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27 Abstract

28 Apicomplexan parasites, such as Plasmodium falciparum and Toxoplasma gondii, traverse 

29 the host tissues and invade the host cells exhibiting a specific type of motility called gliding. 

30 The molecular mechanism of gliding lies in the actin-myosin motor localized to the 

31 intermembrane space between the plasma membrane and inner membrane complex (IMC) of 

32 the parasites. Myosin A (MyoA) is a part of the glideosome, a large multi-protein complex, 

33 which is anchored in the outer membrane of the IMC. MyoA is bound to the proximal essential 

34 light chain (ELC) and distal myosin light chain (MLC1), which further interact with the 

35 glideosome associated proteins GAP40, GAP45 and GAP50. Whereas structures of several 

36 individual glideosome components and small dimeric complexes have been solved, structural 

37 information concerning the interaction of larger glideosome subunits and their role in 

38 glideosome function still remains to be elucidated. Here, we present structures of a T. gondii 

39 trimeric glideosome sub complex composed of a myosin A light chain domain with bound 

40 MLC1 and TgELC1 or TgELC2. Regardless of the differences between the secondary 

41 structure content observed for free P. falciparum PfELC and T. gondii TgELC1 or TgELC2, 

42 the proteins interact with a conserved region of TgMyoA to form structurally conserved 

43 complexes. Upon interaction, the essential light chains undergo contraction and induce 

44 α-helical structure in the myosin A C-terminus, stiffening the myosin lever arm. The complex 

45 formation is further stabilized through binding of a single calcium ion to T. gondii ELCs. Our 

46 work provides an important step towards the structural understanding of the entire glideosome 

47 and uncovering the role of its members in parasite motility and invasion.

48

49

50
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51 Author summary

52 Apicomplexans, such as Toxoplasma gondii or the malaria agent Plasmodium falciparum, are 

53 small unicellular parasites that cause serious diseases in humans and other animals. These 

54 parasites move and infect the host cells by a unique type of motility called gliding. Gliding is 

55 empowered by an actin-myosin molecular motor located at the periphery of the parasites. 

56 Myosin interacts with additional proteins such as essential light chains to form the glideosome, 

57 a large protein assembly that anchors myosin in the inner membrane complex. Unfortunately, 

58 our understanding of the glideosome is insufficient because we lack the necessary structural 

59 information. Here we describe the first structures of trimeric glideosome sub complexes of T. 

60 gondii myosin A bound to two different light chain combinations, which show that T. gondii and 

61 P. falciparum form structurally conserved complexes. With an additional calcium-free complex 

62 structure, we demonstrate that calcium binding does not change the formation of the 

63 complexes, although it provides them with substantial stability. With additional data, we 

64 propose that the role of the essential light chains is to enhance myosin performance by 

65 inducing secondary structure in the C-terminus of myosin A. Our work represents an important 

66 step in unveiling the gliding mechanism of apicomplexan parasites.

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

The copyright holder for this preprint (whichthis version posted December 6, 2019. ; https://doi.org/10.1101/867499doi: bioRxiv preprint 

https://doi.org/10.1101/867499
http://creativecommons.org/licenses/by/4.0/


4

67 Introduction

68 Apicomplexa are a phylum of intracellular, parasitic, single cell eukaryotes with a high medical 

69 and agricultural relevance. For instance, Plasmodium species is the causative agent of 

70 malaria, that leads to 414.000 deaths per year [1]. The number of malaria cases increased or 

71 stopped decreasing in several African countries in the last few years due to the emergence of 

72 new drug-resistant strains [1]. Another apicomplexan parasite, Toxoplasma gondii, is 

73 responsible for toxoplasmosis in humans [2]. Although more than 30% of the world population 

74 is thought to be infected with T. gondii causing no obvious symptoms, the infections can cause 

75 severe damage in immunocompromised patients and pregnant women [2]. Proliferation and 

76 transmission of these obligate endoparasites in theirs host organisms rely on efficient cell 

77 invasion [3]. This active process is based on the motility of the parasite that is referred as  

78 gliding and is empowered by an actin/myosin motor [4,5]. This motor is localized within the 

79 intermembrane space between the parasite’s plasma membrane and inner membrane 

80 complex (IMC), an additional double-layer of membranes that is unique for these single cell 

81 organisms [6]. The IMC provides stability to invasion competent stages of the parasite and 

82 functions as an anchor for the actin/myosin motor. While motility is achieved by the interaction 

83 of the myosin with actin filaments, the myosin is linked to the IMC by a membrane-embedded 

84 multi-protein complex referred to as the glideosome [7–9] (Fig 1A).

85 According to the current model, the apicomplexan glideosome is composed of six proteins: 

86 myosin MyoA, essential light chain ELC, myosin light chain MLC1, and the glideosome-

87 associated proteins GAP40, GAP45 and GAP50 [7,8,10]. MyoA is an unusual small myosin 

88 protein of the unconventional myosin class XIV [11,12], missing the typical myosin tail domain 

89 and binding the two light chains at the C-terminal myosin neck region [13,14]. MLC1 (in 

90 P. falciparum: myosin A tail-interacting protein, MTIP) binds at the very C-terminus of MyoA, 

91 while ELC is expected to interact with the C-terminus of MyoA upstream of MLC1 [15]. Two 

92 ELC homologs recognizing the same MyoA region, termed TgELC1 and TgELC2, were 

93 identified in T. gondii [16], whereas only one PfELC homolog is known in P. falciparum [14,17]. 

94 Myosin together with its light chains and the glideosome associated protein 45 (GAP45) has 
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95 been shown to form a pre-complex in the earlier stages of intracellular parasite development 

96 [7], which subsequently assembles with the remaining glideosome members (GAP40 and 

97 GAP50). Both MLC1 (MTIP) and GAP45 use their N-terminal myristoylation and palmitoylation 

98 sites to anchor in the outer IMC membrane [18]. GAP45 is essential for the correct localization 

99 of MyoA with its light chains and GAP45 depletion leads to impairment of the host cell invasion 

100 [10]. Depletion of GAP40 or GAP50 changes the morphology of the parasites and the integrity 

101 of the IMC and thereby also alters the localization of MyoA and the light chains [19]. Thus, 

102 GAPs do not only serve as an anchor of the glideosome but provide stability and integrity to 

103 the IMC. Indeed, the localization of GAP40 is restrained to distinct foci evenly distributed along 

104 the co-localized tubulin, suggesting that the glideosome is further interconnected within the 

105 network of IMC proteins and in turn attaches to the cytosolic tubulin network [19,20].

106 Structural information on individual members and subcomplexes of the glideosome are limited 

107 and the architecture of the entire glideosome is elusive. So far, only the structures of 

108 P. falciparum PfGAP50 soluble domain [21], a T. gondii dimeric complex between the TgMyoA 

109 C-terminus and MLC1 [15], a homologous dimeric complex in P. falciparum between PfMyoA 

110 C-terminus and MTIP [22], and the motor domains of the T. gondii TgMyoA [23] and P. 

111 falciparum PfMyoA [24] are available (S1 Table).

112 Here we present crystal structures of trimeric complexes of T. gondii composed of MLC1, the 

113 C-terminus of MyoA and TgELC2 or TgELC1 in both calcium-bound and -free forms as well 

114 as the X-ray crystal structure and NMR solution structures of the N-terminal domain of P. 

115 falciparum PfELC. We provide a thorough characterization of all identified interaction surfaces 

116 and demonstrate that the ELCs bind to a conserved binding site on MyoA. Furthermore, we 

117 show that the N-terminal domain of isolated PfELC is structured whereas its C-terminus is 

118 more disordered than its T. gondii homologs. However, ELCs from both P. falciparum and T. 

119 gondii mutually induce the structure with the disordered MyoA C-terminus to assemble into 

120 structurally conserved complexes. 

121
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122 Results

123 PfELC folds into a calmodulin-like N-terminal domain with a disordered C-terminus

124 Crystal structures of T. gondii and P. falciparum MyoA [23,24] as well as structures of their 

125 distal light chains MLC1 (MTIP) [15,22] have already been determined. To shed light on the 

126 architecture and folding of the recently identified proximal essential light chains (ELCs) we 

127 studied their structure in the context of their interaction partners. Analysis of the sequences of 

128 the two T. gondii myosin essential light chains TgELC1 and TgELC2 and the P. falciparum 

129 homolog PfELC indicates likely structural differences for the latter. TgELC1 and TgELC2 share 

130 a high degree of sequence identity (44.4%) and similarity (65.2%), whereas PfELC is 

131 significantly less similar to the T. gondii ELCs, with 20.3% identity and 40.6% similarity to 

132 TgELC1 (Fig 1C). Likewise, the disorder probability differs between the T. gondii and P. 

133 falciparum essential light chain homologs (S1A Fig). To study the structural differences, we 

134 recombinantly expressed N-terminally His-tagged ELCs in E. coli (Fig 1B) and purified them 

135 to homogeneity. In spite of similar molecular weight, PfELC and TgELC2 display distinct 

136 elution profiles when subjected to size-exclusion chromatography (SEC). PfELC elutes earlier 

137 compared to TgELC2 (Fig 2A), suggesting differences in the hydrodynamic radius of these 

138 constructs. Small angle X-ray scattering (SAXS) measurements further confirm that PfELC 

139 does indeed have a larger overall size in solution compared to that of TgELC2, with the 

140 respective radii of gyration (Rg) being 2.71 ± 0.05 nm and 2.14 ± 0.05 nm (Fig S1B-D, Table 1 

141 and S2 Table). The SAXS data also provide evidence that the increased Rg of PfELC likely 

142 results from conformational flexibility, as the peak of PfELC in the dimensionless Kratky plot 

143 is broader and shifted towards higher angles compared to that of TgELC2 (Fig S1C, S2 Table). 

144 This finding is corroborated by the observed secondary structure content for PfELC derived 

145 from circular dichroism spectroscopy, showing that PfELC has lower α-helical and higher 

146 random coil content compared to TgELC2 (Fig 2B, Table 1). In order to map structured 

147 elements and disordered regions of PfELC, we performed triple-resonance NMR experiments 

148 that facilitated the near complete assignment of the amide backbone resonances (Fig. S1E). 
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149 Secondary structure elements were determined from chemical shifts and the dynamics of the 

150 PfELC backbone was probed using heteronuclear NOEs ({1H}-15N NOE). This 15N based 

151 dynamics experiment allows to distinguish between rigid ({1H}-15N NOE > 0.7, secondary 

152 structure elements), somewhat flexible ({1H}-15N NOE ~ 0.5-0.7, loops and turns) and 

153 extremely flexible ({1H}-15N NOE < 0.5, unfolded/ random coil) regions of the protein. 

