3 Excel 

1186 file). PCR with DNA was used as a positive control, while omission of reverse-transcriptase (-

1187 RT) was used as a negative control. Messenger RNAs encoding CWPs and cellulose synthase 

1188 are absent or nearly absent in trophozoites but are easily detectable in encysting organisms. In 

1189 contrast, mRNAs for GAPDH are expressed by trophozoites and encysting organisms. These 

1190 results support encystation-specific expression of GFP-tagged CWPs under their own 

1191 promoters (Figs 4 to 6).

1192 S5 Figure. Western blots with rabbit antibodies to peptides of Leo and Jonah(1) 

1193 lectins show each CWP is absent in trophozoites but is easily detected in mature cysts. 

1194 Proteins of lysed trophozoites and cysts (Coomassie blue stain in A), as well as MBP alone, 

1195 MBP-Jonah(1), or MBP-Leo, were separated on SDS-PAGE, transferred to PVDF membranes, 

1196 and incubated with rabbit antibodies to a 50-amino acid peptide of Jonah(1) (B) or to a 16-

1197 amino acid peptide of Leo (C). Full-length products in lysed trophozoites and cysts are 

1198 underlined in red. Both rabbit antibodies bound to MBP-CWP fusions but not to MBP alone and 

1199 to proteins from cysts but not from trophozoites. These results confirm encystation-specific 

1200 expression of Jonah(1) and Leo (Figs 4 and 6). Rabbit antibodies to a 50-amino acid peptide of 

1201 Leo failed to bind to trophozoites or cysts. None of the rabbit antibodies bound to encysting 

1202 organisms or mature cyst walls when examined by widefield microscopy.

1203 S6 Figure. Widefield and differential interference contrast (DIC) micrographs of 

1204 unfixed trophozoites (A) and cysts (B) expressing GFP-tagged CWPs under a GAPDH 

1205 promoter. Luke(2)-GFP, Jonah(1)-GFP, and GFP alone (green), which were used for pull-

.CC-BY 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted December 13, 2018. ; https://doi.org/10.1101/496307doi: bioRxiv preprint 

https://doi.org/10.1101/496307
http://creativecommons.org/licenses/by/4.0/


1206 downs with glycopolymers (Fig. 7), all express well in trophozoites, which maintain an 

1207 amoeboid appearance with numerous acanthopods.  Luke(2)-GFP and Jonah(1)-GFP are 

1208 located in punctate vesicles of trophozoites and in the endocyst layer (Luke(2)-GFP) and 

1209 ectocyst layer (Jonah(1)-GFP) of mature cyst walls. CFW labels the endocyst layer of mature 

1210 cyst walls. In contrast, GFP alone remains in the cytosol of trophozoites and cysts. A, B. Scale 

1211 bars are 5 µm.

1212 S7 Figure. Widefield microscopy shows glycopolymers bound by MBP-Jonah(1) 

1213 are accessible in the ectocyst layer of mature cyst walls, while glycopolymers bound by 

1214 MBP-Luke(2) and MBP-Leo are, for the most part, inaccessible in the endocyst layer and 

1215 ostioles. MBP-CWP fusions made in the periplasm of bacteria and purified on amylose resins 

1216 were used to label mature cyst walls, which were also labeled with WGA and CFW. Groups of 

1217 organisms were visualized in order to show that the Jonah(1) lectin binds to nearly 100% of 

1218 cysts, while Luke(2) and Leo lectins bind to at most one cyst per visual field. SIM of MBP-

1219 fusions binding to individual encysting cells or mature cysts are shown in Fig. 7.  A to C. Scale 

1220 bars are 5 µm.

1221 S8 Figure. Contrasting use of CBM49 by A. castellanii and D. discoideum. CBM49, 

1222 which was first shown to be a cellulose-binding domain at the C-terminus of tomato cellulase, 

1223 is repeated two or three times in Luke lectins of A. castellanii and is also present at the N-

1224 terminus of a metalloprotease. In contrast, CBM49 is present in a single copy in the majority of 

1225 D. discoideum proteins and as three copies in rare proteins. CBM49 is also present in two 

1226 copies in a D. discoideum cysteine protease and as a single copy in a GH5 glycoside 

1227 hydrolase. 
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1228 S9 Figure. A. castellanii Leo lectins and E. histolytica Jacob lectins have common 

1229 structures even though they share no common ancestry (convergent evolution). 

1230 Abundant cyst wall proteins of A. castellanii (Leo lectins) and E. histolytica (Jacob lectins) have 

1231 unique 8-Cys or 6-Cys domains, respectively, that bind cellulose or chitin. In each protist, 

1232 some of the lectins lack spacers, while others have spacers rich in Thr, Lys, and His (A. 

1233 castellanii) or Ser and Thr (E. histolytica).

1234 S10. Contrasting use of choice of anchor A (CAA) domains in A. castellanii, 

1235 oomycetes, and bacteria. Jonah lectins, which are abundant in cyst walls of A. castellanii, 

1236 have one or three CAA domains. The former are preceded by Thr-, Lys-, and Cys-rich 

1237 sequences (gray), while the latter are separated by Ser- and Pro-rich spacers (blue) and 

1238 hydrophobic domains (tan). CAA domains of oomycetes (Pyromyces or Neocallimastix) have 

1239 three to five CAA domains, while the spore coat protein of Bacilllus has a single CAA domain 

1240 attached to a collagen-binding domain, which is absent in A. castellanii. 

1241 S1 Excel file. Excel file listing the most abundant proteins identified by mass 

1242 spectrometry of cyst walls purified on the Percoll gradient and retained on a membrane 

1243 containing 8-µm pores. Proteins with <7 unique peptides have been removed, because they 

1244 are dominated by cytosolic contaminants. Luke, Leo, and Jonah lectins have been highlighted 

1245 in orange. Other candidate CWPs are marked in yellow.

1246 S2 Excel file. Complete list of proteins identified by mass spectrometry including 

1247 a cyst wall preparation that was heavily contaminated with cytosolic proteins, because 

1248 the Percoll gradient and porous membrane were not used during their purification. We 

1249 have included proteins with at least two unique peptides.
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1250 S3 Excel file. Primers used for construction of GST-, GFP-, and MBP-fusions.

1251
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