154 This analysis on PfELC revealed that the protein contains an α-helical structure in the 

155 N-terminal domain, while the C-terminal part is disordered in isolation as evident by the low 

156 heteronuclear NOEs for this region (Fig 2C). Based on this finding, we expressed and purified 

157 an N-terminal fragment of PfELC (amino acids 1-74, PfELC-N; see Fig 1B) and determined its 

158 structure by both X-ray crystallography to 1.5 Å resolution (Fig 2E, Table 2) and by NMR 

159 spectroscopy (Fig 2F, S3 Table). The ten lowest energy NMR structures superimpose with an 

160 average backbone RMSD of 0.87 Å and an all-atom RMSD of 1.23 Å. The lowest energy NMR 

161 conformer is very similar to the crystal structure, with a backbone RMSD of 1.4 Å over residues 

162 1-68. The N-terminal domain of PfELC has a typical calmodulin fold with two EF-hands formed 

163 by two helix-loop-helix motifs. EF-hands typically have the capacity to bind calcium [25] but 

164 here, both EF-hands lack the canonical calcium binding residues and therefore are not able 

165 to bind calcium as evident in the determined crystal structure. PfELC-N crystallized as a dimer 

166 with a covalently linked disulfide bridge between cysteine 19 residues on both protein chains 

167 (S1F Fig). However, in solution, the protein is monomeric, as shown on non-reducing 

168 SDS-PAGE (S1G Fig) and by SAXS (the scattering computed from the crystal structure yields 

169 a good fit with discrepancy Χ2=1.37 to the SAXS data, Fig 2D, S2 Table), and cysteine 19 is 

170 reduced, as probed by the indicative NMR 13C shift. A comparison of the crystal structure 

171 with the NMR structure highlights that the loop of the first EF hand (residues 16-22) and the 

172 third helix (residues 40-47) displays the highest degree of flexibility, in agreement with the 

173 heteronuclear NOE experiment (Fig 2C), while the position of the other loops agrees well 

174 between the crystal and the NMR structure (Fig 2E-F). In general, the assigned backbone 

175 resonances in the NMR spectra superimpose for both full-length protein PfELC and the 

176 N-terminal domain, highlighting that the N-terminal domain maintains the same structure in 
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177 both constructs (S1E Fig). These results show that isolated PfELC is monomeric in solution 

178 with a calmodulin-like N-terminal fold and a disordered C-terminal region.

179

180 Table 1. Biophysical characterization and comparison of PfELC and TgELC2. 

 SEC data CD data SAXS data
 Elution 

volume (ml)
α helix β sheet random Rg (nm) MW (kDa) Dmax 

(nm)
TgELC2 2.41 41% 15% 45% 2.15 17.0 6.73
PfELC 2.18 34% 16% 51% 2.83 16.3 9.50

181

182 Table 2. X-ray data collection and refinement statistics

 PfELC-N Complex 1 Complex 1f Complex 2
Data collection
Beamline PETRA III P14 PETRA III P13 PETRA III P13 PETRA III P13
Wavelength (Å) 1.0332 1.0332 0.9762 1.0332
Space group P 21 21 21 P 41 P 41 I 21 21 21
Unit cell

a, b, c (Å) 30.24, 57.51, 86.34 87.32, 87.32, 56.75 86.13, 86.13, 53.7 84.63, 93.48, 108.15
α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90

Resolution (Å) 47.86  - 1.50 
(1.55  - 1.50)

47.58  - 2.39 
(2.48  - 2.39)

40.94  - 2.00 
(2.07  - 2.00)

40.96  - 2.30 
(2.38  - 2.30)

Rmerge 0.03382 (0.495) 0.106 (1.599) 0.0431 (1.35) 0.08044 (1.007)
I/σI 17.68 (2.06) 19.06 (1.40) 31.02 (1.74) 13.84 (1.79)
CC1/2 0.999 (0.892) 0.999 (0.718) 0.999 (0.718) 0.999 (0.575)
Completeness (%) 99.0 (98.0) 99.9 (99.7) 99.9 (99.4) 99.9 (99.9)
Total no. reflections 104329 (9981) 226789 (23610) 373831 (34891) 124597 (12474)
Multiplicity 4.2 (4.2) 13.3 (13.7) 13.5 (12.9) 6.4 (6.6)
Wilson B-factor (Å-2) 24.12 58.03 48.32 47.21

Refinement
Rwork / Rfree 0.167 / 0.193 0.189 / 0.231 0.190 / 0.225 0.186 / 0.219
No. atoms 1319 2523 2610 2687

Protein 1126 2457 2458 2578
Ligands   n.a. 2 5 33
Solvent 193 64 147 76

B-factors 36.5 78.2 65.4 65.3
Proteins 34.8 78.3 65.4 65.0
Ligands  n.a. 96.6 111 94.2
Solvent 46.5 72.8 63.2 62.6

R.m.s. deviations
Bond lengths (Å) 0.013 0.008 0.003 0.007
Angles (°) 1.16 0.97 0.60 0.87

Ramachandran
Favored (%) 100 98.7 98.7 98.7
Outliers (%) 0 0.33 0.33 0.33

Clash score 1.8 4.4 7.1 10.3

PDB accession no. 6tj4 6tj5 6tj6 6tj7
183

184 Essential light chains bind conserved sequence of MyoA

185 Both T. gondii ELCs (TgELC1 and TgELC2) as well as P. falciparum PfELC have been 

186 previously shown to bind to the C-terminus of MyoA [13,14,17]. Whereas for PfELC, two 

187 binding sites of the PfMyoA C-terminus (PfMyoA residues 786-803 and 801-818; Fig 3A) were 

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

The copyright holder for this preprint (whichthis version posted December 6, 2019. ; https://doi.org/10.1101/867499doi: bioRxiv preprint 

https://doi.org/10.1101/867499
http://creativecommons.org/licenses/by/4.0/


9

188 identified [14], only one binding site was experimentally confirmed for TgELCs (TgMyoA 

189 775-795; Fig 3A) [15,16]. To investigate these interactions further, we measured the binding 

190 affinity of TgELC1, TgELC2 and PfELC to peptides corresponding to the proposed MyoA 

191 binding sites.

192 Strikingly, we could not monitor any binding of PfELC to the previously described binding sites 

193 but observed precipitation upon mixing PfELC with the respective peptides. The TgELC1/2 

194 binding site is highly conserved between T. gondii TgMyoA and P. falciparum PfMyoA, 

195 therefore we hypothesized that PfELC could bind the homologous conserved region (see 

196 Fig 3A) and extended the PfMyoA peptide accordingly. However, precipitation occurred again 

197 and we speculated that the presence of MTIP bound to PfMyoA is a prerequisite for binding 

198 of PfELC. In agreement with this hypothesis, previous reports have shown that PfELC can be 

199 co-purified with full-length MyoA only in the presence of MTIP from insect cells [17]. To 

200 determine the affinity of PfELC via isothermal titration calorimetry we first formed a complex 

201 between MTIP and the PfMyoA neck region peptide (PfMyoA-C, residues 775-816; S2 Fig and 

202 see Fig 3B) and then titrated in PfELC. PfELC bound to MTIP and PfMyoA-C with an affinity 

203 of 120 ± 18 nM (Fig 3E and Table 3). Interestingly, we observed the opposite behavior for the 

204 T. gondii light chains. The T. gondii MTIP homolog, MLC1, precipitated upon interacting with 

205 TgMyoA-C (residues 777-818, see Fig 3B), but both TgELC1 and TgELC2 bound 

206 TgMyoA-CELC (residues 777-799, see Fig 3B) with high affinity (42 ± 6.7 nM and 160 ± 19 nM, 

207 respectively) (Fig 3C-D and Table 3). 

208 Finally, we were able to reconstitute the trimeric complex with both TgELC1 and TgELC2, by 

209 first forming the dimeric complex between TgELC1 or TgELC2 and TgMyoA-C and then 

210 adding MLC1. MLC1 bound the preformed complex of TgELC1 or TgELC2 and TgMyoA-C 

211 with high affinity (4.7 ± 2.5 nM and 0.6 ± 0.1 nM, respectively) (Fig F-G and Table 3). In 

212 conclusion, T. gondii TgELC1 and TgELC2 need to interact with TgMyoA-C in vitro first and 

213 only then MLC1 can assemble into the trimeric complex. In P. falciparum, MTIP first interacts 

214 with the C-terminus of PfMyoA and only after that, PfELC is able to bind and form the trimeric 
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215 complex. All ELC homologs bind a highly conserved sequence stretch at the C-terminus of 

216 MyoA (Fig 3A).

217

218 Table 3. Overview of thermodynamic constants measured by ITC.

Dimeric interactions     

Protein (cell) MyoA peptide 
(syringe) Molar ratio Kd (nM) ΔH 

(kcal/mol)
-TΔS 

(kcal/mol)
MTIP PfMyoA-CELC 0.71 ± 0.01 320 ± 57 -15 ± 0.4 5.5
TgELC1 TgMyoA-CELC 1.05 ± 0.01 42 ± 6.7 -13 ± 0.2 3.2
TgELC2 TgMyoA-CELC 0.87 ± 0.01 160 ± 19 -17 ± 0.2 7.4
TgELC2E10A TgMyoA-CELC 0.79 ± 0.01 190 ± 25 -17 ± 0.3 8.2
TgELC2D16A TgMyoA-CELC 0.80 ± 0.01 280 ± 30 -19 ± 0.3 9.7
TgELC2F79A TgMyoA-CELC 0.84 ± 0.01 280 ± 34 -18 ± 0.3 9.5
TgELC2S101A TgMyoA-CELC 0.88 ± 0.02 280 ± 85 -18 ± 0.8 9.3
TgELC2E10A+H110A TgMyoA-CELC 0.75 ± 0.02 1100 ± 220 -21 ± 0.9 12

Trimeric interactions
Pre-complex with 
MyoA-C (cell)

Protein 
(syringe) Molar ratio Kd (nM) ΔH 

(kcal/mol)
-TΔS 

(kcal/mol)
MTIP PfELC 0.83 ± 0.01 120 ± 18 -13.0 ± 0.25 3.6
TgELC1 MLC1 0.92 ± 0.01 4.7 ± 2.5 -39.1 ± 0.76 28
TgELC2 MLC1 0.81 ± 0.01 0.6 ± 0.1 -47.6 ± 0.12 35
TgELC2R17A MLC1 0.92 ± 0.01 4.6 ± 0.4 -49.7 ± 0.17 38
TgELC2E22A MLC1 0.92 ± 0.01 5.2 ± 1.9 -45.9 ± 0.65 35
TgELC2 MLC1K168A 0.79 ± 0.01 1.2 ± 0.8 -47.7 ± 0.24 36
TgELC2 MLC1Q169A 0.89 ± 0.01 2.3 ± 1.9 -48.8 ± 0.50 37
TgELC2 MLC1N172A 0.84 ± 0.01 4.3 ± 4.3 -41.6 ± 0.92 30

219 The thermodynamic parameters were fitted by a one site binding model with the MicroCal 

220 PEAQ-ITC Analysis Software.

221

222 Essential light chains bind MyoA in a compact conformation and induce an α-helical 

223 structure

224 Previous reports have shown that the presence of P. falciparum and T. gondii essential light 

225 chains increases the speed of the myosin A motor twofold [14,16,17]. To understand the 

226 functional role of ELCs on a molecular level, we characterized TgELC2 in a free and bound 

227 state in complex with TgMyoA-CELC (see Fig 3B). On size exclusion chromatography, the 

228 dimeric complex of TgELC2 and TgMyoA-CELC elutes later than TgELC2 alone, indicating that 
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229 the overall size of TgELC2 decreases upon binding of TgMyoA-CELC (Fig 4A). Indeed, the 

230 parameters extracted from the SAXS measurements indicate compaction upon formation of 

231 the complex (see S2 Table and Fig 4B-C). Before addition of the MyoA-CELC, the flexible 

232 nature of TgELC2 relative to the complex is observed as a broad peak shifted to high angles 

233 in the dimensionless Kratky plot. Upon complex formation, the peak becomes narrower and 

234 shifts to lower angles, an indication of macromolecular compaction (Fig 4B, also see 

235 S3A-B Fig). In agreement, the Rg calculated from the experimental data by Guinier analysis 

236 [26] decreases from 2.15 nm to 1.73 nm upon binding and the particle distance distribution 

237 changes accordingly, with the maximum size decreasing from 6.7 nm for TgELC2 to 5.5 nm 

238 for the complex (S2 Table and Fig 4C). These data suggest that the flexible TgELC2 protein 

239 undergoes a conformational change upon binding to TgMyoA C-terminus, adopting a compact 

240 structure, similarly to what was reported for the MTIP-PfMyoA interaction [22].  In all previously 

241 solved myosin structures, the myosin neck regions fold in a long α helix, tightly bound by their 

242 light chains [27]. This rigid conformation allows the neck region to act as the lever arm of 

243 myosin and its stiffness directly correlates with the myosin step size and speed [28–30]. 

244 However, both TgMyoA-C as well as PfMyoA-C are unfolded or partially unfolded in isolation 

245 (S3C Fig). Indeed, the C-terminal amino acid residues of the recently published TgMyoA [23] 

246 and PfMyoA [24] motor domain structures could not be resolved, likely due to their intrinsically 

247 disordered nature. We hypothesized that the essential light chains can induce α-helical 

248 structure in MyoA upon binding, therefore we measured circular dichroism of TgMyoA-CELC 

249 and TgELC2 in isolation and in the complex (Fig 4D). The data show that isolated 

250 TgMyoA-CELC is unstructured and TgELC2 has a predominantly α-helical fold. However, the 

251 circular dichroism spectrum of the dimeric complex has a significantly higher α-helical content 

252 than the sum of the spectra of the two individual components, as shown by a lower ellipticity 

253 at 222 nm and a higher ellipticity at 195 nm, suggesting that the content of the α-helical 

254 secondary structure increased upon formation of the complex. We observed similar, albeit less 

255 pronounced effect also for the TgELC1-TgMyoA-CELC complex assembly (S3D Fig). We 

256 anticipate that the increase in α-helical secondary structure content corresponds to the 
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257 induction of the structure of the TgMyoA C-terminus, which in turn stiffens the TgMyoA lever 

258 arm and enhances the performance of TgMyoA in the full-length context.

259

260 TgELC1 and TgELC2 form structurally similar complexes with MyoA and MLC1

261 To gain detailed information on the architecture of the trimeric protein assemblies, we 

262 crystallized and determined the crystal structures of the following trimeric complexes: T. gondii 

263 MLC1/TgMyoA-C/TgELC1 complex at 2.4 Å resolution (hereafter named complex 1) and 

264 T. gondii MLC1/TgMyoA-C/TgELC2 complex at 2.3 Å resolution (hereafter named complex 2) 

265 (Fig 5A-B, Table 2). Overall, both complexes display a similar architecture. MyoA folds into an 

266 extended α helix with a characteristic kink between residues 801-803 (angle of 139° in 

267 complex 1 and 137° in complex 2). Both TgELCs display a typical calmodulin fold with one 

268 N-terminal and one C-terminal lobe, each lobe comprised of two EF hands. With the exception 

269 of the first EF hand, all EF hand sequences deviate from the canonical EF hand sequence 

270 and as expected, do not bind any ions. However, clear additional electron density was visible 

271 for the first EF hand and assigned to a bound calcium ion coordinated in a 

272 tetragonal-bipyramidal geometry. Both TgELCs form conserved polar interactions with 

273 TgMyoA, involving TgMyoA residues E787, R793, R794 and K796, a π-π stacking interaction 

274 between the conserved residue pair W779-F79 and a group of hydrophobic residues clustered 

275 around the conserved TgMyoA region P801-Y810 (Fig 5C-D, S4 Table). Mutational analysis 

276 on TgELC2 (Table 3, S4A Fig) showed that disrupting one of the polar interactions or the 

277 conserved π-π stacking interaction W779-F77 only has a minor effect on the binding affinity 

278 of TgMyoA to TgELC2 and suggests that the hydrophobic residues in the conserved MyoA 

279 region play a crucial role for complex formation. In general, TgELC1 forms tighter interactions 

280 with TgMyoA-C than TgELC2, with a higher number of interatomic interactions and a larger 

281 protein-protein interface (S4 table, Fig 5C-D), which is consistent with the difference in the 

282 binding affinity of the dimeric complexes measured by ITC (Fig 3C-D, Table 3). 
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283 This tighter interaction is also reflected in the SAXS data measured for both trimeric complexes 

284 where the extracted molecular weight estimates are consistent with the expected molecular 

285 weights (Fig 5F, S2 Table). Complexes 1 and 2 are monomeric in solution but whereas the 

286 calculated scattering data of complex 1 fit the experimental scattering data with a Χ2 of 1.26, 

287 the structure of complex 2 displays a higher Χ2 = 2.41, suggesting some structural differences 

288 in solution. In addition, the scattering data of the P. falciparum trimeric complex of MTIP, 

289 PfELC and PfMyoA-C are very similar to the T. gondii homologues, suggesting that the overall 

290 architecture of the complexes is conserved between P. falciparum and T. gondii (Fig 5F, 

291 S2 Table).

292 To investigate whether MLC1 binding to the preformed dimeric complex induces additional 

293 conformational changes in TgELC2, we recorded SAXS data of the TgELC2-TgMyoA-CELC 

294 dimeric complex (Fig 5E). The resulting scattering data are in excellent agreement with the 

295 calculated scattering profile from the trimeric complex omitting MLC1 (Χ2 of 1.16 Å) indicating 

296 no major structural rearrangements. Similarly, MLC1 adopts the same conformation as in the 

297 already described structure of a MLC1-MyoA803-830 dimeric complex (PDB ID 5vt9), with a 

298 backbone RMSD of 0.96 Å compared to complex 1 and 0.75 Å compared to complex 2 

299 (S4B-C Fig). The key interactions of TgMyoA with MLC1 are also conserved between the 

300 structures of the trimeric and dimeric complexes (R808, H812, R814) with the exception of 

301 few weak polar interactions (see S4 Table).

302 In general, the N-termini of MLC1 and its P. falciparum homolog MTIP were shown to anchor 

303 myosin A to the inner membrane complex by interacting with GAP45 in vivo [31]. Interestingly, 

304 although the same construct of MLC1 was used for crystallization in all cases (residues 

305 66-210), the quality of the electron density only allowed to build the N-terminal part of the 

306 model to different extents in complex 1 (from residue 77), complex 2 (from residue 67) and  

307 the previously solved structure of the dimeric complex of MLC1 and TgMyoA C-terminus (from 

308 residues 73, 5vt9, [15]). These differences indicate that the N-terminal residues of MLC166-210 

309 in solution show a certain degree of disorder. To further investigate the structure of the 

310 N-terminal residues of MLC1 in solution, we recorded SAXS data of complex 1 with full-length 
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311 MLC1 (residues 1-213) and two MLC1 constructs with a truncated N-terminus (MLC166-210, 

312 which was also used for crystallization, and MLC177-210; Fig 5F-G, S4D Fig). 

313 The complex containing full-length MLC1 displays a significantly higher maximum particle size 

314 (Dmax=14 nm) and a larger radius of gyration (3.50±0.02 nm) in comparison to the complex 

315 used for crystallization (S2 Table), suggesting that the MLC1 N-terminus is disordered in the 

316 complex with TgMyoA and TgELC1. The Dmax decreases even further from 9.5 nm to 8.2 nm 

317 upon truncating the MLC1 construct by additional eleven residues (from MLC166-210 to 

318 MLC177-210). However, the eleven N-terminal residues (66-76) of MLC1 in complex 2 form an 

319 α helix that folds back towards the center of the molecule and therefore does not effectively 

320 increase the maximum particle size of the molecule. The difference in the measured particle 

321 size thus indicates that the structural elements upstream of residue 77 of MLC1 are flexible in 

322 solution (Fig 5G).  Moreover, the SAXS data of complex 1 with the shortest MLC1 construct 

323 (77-210) agree well with the calculated scattering profile of the crystal structure (Χ2=1.04), 

324 whereas the fit of the complex with MLC166-210 is slightly poorer (Χ2=1.26), further supporting 

325 that residues 66-76, which could not be resolved in all crystal structures, are at least partially 

326 disordered. The flexibility within residues 66-76 is additionally apparent from the normal mode 

327 analysis (S6A Fig, see below). Thus, MLC1 residues 77-213 form a rigid complex with the 

328 C-terminus of TgMyoA, whereas residues 1-76 are flexible. This feature may have further 

329 implications on the function of the protein, namely anchoring MyoA to the membranes of the 

330 IMC or interacting with other members of glideosome, such as GAP45.

331

332 Calcium stabilizes the trimeric complexes by mediating ELC interactions to MLC1

333 Apicomplexan invasion is a tightly regulated process, which also involves an increase in 

334 intracellular calcium concentration. To investigate the role of calcium bound in the first EF 

335 hand of both TgELCs, we determined an additional crystal structure of the calcium-free 

336 complex TgELC1/MLC1/MyoA-C at 2.0 Å (complex 1f, Fig 6A, Table 2). The calcium-free 

337 complex generally adopts the same conformation as complex 1. The MyoA-C helix is kinked 
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338 at a similar angle (134°), and the binding interfaces between MLC1 and TgMyoA as well as 

339 between TgELC1 and MyoA are identical to complex 1 (S4 Table). The calcium binding 

340 residues remain in the same conformation as in complex 1 except for side chain of 

341 aspartate 17 which is flipped by 120 degrees and thereby enables the release of calcium from 

342 the binding pocket (Fig 6B). In complex 1, calcium is coordinated in a tetragonal bipyramidal 

343 geometry by the carboxyl groups of side chains D15, D17, D19, the carbonyl group of E21 

344 and two water molecules. In complex 2, calcium is similarly coordinated by the homologous 

345 side chain residues of D16, N18, D20, the carbonyl group of E22 and two water molecules. 

346 Additionally, in complex 2, these water molecules are further stabilized by interactions with the 

347 side chains of E27 and Q49. Contrary to the T. gondii TgELCs, the homologous EF hand loop 

348 of PfELC is bent to the other side and does not possess the residues needed for coordination 

349 of calcium (Fig 6B). In agreement with the presented crystal structures, calcium has no major 

350 influence on the secondary structure of individual TgELCs or PfELC in solution (S5A-C Fig). 

351 Powell et al. recently showed that the absence of calcium reduces the affinity of TgELC1 for 

352 the MyoA C-terminus [15]. To investigate this effect in TgELC2, we mutated the crucial calcium 

353 binding residue D16 in the first EF hand to alanine. As expected, the complex of 

354 TgELC2D16A/MyoA-CELC could not be stabilized against heat unfolding by the addition of 

355 calcium (Fig 6C). However, the complex of TgELC2D16A/MyoA-CELC was also less stable 

356 compared to the wild type complex independent of the bound calcium and the effect of the 

357 mutation on the affinity of the dimeric complex was negligible (Table 3 and S5B Fig).

358 Based on the available crystal structure we speculated that calcium ions might be crucial to 

359 form an interaction surface between the EF hand of TgELCs and MLC1. The structures of the 

360 trimeric complexes show several polar interactions in this interface (6D-F Fig, S4 Table). 

361 Therefore, we mutated selected TgELC2 or MLC1 residues at this interface to alanine and 

362 measured the binding affinity for trimeric complex formation. The observed decrease in affinity 

363 was only moderate (up to five-fold) but the measured affinities reached the limitations of 

364 reliable high affinity ITC measurements (Table 3 and S5C Fig). Therefore, we turned to 

365 stability measurements and observed a pronounced concentration dependent effect of 
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366 calcium ions on the thermal stability of the entire complex in a concentration dependent 

367 manner (Fig 6G-H, S5D Fig). In conclusion, calcium binding by the first EF hand of TgELCs 

368 does not impact the formation of the complex but contributes substantially to the stability of 

369 the complex by maintaining the interface between MLC1 and TgELCs. 

370 Trimeric complexes with full-length myosin A resemble the dynamics of conventional 
371 myosins in the pre-power stroke state

372 Previously solved structures of myosins in complex with their light chains suggest that the 

373 converter domains interact with the essential light chain to further stabilize the rigid lever arm 

374 and possibly transmit the structural changes from the myosin motor domain to the lever arm 

375 [32,33]. Similar to that, it has been proposed that TgELC1 might constitute a small binding 

376 interface with the TgMyoA converter domain [15], providing enhanced rigidity to the myosin 

377 lever arm. To investigate whether the crystal structures of complex 1 and complex 2 are 

378 compatible with these observations and ensure that they do not clash with the TgMyoA core, 

379 we built structural models of the TgMyoA motor and neck domain bound to MLC1 and TgELC1 

380 or TgELC2. For model building, we made use of the crystal structure of the TgMyoA motor 

381 domain in the pre-power stroke state (PDB ID 6due [23], residues 33-771) and extended its 

382 C-terminus by an α helix (TgMyoA residues 772-791), which resulted in 50 MyoA models. 

383 Subsequently, the MyoA residues 780-791 of the crystal structures of complex 1 or complex 

384 2 were aligned to these models and five models of each complex with the lowest clash score 

385 were energy minimized. The details of model building are described in the Methods section.

386 In all cases, the energy-minimized models did not contain any clashes, indicating that our 

387 structures are compatible within the full-length context of TgMyoA (Fig 7A-B). TgMyoA 

388 residues 762-818 constituting the lever arm maintained a continuous α helix after energy 

389 minimization with both TgELC1 and TgELC2 forming a small number of contacts with the 

390 TgMyoA converter domain. These contacts mainly involve the side chain of arginine 81 of 

391 TgELC1 or TgELC2 and residues 720-724 of TgMyoA, which is in agreement with the 

392 previously published HDX data [15]. To further explore the dynamics of full-length TgMyoA 
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393 with its light chains, we performed normal mode analysis in an all-atom representation on five 

394 energy-minimized models from each complex 1 and complex 2, and subsequent deformation 

395 analysis which allowed us to identify potential hinge regions within these structures. In both 

396 cases, all five reconstructed models displayed nearly identical pattern of motions (see S6A 

397 Fig for complex 2): the structures undergo bending in the hinge region of TgMyoA residues 

398 773-777 in two perpendicular directions (mode 7 and 8) as well as twisting in the same region 

399 (mode 9). In the remaining modes (modes 9 and higher), the movement further propagates 

400 throughout the lever arm helix up to TgMyoA residue 799. As a result, the deformation analysis 

401 of the 20 lowest energy modes predicted the hinge region of the TgMyoA lever arm between 

402 TgELCs and the converter domain, and an additional hinge between TgELCs and MLC1 

403 (complex 2 in Fig 7C and complex 1 in S6B Fig). Such dynamics of the myosin light chains is 

404 similar as previously described in conventional myosins [33,34] and the flexibility in the first 

405 TgMyoA hinge can contribute to the efficient rebinding of the myosin motor domain to actin in 

406 the pre-power stroke state (6SC Fig) [35]. In conclusion, the structures of the trimeric 

407 complexes composed of the TgMyoA light chains and TgMyoA C-terminus are compatible with 

408 the full-length TgMyoA and exhibit dynamics that is similar to the dynamics of conventional 

409 myosins.
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410 Discussion

411 The gliding motility of apicomplexan parasites is generated by a myosin-A-based molecular 

412 motor that is anchored in the inner apicomplexan membranes by a multi-protein complex 

413 called the glideosome. While the structures of some individual glideosome components and 

414 small dimeric complexes have been solved for T. gondii and P. falciparum so far, they do not 

415 explain their roles in the glideosome assembly and regulation. In this study, we present 

416 structures of trimeric glideosome complexes consisting of the TgMyoA C-terminus, MLC1 and 

417 TgELC1 or TgELC2 and investigate the role of essential light chains in glideosome assembly 

418 and function.

419 Binding of essential light chains and induced folding

420 We showed that the α-helical content of P. falciparum PfELC is lower compared to T. gondii 

421 ELCs and that the C-terminus of PfELC in isolation is disordered. However, the α-helical 

422 secondary structure content of T. gondii ELCs is even higher in the above described crystal 

423 structures of the trimeric complexes compared to the percentages calculated from the CD 

424 measurements on proteins in isolation. We assume that the C-termini of PfELC as well as 

425 TgELCs are partially disordered, although to a different degree, and constitute the typical 

426 calmodulin fold only upon binding to the MyoA neck domain. This seems plausible because 

427 no structure of essential light chain has been solved in isolation so far and it has been 

428 suggested that they are disordered in the unbound state [36]. 

429 The main role of essential light chains is to support the structure of the myosin neck which, 

430 together with the light chains and myosin converter domain, serves as myosin lever arm 

431 [27,36–38]. Contrary to previously published results [14], we were able to show that ELCs bind 

432 to the same conserved region of MyoA and therefore we expect the structure of PfELC bound 

433 to PfMyoA to be similar to the T. gondii structures presented here. We could show that the 

434 C-terminus of myosin A is disordered (TgMyoA) or only partially ordered (PfMyoA), whereas 

435 in the trimeric complexes, TgMyoA forms a continuous α helix. Therefore, we propose that the 

436 binding of essential light chains and their respective myosin binding sites mutually induces 
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437 folding of both components and thereby stiffens the myosin lever arm. In turn, the myosins are 

438 capable of undergoing a larger step size and thus increase their speed, which is in agreement 

439 with the previous measurements of both T. gondii and P. falciparum myosin A motors 

440 [14,16,17].  

441 Implications on myosin A regulation

442 In general, the myosin light chains together with the myosin heavy chain neck region constitute 

443 a regulatory domain, which influences the biochemical and mechanical properties of myosins 

444 either upon phosphorylation [39–42] or by direct binding of calcium [43,44]. Indeed, 

445 apicomplexan invasion is accompanied by an increase of intracellular calcium concentration 

446 and activation of several kinases [45–47]. The apicomplexan MLC1 or MTIP do not contain 

447 the N-terminal signature sequence (RxxS) necessary for the recognition by myosin light chain 

448 kinases as in muscle myosins [48] and therefore must follow different regulatory pathways. It 

449 has been shown that phosphorylation of TgMyoA S21 and S743 [49] and PfMyoA S19 [24] 

450 upregulates the myosin motor. On the other hand, P. falciparum MTIP phosphorylation at S108 

451 impairs the affinity of MTIP to PfMyoA by increased electrostatic repulsion from the adjacent 

452 MTIP residue E179 [22]. The previously identified phosphorylation sites of MLC1 (S55, T98, 

453 S132) [47] are not homologous to MTIP phosphorylation sites (S47, S51, S85/86, S108) 

454 [22,46] and all of them locate to the N-terminal disordered domain or distant from the binding 

455 interface with ELCs and MyoA, making them unlikely to be directly involved in myosin motor 

456 regulation. The structure of the glideosome trimeric complex 2 revealed another possible site 

457 of the myosin A regulation at TgELC2 residue S102, which has been previously shown to be 

458 phosphorylated in T. gondii tachyzoites [50]. In the trimeric complex, S102 forms a hydrogen 

459 bond with TgMyoA E787 and we expect that an additional negative charge would have a 

460 repulsive effect and decrease the binding affinity of TgELC2. Interestingly, residue S102 is not 

461 conserved in TgELC1 and could explain the presence of two essential light chains in T. gondii: 

462 they might be used by the parasite in different life stages, where a different type of myosin 

463 regulation is required. In addition, it cannot be excluded that the essential light chains are 
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464 promiscuous and might be able to bind to other myosins, too. Although both T. gondii essential 

465 light chains have been shown to interact with the glideosome in vivo [16], transcriptomic data 

466 indicate a higher gene expression level of TgELC1 compared to TgELC2 throughout all life 

467 stages except during oocyst development [51], suggesting that TgELC2 might play additional 

468 roles in other cellular processes then invasion and motility. 

469 Another mode of regulation described in classical myosins is calcium binding. Similarly, to 

470 other essential light chains, TgELC1 and TgELC2 bind calcium in their first EF hand by 

471 residues just adjacent to the interface with MLC1. The calcium ion is supposed to support the 

472 stiffness of the myosin helix kink (TgMyoA residues 801-803) and mediate transfer of the small 

473 conformational changes of the distal regulatory light chain upon phosphorylation to the myosin 

474 motor domain [35,43]. Contrary to that, the calcium-free crystal structure of complex 1 

475 displayed an identical conformation, forming an even larger interface with MLC1 than the 

476 calcium-bound structure. Moreover, the normal mode analysis has shown that conformational 

477 flexibility of the helical hinge of TgMyoA (residues 801-803) is limited and further propagates 

478 downstream of residues 799 with a main deformation hinge in the TgMyoA helical hinge 

479 between residues 773-777. This suggests that calcium does not play a role in myosin A 

480 regulation but rather stabilizes the complex per se. Such conclusion is also supported by 

481 previously published functional data, which show that the absence of calcium does not alter 

482 the function of the myosin A motor in neither P. falciparum [17] nor T. gondii [13].

483 Assembly of the glideosome

484 Finally, essential light chains generally interact with the myosin converter domain and 

485 presumably stabilize the hinge of the myosin neck between the ELC and the converter domain 

486 (TgMyoA residues 775-777) [34,35]. A small interaction interface between the converter 

487 domain and TgELC1 has also been shown previously [15]. Our models now show that both 

488 TgELC1 and TgELC2 form few polar interactions with the converter domain, however, these 

489 are not sufficient to maintain the rigid structure and the TgMyoA hinge between ELC and the 

490 converter domain contributes to most of the movement of the myosin complex. Nevertheless, 

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

The copyright holder for this preprint (whichthis version posted December 6, 2019. ; https://doi.org/10.1101/867499doi: bioRxiv preprint 

https://doi.org/10.1101/867499
http://creativecommons.org/licenses/by/4.0/


21

491 the normal mode analysis was performed in the absence of a bound nucleotide and the 

492 interface between TgELCs and the converter domain might become more rigid once TgMyoA 

493 binds ATP, as previously described for other myosins [52].

494 It still remains elusive how myosin A and its light chains attach to the inner membrane complex 

495 and bind the glideosome associated proteins. Although MLC1/MTIP are lipidated at their 

496 N-terminus, they have been shown to form a pre-complex with GAP45 which is indispensable 

497 for correct MyoA location [10]. Given the disordered nature of the MLC1/MTIP N-termini and 

498 GAP45 in isolation [53], we propose that the proteins interact and mutually induce their 

499 secondary structure upon binding, similarly to the ELC-MyoA interaction described here. We 

500 expect that this interaction can be fine-tuned by phosphorylation of both MLC1/MTIP and 

501 GAP45. Moreover, as both GAP45 and MLC1/MTIP are lipidated and on the other hand, the 

502 transmembrane regions of both GAP40 and GAP50 are highly conserved, we propose that 

503 GAP40 or GAP50 directly bind the lipidation moieties of GAP45 and/or MLC1/MTIP to 

504 immobilize the glideosome in the 2D plane of the inner membrane complex. 

505 In conclusion, our study extends the knowledge on the structure and mechanism of the 

506 glideosome. Partially disordered ELCs stiffen the MyoA lever arm by mutual induction of 

507 structure upon binding and together with MLC1/MTIP form complexes that are structurally 

508 conserved between T. gondii and P. falciparum. The structures revealed that calcium is not 

509 directly involved in the myosin motor regulation, but uncovered an additional potential site of 

510 regulation by phosphorylation in TgELC2. Nonetheless, the complete understanding of the 

511 molecular basis of apicomplexan motility and invasion will require further research and it will 

512 be interesting to unravel how the glideosome anchors to other proteins of the IMC and how 

513 the parasites regulate the action of differently localized myosins on a temporal scale.
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514 Materials and methods

515 Cloning

516 Open reading frames encoding TgELC2 (TGME49_305050) and TgMLC1 (TGME49_257680) 

517 subcloned via NdeI/XhoI restriction enzymes into pET28a(+)-TEV vector were purchased from 

518 GenScript. The TgELC1 gene was cloned by extending the TGME49_269442 open reading 

519 frame (GenScript) and cloning into a pNIC28_Bsa4 [54] vector via BsaI restriction sites.  DNA 

520 sequences of PfELC (PF3D7_1017500), PfELC-N (residues 1-74), PfMTIP (PF3D7_1246400) 

521 and PfMTIP-S (residues 60-204) were amplified from P. falciparum 3D7 cDNA and cloned into 

522 a pNIC28_Bsa4 vector via BsaI restriction sites. These constructs have an N-terminal 

523 TEV-cleavable His6-tag. TgMLC1-S (residues 66-146) was subcloned into a pNIC_CTHF [54] 

524 vector via the BfuI restriction site. The vector has a C-terminal TEV-cleavable His6-tag and 

525 FLAG-tag. The sequence encoding TgMyoA-C was amplified by two complementary primers 

526 and cloned via NcoI/KpnI restriction enzymes into a pET_GB1 vector. This construct contains 

527 an N-terminal TEV-cleavable His-GB1 domain. Expression cassettes of His-TgELC1 and His-

528 GB1-TgMyoA-C were then subcloned via NdeI/XbaI restriction enzymes into a pPYC [55] 

529 vector. The His-GB1-TgMyoA-C gene was then cut by SpeI/XbaI restriction enzymes and 

530 inserted into SpeI-cut pPYC-His_TgELC1 to construct the co-expression vector pPYC with 

531 TgELC1 and TgMyoA-C.

532 Mutagenesis

533 Site directed mutants were generated by blunt-end PCR. Briefly, the plasmids were amplified 

534 by primers which contain the alternative bases on their 5’ ends and anneal upstream and 

535 downstream of the target triplet. The PCR products were digested by DpnI (NEB) overnight at 

536 37 °C and purified by a PCR purification kit (Qiagen). Subsequently, the 5’ ends of the PCR 

537 products were phosphorylated by T4 polynucleotide kinase (NEB), the products were purified 

538 and the free ends of the plasmid re-ligated by T4 DNA ligase (NEB). The positive clones were 

539 subsequently selected and their sequence was verified by sequencing.

540 Protein expression and purification
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541 The proteins were overexpressed in E. coli BL21(DE3) (MLC1, MTIP, MTIP-S, co-expressed 

542 TgELC1-TgMyoA-C + MLC1-S) or E. coli BL21-CodonPlus(DE3)-RIL (TgELC1, TgELC2, 

543 PfELC, PfELC-N, MLC1-S),  in TB medium. The bacterial cultures were induced at OD600nm of 

544 0.6 with 1 mM IPTG and harvested after 4 hours at 37 °C (TgELC1, TgELC2, PfMTIP) or 

545 induced at OD600nm of 0.6 by 0.2 mM IPTG and harvested after 16 hours at 18 °C (PfELC, 

546 PfELC-N, MLC1). The expression of PfELC and PfELC-N for NMR measurements was 

547 performed in minimal expression medium as described elsewhere [56].

548 The cell pellets were resuspended in lysis buffer (20 mM NaP (pH 7.5), 300 mM NaCl, 5% 

549 glycerol, 15 mM imidazole, 5 units/ml DNase I, 1 tablet of protease inhibitors (Roche) per 

550 100 mL buffer, 1 mg/mL lysozyme, 0.5 mM TCEP) and the bacteria were lysed by three 

551 passages through an emulsifier (EmulsiFlex-C3, Avestin) with a maximum pressure of 

552 10 000 psi. The lysate was centrifuged (20 min, 19 000g) and incubated with 2 ml of Ni-IMAC 

553 beads (ThermoFisher) per 1 l of culture on a rotatory wheel (1 h, 4 RPM). The lysate was then 

554 transferred into a gravity column and washed twice with 10 ml wash buffer (20 mM NaP (pH 

555 7.5), 300 mM NaCl, 5% glycerol, 15 mM imidazole, 0.5 mM TCEP). The bound protein was 

556 eluted with 10 ml and subsequently with 5 ml of elution buffer (20 mM NaP (pH 7.5), 150 mM 

557 NaCl, 5% glycerol, 250 mM imidazole, 0.5 mM TCEP). The elution fractions were pooled and 

558 0.5 mg of TEV protease per liter of bacterial culture was added. The samples were dialyzed 

559 (2 kDa cut-off) against 500 ml wash buffer or, in case of PfELC and PfELC-N, against 50 mM 

560 Tris (pH 8.0), 20 mM NaCl, 0.5 mM TCEP overnight. Next day, the samples were incubated 

561 on a gravity column with 1 ml Ni-beads per 1 l of culture. The flow-through was concentrated 

562 (10 kDa cut-off) to maximum of 10 mg/ml and further purified by size exclusion 

563 chromatography on a Superdex 200 HiLoad column (GE Healthcare; PfELC, MTIP, MTIP-S, 

564 MLC1, MLC1-S) or on a Superdex 75 HiLoad column (GE Healthcare; TgELC1, TgELC2, 

565 PfELC-N, co-expressed TgELC1-TgMyoA-C), using gel filtration buffer (20 mM HEPES 

566 (pH 7.5), 150 mM NaCl, 0.5 mM TCEP). Finally, the samples were concentrated 

567 (10 kDa cut-off) up to 15 mg/ml and either directly used or flash-frozen for later use. Due to 
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568 instability, PfELC was always directly used within 3 days of the purification without freezing. 

569 All steps were performed at 4 °C.

570 SDS-PAGE analysis

571 The concentrated samples of PfELC were dialyzed against 50 mM Tris (pH 8.0), 20 mM NaCl, 

572 and 0, 0.25, 0.5 or 1 mM TCEP overnight at 4 °C. Subsequently, the protein concentration 

573 was adjusted to 1 mg/ml and 50 μl of each sample was mixed with a fivefold excess of 

574 2-iodoacetamide. The samples were incubated for 1 h at 37 °C and afterwards, 10 μl of each 

575 sample was mixed with 5 μl of non-reducing loading dye. The gel was run at 180 V for 40 min 

576 and stained by Direct Blue.

577 Analytical gel filtration

578 The proteins and protein complexes were analyzed by analytical gel filtration using a 

579 Superdex 200 5/150 column (GE Healthcare) and the 1260 Infinity Bio-inert high-performance 

580 liquid chromatography system (Agilent Technologies) at 10 °C. The system and column were 

581 equilibrated in 20 mM HEPES (pH 7.5), 150 mM NaCl, 0.5mM TCEP and 30 μl of each sample 

582 was injected by an autosampler. The system was run at 0.2 ml/min for 20 minutes and the 

583 elution profile was recorded by a UV detector.

584 Thermal shift assay

585 The stability of the different proteins was measured by nanoDSF (Prometheus NT.48, 

586 NanoTemper Technologies, GmbH). The proteins were first dialyzed against 1 l of gel filtration 

587 buffer supplemented with 5 mM EDTA overnight at 4 °C and subsequently 2x against 1 l of 

588 gel filtration buffer without EDTA overnight at 4 °C. The protein concentration was then 

589 adjusted to 100 μM (individually or 100 μM each component of a complex) in gel filtration 

590 buffer and varying concentration of calcium chloride (0 – 500 μM). 10 μl of samples was 

591 loaded in the glass capillaries and heated from 20 °C to 95 °C with a heating rate of 1 °C/min. 

592 The fluorescence signals with excitation wavelength of 280 nm and emission wavelengths of 

593 330 and 350 nm were recorded and the melting temperature was calculated as either 
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594 maximum of the derivative of ratio of fluorescence at 330 and 350 nm, or as maximum of the 

595 derivative of the fluorescence at 330 nm.

596 Circular dichroism

597 To estimate the secondary structure content of the proteins and peptides, we measured 

598 circular dichroism on a Chirascan CD spectrometer (Applied Photophysics). For spectrum 

599 measurements, the protein or peptide concentration was adjusted to 100 μM and diluted 

600 tenfold by 10 mM NaP (pH 7.5), 20 mM NaCl, 0.25 mM TCEP just prior to the measurement. 

601 To measure the difference in secondary structure content in presence or absence of calcium, 

602 the proteins were first dialyzed against 1 l of gel filtration buffer supplemented with 

603 5 mM EDTA overnight at 4 °C and subsequently 2x against 1 l of gel filtration buffer 

604 supplemented with ±1 mM CaCl2 overnight at 4 °C. The proteins were then diluted to 5 μM or 

605 10 μM with 10 mM NaP (pH 7.5), 20 mM NaCl, 0.25 mM TCEP and ±1 mM CaCl2 just prior to 

606 the measurement. The CD spectrum was measured between 200 nm and 260 nm with 1 nm 

607 steps in triplicates using a 2 mm quartz cuvette. To assess the induction of structure in the 

608 dimeric protein complexes, each component was diluted by 10 mM NaP (pH 7.5), 150 mM 

609 NaF and 0.25 mM TCEP to a final concentration of 5 μM. The circular dichroism was 

610 measured 10x between 195 nm and 260 nm with 0.5 nm step in 1 mm quartz cuvette. The 

611 data were averaged, background subtracted and analyzed by K2D algorithm [57] using 

612 DichroWeb [58].

613 Isothermal titration calorimetry

614 To measure the interaction of TgELC1 or TgELC2 and its mutants with the TgMyoA-CELC 

615 peptide (S777-Q798), the peptides were dissolved and the proteins were dialyzed in gel 

616 filtration buffer, overnight at 4 °C and 2 μl of a 200 μM peptide solution were injected 19 times 

617 into 20 μM protein. To measure the interaction of the trimeric complex, first, the peptides were 

618 dissolved and the proteins dialyzed against gel filtration buffer supplemented with 1 mM CaCl2. 

619 The complex of TgELC1, TgELC2 or MTIP-S with the MyoA peptide (S777-V818 in T. gondii, 

620 V775-V816 in P. falciparum) was first formed in 1:1.1 molar ratio, respectively, and incubated 
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621 for 1 h at 4 °C. For measurement, 2 μl of 200 μM TgMLC-S or PfELC was injected 19 times 

622 into 20 μM of the pre-formed complex. The measurements were performed with a 

623 MicroCal PEAQ-ITC (Malvern) at 25 °C. The data were processed using the 

624 MicroCal PEAQ-ITC Analysis Software and fitted with a one-site binding model.

625 Bioinformatics methods

626 The homologous protein sequences were aligned with the program MAFFT [59]. The protein 

627 disorder probability was calculated using the disEMBL [60] server with loops and coils defined 

628 by dictionary of secondary structure of proteins [61]. The secondary structure prediction of 

629 PfELC, TgELC1 and TgELC2 was calculated in JPred [62]. 

630 Small angle X-ray scattering

631 The SAXS data were collected at the P12 BioSAXS beamline [63] at the PETRA III storage 

632 ring (DESY, Hamburg, Germany). The concentrated samples of TgELC2 and PfELC 

633 (10 mg/ml) were dialyzed against the buffer (20 mM HEPES (pH 7.5), 150 mM NaCl, 

634 0.5 mM TCEP for TgELC2; 20 mM Tris (pH 8.0), 150 mM NaCl, 0.5 mM TCEP for PfELC-N) 

635 overnight at 4 °C. Further, the samples were centrifuged (5 min, 15 000g, 4 °C) and a dilution 

636 series of each sample (typically in a range of 0.5 – 10 mg/ml) and their corresponding solvent 

637 were measured at room temperature under continuous flow with a total exposure of 1 s 

638 (20 x 50 ms frames). The dimeric complex TgELC2/TgMyoA-C, as well as the trimeric 

639 complexes using different constructs, were mixed in 1:1 or 1:1:1 molar ratio, purified by SEC 

640 and concentrated to 10 mg/ml prior to the measurement. The X-ray scattering data were 

641 measured in an on-line SEC-SAXS mode, using a SD200 Increase column (GE Healthcare) 

642 at 0.5 ml/min with 1 frame recorded per second. The sample of PfELC was concentrated to 

643 10 mg/ml and the X-ray scattering was measured in the on-line SEC-SAXS mode, using a 

644 SD200 5/150 column at 0.4 ml/min. The automatically processed data were further analyzed 

645 using the ATSAS suite [64] programs CHROMIXS [65] and PRIMUS [66] to determine the 

646 overall parameters and distance distribution, CRYSOL [67] to compute the scattering from the 

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

The copyright holder for this preprint (whichthis version posted December 6, 2019. ; https://doi.org/10.1101/867499doi: bioRxiv preprint 

https://doi.org/10.1101/867499
http://creativecommons.org/licenses/by/4.0/


27

647 crystal structures and CORAL [68] to compute the scattering from the crystal structures with 

648 dummy residues mimicking the missing flexible parts.

649 NMR

650 All NMR experiments were conducted on a Bruker Avance II 800 NMR spectrometer equipped 

651 with a cryoprobe at 288 °K in 50 mM HEPES, 20 mM NaCl, 0.5 mM TCEP and 10% (v/v) D2O 

652 at pH 7.0, except for H(CCO)NH-TOCSY and (H)C(CO)NH-TOCSY experiments that were 

653 performed on a Bruker Avance III 600 NMR spectrometer equipped with a room temperature 

654 probe. Full-length PfELC (residues 1-134) was 15N and 15N13C labeled and concentrated to 

655 500 μM. PfELC-N  was also 15N and 15N13C labeled and in addition site-selectively 13C labeled 

656 [69–71] by using 1-13C1 and 2-13C1 glucose. Samples were concentrated to about 1 mM. All 

657 spectra were processed suing NMRPipe [72] and analyzed using NMRView [73].

658 Backbone resonances of 15N13C labeled samples (1-74 and 1-134) were assigned using 

659 HNCACB [74] and HN(CO)CACB [75] experiments. Aliphatic side chains (1-74) were assigned 

660 using H(CCO)NH-TOCSY [76] (H)C(CO)NH-TOCSY and H(C)CH-TOCSY [77] experiments. 

661 Aromatic side chains (1-74) were assigned by (HB)CB(CGCD)HD [78] and aromatic H(C)CH-

662 TOCSY experiments and verified by the site-selective 13C labeling.

663 NOEs for the structure determination were derived from 3D-NOESY-HSQC experiments for 

664 15N, 13C aliphatic nuclei and 13C aromatic nuclei (on 1-13C1 and 2-13C1 glucose labeled 

665 samples). Phi-Psi dihedral angle constraints were derived using TALOS [79]. Structure 

666 calculations were performed using ARIA 2.3 [80] and standard parameters. The lowest-energy 

667 models have been deposited in the PDB with accession number 6tj3.

668 {1H}-15N NOE saturation was performed using a train of shaped 180° pulses in a symmetric 

669 fashion [81–83] for 3 s and a total inter-scan relaxation period of 10 s. Data collection, 

670 processing and analysis details are summarized in S3 Table. 

671 Crystallization
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672 PfELC-N was concentrated (5kDa cut-off) to 26 mg/ml and 200 nl of the sample was mixed 

673 with 100 nl of reservoir solution (0.1M Tris-HCl (pH 8.5), 0.2M Li2SO4, 30% PEG 4000). The 

674 crystals grew in sitting drop plates at 19 °C for 7 days. 

675 The trimeric complex of MLC1-S, TgELC2 and TgMyoA-C (S777-V818) was mixed in a molar 

676 ratio of 1.1: 1.1: 1, respectively. After 1 h of incubation, the trimeric complex was separated 

677 by gel filtration in 20 mM HEPES pH 7.5, 150 mM NaCl, 0.5 mM TCEP using a Superdex 75 

678 16/600 column (GE Healthcare). The fractions containing the peak of the trimeric complex 

679 were concentrated (5 kDa cut-off) to 10 mg/ml. The crystals grew for 7 days at 19 °C in sitting 

680 drop plates prepared by mixing 200 nl of the sample with 100 nl of reservoir solution (0.1 M 

681 imidazole, 0.1 M MES monohydrate pH 6.5, 20% v/v PEG 500 MME, 10% w/v PEG 20 000, 

682 0.12 M 1,6-hexadiol, 0.12 M 1-butanol, 0.12 M 1,2-propanediol, 0.12 M 2-propanol, 

683 0.12 M 1,4-butanediol, 0.12 M 1,3-propanediol).

684 The recombinantly expressed dimeric complex of TgELC1 and TgMyoA-C (S777-V818) was 

685 mixed with MLC1 in 1:1.1 molar ratio, incubated for 1 h and the trimeric complex was 

686 separated by gel filtration in 20 mM HEPES pH 7.5, 150 mM NaCl, 0.5 mM TCEP using a 

687 Superdex 75 16/600 column (GE Healthcare). The fractions containing the peak of the trimeric 

688 complex were concentrated (5 kDa cut-off) to 10 mg/ml. The crystals of calcium-bound 

689 complex grew 7 days at 19 °C in a sitting drop plates prepared by mixing 200 nl of the sample 

690 with 100 nl of reservoir solution (20% w/v ethylene glycol, 10% w/v PEG 8000, 0.1M Tris 

691 (base), 0.1M bicine pH 8.5, 0.09 M sodium nitrate, 0.09 M sodium phosphate dibasic, 0.09 M 

692 ammonium sulfate). The crystals of calcium-free complex grew 7 days at 19 °C in a sitting 

693 drop plate prepared by mixing 200 nl of the sample with 100 nl of reservoir solution (32% w/v 

694 PEG 8000, 0.1M Tris pH 7.0, 0.2M LiCl).

695 Data collection and structure determination

696 The diffraction data of the trimeric complexes were collected at the P13 EMBL beamline of the 

697 PETRA III storage ring (c/o DESY, Hamburg, Germany) at 0.966 Å wavelength and 100 °K 

698 temperature using a Pilatus 6 M detector (DECTRIS). The diffraction data of PfELC-N were 
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699 collected at the P14 EMBL beamline of the PETRA III storage ring (c/o DESY, Hamburg, 

700 Germany) at 0.966 Å and 100 °K temperature using an EIGER 16 M detector (DECTRIS). The 

701 diffraction data were processed using XDS [84], merged with Aimless [85] and the phases 

702 were obtained by molecular replacement with Phaser [86], using the structure of 

703 peptide-bound TgMLC1 (PDB ID 5vt9) as a search model in case of the trimeric complexes 

704 and NMR structure as search model in case of PfELC-N. In all cases, the models were further 

705 built and refined in several cycles using PHENIX [88], Refmac [89] and Coot [90]. Data 

706 collection and refinement statistics are summed up in the Table 2. PyMOL was used to 

707 generate the figures, measure the angle of the helical kink, inter-molecular angles, distances 

708 and RMSDs. PDBePISA [91] was used to characterize the intermolecular interfaces. The 

709 atomic coordinates and the structure factors have been deposited in the PDB with accession 

710 numbers 6tj4, 6tj5, 6tj6 and 6tj7.

711 Modelling

712 The modelling procedure was performed in Modeller version 9.18 [92]. We built 50 models for 

713 the TgMyoA residues 772-791. These 50 models were fused to the structure of TgMyoA 

714 (PDB ID 6due; residues 33-771). All 50 models were tilting along the bond/dihedral angle 

715 between residue 771 and the first modelled residue, that is 772; at the same time, the residues 

716 33-771 of the 6due structure remained fixed. Thus, each of the produced models consisted of 

717 an intact crystal structure 6due (till residue 771) and de novo modelled fragment of 772-791. 

718 Restraints in a form of i-i+4 h-bonding pattern were imposed in order to ensure that all 50 

719 models have an α-helical conformation along the whole length of the de novo modelled 

720 fragment, and also at the junction between residues 771 and 772. The crystal structure of 

721 complex 1 (PDB ID 6tj5) or complex 2 (PDB ID 6tj7) were superposed on the 50 models using 

722 the TgMyoA residues 780-791. After superposition, the modelled conformation of this 

723 fragment was removed from the merged structures, which produced models consisting of an 

724 intact crystal structure of TgMyoA (PDB 6due), the modelled helix of TgMyoA (residues 

725 772-779) and the intact crystal structure of the complex 1 (50 models) or complex 2 

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

The copyright holder for this preprint (whichthis version posted December 6, 2019. ; https://doi.org/10.1101/867499doi: bioRxiv preprint 

https://doi.org/10.1101/867499
http://creativecommons.org/licenses/by/4.0/


30

726 (50 models), starting from the TgMyoA residue 780 of these structures. Next, all reconstructed 

727 complexes were screened against the existence of atomic clashes using the Chimera software 

728 [93] and the best five models (both complex 1 and complex 2) were energy minimized by 

729 executing 1000 steps of conjugate gradient energy minimization in the NAMD program [94]. 

730 All energy minimizations were performed in a water box with ions. 

731 Normal mode analysis.  Normal mode analysis (NMA) [95] was used to probe essential 

732 dynamics of the reconstructed trimeric models. The NMA was performed in an all-atom 

733 representation on the best five energy-minimized models using the BIO3D software [96] . The 

734 deformation analysis was performed, using the first 20, 50 and 100 modes, and also on the 

735 first 10 modes separately. This allowed us to not only identify possible hinge points within the 

736 studied structures of trimeric complexes, but also to determine which hinges correspond to 

737 which modes. 
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1043 List of abbreviations

1044 Complex 1 trimeric complex of TgELC1, TgMyoA-C and MLC1-S with 
1045 bound calcium ion
1046 Complex 1f trimeric complex of TgELC1, TgMyoA-C and MLC1-S,
1047  calcium-free
1048 Complex 2 trimeric complex of TgELC2, TgMyoA-C and MLC1-S with 
1049 bound calcium ion
1050 ELC essential light chain
1051 GAC glideosome associated connector
1052 GAP glideosome associated protein
1053 GAPM glideosome associated protein with multiple membrane spans
1054 IMC inner membrane complex
1055 MIC1 microneme protein 1
1056 MLC1 myosin light chain 1
1057 MLC1-S short construct of protein myosin light chain 1, residues 66-210
1058 MTIP myosin A tail interacting protein
1059 MTIP-S short construct of protein myosin A tail interacting protein, 
1060 residues 60-204
1061 MyoA myosin A
1062 SAXS small angle X-ray scattering
1063 SEC size exclusion chromatography
1064 TgMyoA-C C-terminal construct of T. gondii myosin A, residues
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1065 Figure captions:

1066 Fig 1. Glideosome and myosin light chains. (A) Schematic representation of the current 

1067 model of the glideosome and its localization in the parasite`s intermembrane space. Actin is 

1068 immobilized to the plasma membrane whereas myosin A is part of the glideosome, which 

1069 binds the essential light chains ELC and myosin light chain MLC1 (called myosin tail 

1070 interacting protein, MTIP, in Plasmodium spp.). Myosin A and its light chains further interact 

1071 with glideosome associated proteins GAP40, GAP45 and GAP50, which anchor the 

1072 glideosome in the outer membrane of the inner membrane complex. (B) Schematic 

1073 representation of the myosin light chain constructs used in this study. The numbers indicate 

1074 the sequence residues of the particular protein; the scissor symbol represents a TEV cleavage 

1075 site. (C) Sequence alignment of P. falciparum PfELC and T. gondii TgELC1 and TgELC2. 

1076 Identical residues between these proteins are highlighted in red. The boxed residues indicate 

1077 the residues involved in the polar interactions with TgMyoA (see Fig 5 and S4 Table).  

1078 Secondary structure elements of PfELC as predicted by JPred are graphically shown under 

1079 the sequence alignment.

1080 Fig 2. Structural differences between ELCs of T. gondii and P. falciparum. (A) Gel 

1081 filtration profile of PfELC (red) and TgELC2 (blue) on a home-packed Superdex 200 5/150 

1082 column. PfELC elutes at a smaller elution volume, suggesting that it has a larger hydrodynamic 

1083 radius compared to TgELC2. (B) Far-UV-circular dichroism spectrum of PfELC (red) and 

1084 TgELC2 (blue) shows that PfELC has a lower α-helical and higher random coil content 

1085 compared to TgELC2. (C) Backbone dynamics of PfELC on a picosecond to nanosecond time 

1086 scale. Heteronuclear NOE ({1H}-15N NOE) of PfELC on a residue basis. Residues are colored 

1087 according to secondary structure elements (four α-helices: from N terminus red, orange, violet, 

1088 cyan, random coil/loop residues are green, unassigned C-terminal residues in grey). (D) 

1089 Experimental small angle X ray scattering curve of PfELC (red) and calculated scattering 

1090 (black line) from the crystal structure of the PfELC monomer fit with a Χ2 value of 1.37, 

1091 confirming that the protein is a structurally rigid globular monomer in solution. (E) Crystal 
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1092 structure of the N-terminal isolated domain of PfELC, residues 1-68. PfELC displays a typical 

1093 calmodulin fold with two helix-loop-helix motifs. The degenerate EF hand loops do not bind 

1094 any ion. In agreement with NMR data of full length PfELC, the protein consists of four α-helices 

1095 (from N terminus red, orange, violet, cyan, loops and disordered regions in green). The termini 

1096 are labelled. (F) Ten lowest-energy NMR structures of PfELC (residues 1-74) colored from 

1097 lowest (blue) to highest (red) backbone RMSD compared to the crystal structure show that the 

1098 loop of the PfELC first EF hand (residues 16-22) and the third helix (residues 40-47) display a 

1099 certain degree of flexibility.

1100 Fig 3. Formation of trimeric complexes between ELC, MLC1 (MTIP) and the MyoA 

1101 C-terminus. (A) Sequence comparison of TgMyoA and PfMyoA C-termini shows a conserved 

1102 region (green arrow) upstream of the MLC1 (MTIP) binding site. Whereas two binding sites of 

1103 PfELC at the very C-terminus of PfMyoA were proposed (black arrows) [14], our data show 

1104 that the actual binding site of PfELC encompasses the MyoA conserved region and is similar 

1105 to the TgELC/TgMyoA binding site (blue arrows). The blue boxed residues indicate residues 

1106 involved in polar interactions with TgELC1 and TgELC2, while yellow boxed residues form 

1107 polar interactions with MLC1 (see Fig 5C-D and S4 Table). (B) The peptide constructs 

1108 representing the C-terminal regions of MyoAs with indicated domain boarders used in this 

1109 study. The constructs PfMyoA-C and TgMyoA-C encompass both MLC1/MTIP binding sites 

1110 as well as the upstream conserved region which binds the essential light chains. The construct 

1111 TgMyoA-CELC only consists of the TgELC binding site. (C,D) Isothermal titration of 

1112 TgMyoA-CELC with TgELC1 and TgELC2 show that both dimeric complexes form with 

1113 nanomolar affinity.  The upper panel shows the signal recorded directly after each injection of 

1114 TgELC1 and TgELC2 and represents the thermal power that has to be applied to maintain a 

1115 constant temperature in the sample cell during recurring injections. In the lower panel, the 

1116 integrated heats are plotted against the peptide/protein concentration ratio. The 

1117 thermodynamic binding parameters were obtained by nonlinear regression of the experimental 

1118 data using a one-site binding model. (E) Binding isotherm of PfELC titrated to the preformed 
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1119 MTIP/PfMyoA-C complex proves that the conserved hydrophobic region of MyoAs is 

1120 indispensable for ELC binding. (G,H) Binding isotherms of MLC1 titrated into the pre-complex 

1121 of TgMyoA-C with TgELC1 and TgELC2. MLC1 binds the pre-complex with high nanomolar 

1122 affinity. All thermodynamic parameters derived from ITC measurements are summarized in 

1123 Table 3.

1124 Fig 4. Both TgELCs and TgMyoA undergo large conformational changes upon binding. 

1125 (A) Dimeric complex of TgELC2 and TgMyoA-C elutes at shorter retention times than isolated 

1126 TgELC2 on a home-packed Superdex 200 5/150 column, suggesting that the hydrodynamic 

1127 radius of TgELC2 decreases upon TgMyoA-C binding. (B) Kratky plots of isolated TgELC2 

1128 and in complex with TgMyoA-C. The dimensionless Kratky plot of TgELC2 in complex with 

1129 TgMyoA-CELC (black) has a maximum close to sRg = √3 and converges to zero, unlike isolated 

1130 TgELC2 (blue), suggesting that TgELC2 in isolation is rather extended and compacts upon 

1131 binding to TgMyoA. (C) The distance distribution calculated by Guinier analysis from the SAXS 

1132 data further confirms that TgELC2 undergoes compaction upon TgMyoA binding. TgELC2 

1133 displays wider distance distribution with dmax = 6.7 nm, whereas the distance distribution of the 

1134 dimeric complex is narrower with dmax = 5.5 nm. (D) The far-UV CD data indicate that TgELC2 

1135 induces a α-helical structure in TgMyoA upon binding. The individual spectra of TgELC2 and 

1136 TgMyoA-CELC do not sum up to the CD spectrum of their dimeric complex and the CD spectrum 

1137 of the dimeric complex displays more pronounced features of α-helical secondary structure 

1138 with lower ellipticity at 222 nm and higher ellipticity at 195 nm compared to the sum of 

1139 individual components. CD spectra were recorded in a 1 mm cuvette at a concentration of 

1140 5 μM of each component in 10 mM NaP (pH 7.5), 150 mM NaF and 0.25 mM TCEP at 20°C.

1141 Fig 5. Crystal structures of glideosome trimeric complexes. (A) Crystal structures of 

1142 trimeric complex of TgELC1 (green), TgMyoA-C (pink) and MLC1 (orange) (complex 1). (B) 

1143 Crystal structure of trimeric complex of TgELC2 (blue), TgMyoA-C (pink) and MLC1 (orange) 

1144 (complex 2). The complex structures with TgELC1 and TgELC2 are very similar and the 

1145 TgMyoA helix displays a characteristic kink between residues 801-803. ELCs bind upstream 
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1146 of the MLC1 binding site. (C,D) Binding interface between TgMyoA-C (pink) and TgELC1 

1147 (green) in complex 1 and TgELC2 (blue) in complex 2. Residues involved in polar interactions 

1148 are labelled with the corresponding colour and shown in stick representation. Most polar 

1149 interactions are mediated by C-terminal lobes of TgELCs and the hydrophobic interactions 

1150 between TgELCs and the conserved hydrophobic TgMyoA residues play a crucial role in 

1151 complex formation as evident from ITC measurements. (E) Experimental small angle X-ray 

1152 scattering curve of TgELC2 bound to TgMyoA-CELC (blue). The fit to the scattering pattern 

1153 computed from the crystal structure of complex 2 omitting MLC1 (black line, χ2 = 1.16) shows 

1154 that TgELC2 does not undergo major conformational changes upon binding of MLC1 and the 

1155 formation of the trimeric complex. (F) SAXS analysis of the different trimeric complexes. 

1156 Similarity of the scattering profiles indicates a similar shape for all three complexes, suggesting 

1157 that the architecture of the trimeric complexes is conserved between T. gondii and 

1158 P. falciparum.  Computed scattering curves of complex 1 and complex 2 fit the respective 

1159 experimental data with χ2 = 1.26 and χ2 = 2.41, respectively. (G) The distance distribution plots 

1160 of complex 1 calculated from experimental small angle X ray scattering data change by 

1161 shortening the MLC1 N-terminal domain, indicating flexibility of MLC1 upstream of residue 77. 

1162 The distance distribution is narrower upon N-terminal truncation of MLC1, with dmax decreasing 

1163 from 14 nm (complex 1 with full-length MLC11-213) to 9.5 nm (MLC166-210) and further to 8.2 nm 

1164 (MLC177-210).

1165 Fig 6. Influence of calcium on complex formation. (A) Crystal structure of the glideosome 

1166 trimeric complex composed of TgELC1 (green), MLC1 (orange) and TgMyoA-C (pink) in the 

1167 absence of calcium (complex 1f).  The absence of calcium does not cause a major structural 

1168 rearrangement (see Fig 5A). (B) Structural comparison of the first EF hand in ELCs and 

1169 calcium coordination between complex 1f, complex 1, complex 2 and PfELC-N. Whereas 

1170 PfELC does not bind any ion due to a degenerate sequence in its EF hand, both TgELCs in 

1171 complex 1 and complex 2 bind calcium in a tetragonal bipyramid coordination, including two 

1172 water molecules. These water molecules are further stabilized in complex 2 by additional 
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1173 residues (E27, Q49, D20). In complex 1f, the side chain of residue D17 is flipped by 120°, 

1174 enabling the release of calcium. (C) Thermal stability of the dimeric complex of TgMyoA-C and 

1175 wild type TgELC2 or its mutant TgELC2D16A shows that the mutant TgELC2D16A loses its ability 

1176 to bind calcium but is also substantially less stable. (D-F) Binding interfaces between TgELCs 

1177 and MLC1 in the trimeric complex structures of (from left) complex 1f, complex 1 and complex 

1178 2. Corresponding residues are labelled with the respective colour. The same set of residues 

1179 (K168, Q169, N172, Y177) is involved in polar interactions (indicated by yellow dashes) on 

1180 the MLC1 site, but various residues are utilized by TgELCs. (G-H) Thermal stability change of 

1181 trimeric complex 1 and complex 2 upon addition of calcium measured by nanoDSF. The 

1182 stability of both complexes strongly increases upon calcium binding.

1183 Fig 7. Trimeric complexes modelled in the full-length MyoA context. (A) 

1184 Energy-minimized model of complex 1 as a part of TgMyoA. (B) Energy-minimized model of 

1185 complex 2 as a part of TgMyoA. The models show that the crystal structures of the trimeric 

1186 complexes are compatible with the structure of TgMyoA and maintain the α-helical structure 

1187 of the TgMyoA lever arm. No clashes between TgMyoA and TgELCs were observed. (C) 

1188 Deformation analysis of complex 2 identified two hinge regions in the lever arm of myosin A, 

1189 which contribute to most of the observed dynamics of the protein complex within the 20 

1190 lowest-energy modes. The model is coloured by deformation energy from lowest (violet) to 

1191 highest (red). The hinges localize to the TgMyoA lever arm between the converter domain and 

1192 the TgELC2 binding site (hinge 1, residues 773-777) as well as between the TgELC2 and 

1193 MLC1 binding sites (hinge 2, residues 799-801). These deformations agree with the role of 

1194 TgMyoA in the pre-power stroke state in the context of a power stroke cycle, where the myosin 

1195 is probing the conformational space to bind to actin.

1196

1197 Supporting information captions 

1198 S1 Figure. A Disorder probability prediction calculated by the disEMBL server shows 

1199 differences between PfELC and TgELCs, predominantly in the C-terminal region of the 
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1200 sequence. The disorder for the prediction was defined by dictionary of secondary structure 

1201 probabilities. The amino acid residues with disorder probability above the threshold (dashed 

1202 line) are predicted to be disordered. B Recorded SAXS curves of isolated PfELC and TgELC2 

1203 indicate conformational differences of these homologous proteins. C The dimensionless 

1204 Kratky plot shows that TgELC2 is more compact than PfELC. Although none of the plots 

1205 converges to zero, the maximum of TgELC2 is considerably closer to sRg = √3 compared to 

1206 PfELC.  D Elution profile of on-line SEC-SAXS measurement of PfELC using a Superdex 200 

1207 5/150 column with the region used for the analysis highlighted in grey. E Overlay of 15N HSQC 

1208 spectra of full-length PfELC (red) and its N-terminal construct PfELC-N (black), indicating that 

1209 the construct PfELC-N is identical to the N-terminal domain of full-length PfELC. Assigned 

1210 resonances are labeled. F Dimer of PfELC-N formed by a cysteine bond between two 

1211 symmetry related molecules. G SDS-PAGE gel with PfELC-N samples dialyzed against 

1212 buffers with varying concentration of TCEP and subsequently alkylated by 2-iodoacetamide. 

1213 The results show that the protein is monomeric with the concentration of TCEP used for its 

1214 biophysical characterization.

1215 S2 Figure. ITC binding isotherm of PfMyoA-C titrated into MTIP measured at 25°C.

1216 S3 Figure. A Small Angle X-ray scattering profiles of TgELC2 (blue) and in complex with 

1217 TgMyoA-C (black) show conformational changes upon interaction. B Elution profile of on-line 

1218 SEC-SAXS measurement of TgELC2 using a Superdex 200 10/300 column with the region 

1219 used for the analysis highlighted in grey. C Far-UV CD spectra of both PfMyoA-C (pink) and 

1220 TgMyoA-C (violet) indicate that the unbound C-terminus of MyoA is disordered (TgMyoA) or 

1221 partially disordered (PfMyoA). D Far-UV CD data indicate that TgELC1 induces α-helical 

1222 structure in TgMyoA upon binding. The individual spectra of TgELC1 (green) and TgMyoAELC 

1223 (pink) do not sum up (dotted black line) to the spectrum of their dimeric complex (black 

1224 continuous line), which has more pronounced features of α-helical secondary structure with 

1225 lower ellipticity at 222 nm and higher ellipticity at 195 nm. The data were collected in a 1 mm 
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1226 cuvette at a concentration of 5 μM of each component in 10 mM NaP (pH 7.5), 150 mM NaF 

1227 and 0.25 mM TCEP at 20°C.

1228 S4 Figure. A Isothermal titration calorimetry of TgELC2 mutants binding to TgMyoA-CELC. 

1229 Individual mutations of polar residues (E10A, F79A, S101A) of TgELC2 interacting with 

1230 TgMyoA-CELC do not cause major changes in the affinity of the two components, but the double 

1231 mutant TgELC2E10A+H110A shows a threefold lower affinity. B-C Overlay of MLC1 derived 

1232 from the published dimeric complex structure in grey (PDB ID 5vt9, orange) with the protein 

1233 chains of the trimeric complex structures (complex 1 on the left and complex 2 on the right) 

1234 shows that MLC1 does not undergo any major structural changes upon TgELC1 or TgELC2 

1235 binding. Color code of MLC1 derived from the trimeric complexes according to RMSD 

1236 deviation of Cα is indicated. D Experimental small angle X ray scattering curves of complex 2 

1237 with the short MLC1 construct (MLC177-210) and full-length MLC1 (MLC11-210).  The calculated 

1238 scattering curve computed from the crystal structure of complex 1 fits the scattering data of 

1239 complex 1 with construct MLC177-210 with χ2 = 1.04, suggesting that MLC1 residues 77-210 

1240 form a folded and rigid entity in the complex. The experimental data of complex 1 with full 

1241 length MLC11-213 fit the calculated scattering data from the crystal structure of complex 1 and 

1242 N-terminal MLC1 residues modelled by CORAL with χ2 = 1.15.

1243 S5 Figure. A Comparison of far-UV circular dichroism spectra of individual ELC proteins in 

1244 presence and absence of calcium ions show that calcium does not significantly alter the 

1245 secondary structure of the ELCs. B Binding isotherms of MyoA-C titrated to the TgELC2 

1246 mutant D16A (first calcium-binding EF hand) shows that calcium does not have a major 

1247 influence on the affinity of TgELC2 to the myosin A neck. C ITC binding isotherms of MLC1 

1248 titrated to the TgELC2/TgMyoA-C pre-complex. TgELC2 or MLC1 residues forming the 

1249 binding interface were mutated individually and their affinity was measured to assess the 

1250 contribution to the binding interface within the trimeric complex. The measured mutants were 

1251 TgELC2 mutants R17A and E22A, and MLC1 mutants K168A, Q169A and N172A. The 

1252 binding affinities were in the low nanomolar range. D Stability dependence of the trimeric 
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1253 complex upon addition of increasing concentrations of calcium illustrated by the increase in 

1254 TM (°C). Stability data for complex one are shown on the left and for complex two on the right. 

1255 The colored points are individual measurements and “+“ represents the average. The 

1256 experiment shows that the stability of the trimeric complex is greatly enhanced by the addition 

1257 of calcium in a concentration-dependent manner.

1258 S6 Figure. A Summary plot of the atomic displacements predicted by NMA based on the five 

1259 lowest-energy models for complex 2 selected by the lowest clash score. The relative atomic 

1260 displacement of the individual amino acid residues follows the same pattern in all five models, 

1261 confirming that the results of the normal mode analysis are independent of the chosen starting 

1262 conformation or the energy-minimized model. The results for complex 1 are similar (data not 

1263 shown).  B The deformation analysis of complex 1 averaged through the 20 lowest-energy 

1264 modes predicts two main hinge regions, with the hinge 1 (residues 773-777), having the 

1265 largest contribution to the observed motions. The model is coloured by the deformation energy 

1266 from low (violet) to high (red). C The ensemble of the structures of complex 2 based on the 

1267 two lowest-energy modes, which contribute most to the large-scale dynamics of proteins. The 

1268 original model is drawn in cartoon representation with shown semitransparent surface, 

1269 whereas the deformed structures are partially transparent and drawn in ribbon representation 

1270 with faded surface. The structures were aligned on MLC1 to reflect the immobilization of MLC1 

1271 in the IMC membrane as in the current model of the glideosome (see Fig 1A).

1272 S1 Table. A list of published P. falciparum and T. gondii glideosome protein structures 

1273 published. So far, only the structures of individual proteins of glideosome and two 

1274 homologous subcomplexes (MTIP/PfMyoA and MLC1/TgMyoA) have been solved.

1275 S2 Table. SAXS sample details, data acquisition parameters, structural parameters and 

1276 atomistic modelling.

1277 S3 Table. Statistics for NMR structure calculation of PfELC (residues 1-74). 

1278 Ramachandran analysis was performed by PROCHECK [97]. 
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1279 S4 Table. Polar interactions in the structures of the trimeric complexes inspected by 

1280 Molprobity [98].
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