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Abstract 26 

 27 

Plasmodium sporozoites are the infective forms of the malaria parasite in the vertebrate host. 28 

Gliding motility allows sporozoites to migrate and invade the salivary gland and hepatocytes. 29 

Invasion is powered by an actin-myosin motor complex linked to glideosome. However, the 30 

gliding complex and the role of several glideosome-associated proteins (GAPs) are poorly 31 

understood. In silico analysis of a novel protein, S14, which is uniquely upregulated in 32 

salivary gland sporozoites, suggested its association with glideosome-associated proteins. We 33 

confirmed S14 expression in sporozoites using real-time PCR. Further, the S14 gene was 34 

endogenously tagged with 3XHA-mCherry to study expression and localization. We found its 35 

expression and localization on the inner membrane of sporozoites. By targeted gene deletion, 36 

we demonstrate that S14 is essential for sporozoite gliding motility, salivary gland, and 37 

hepatocyte invasion. The gliding and invasion-deficient S14 KO sporozoites showed normal 38 

expression and organization of IMC and surface proteins. Using in silico and the yeast two-39 

hybrid system, we showed the interaction of S14 with the glideosome-associated proteins 40 

GAP45 and MTIP. Together, our data show that S14 is a glideosome-associated protein and 41 

plays an essential role in sporozoite gliding motility, which is critical for the invasion of the 42 

salivary gland, hepatocyte, and malaria transmission. 43 
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Introduction 51 

The Plasmodium life cycle alternates between a mosquito and a mammalian host, which 52 

involves invasive and replicative stages. When a mosquito probes for the blood meal in an 53 

infected human, it ingests the gametocytes, which develop further into gametes that fuse to 54 

form the zygote. The zygote transforms into ookinetes, producing hundreds to thousands of 55 

oocysts in the mosquito midgut. Following oocyst rupture, sporozoites are released in the 56 

hemolymph and further invade the salivary gland (Klug & Frischknecht, 2017; Douglas et al, 57 

2015). Sporozoites transform into liver stages after transmission to the human host, forming 58 

thousands of merozoites that initiate the erythrocytic cycle (Ripp et al, 2021; Prudêncio et al, 59 

2006). Sporozoites are highly motile cells and rely on gliding motility to travel through 60 

different host species. The gliding motility is powered by the inner membrane complex 61 

(IMC) anchored actomyosin machinery termed the glideosome (Baum et al, 2008; Kono et 62 

al, 2013). The motor is located in the IMC, separating the flattened alveolar sacs and parasite 63 

plasma membrane (PPM) (Gould et al, 2011). The gliding-associated proteins (GAPs) tether 64 

MyoA to the IMC and hold the PPM and the IMC together (Boucher & Bosch, 2015). These 65 

transmembrane proteins connect the submembrane motor to the extracellular environment 66 

(King, 1988) 67 

 68 

Plasmodium sporozoites can invade target cells in the mosquito and the mammalian hosts and 69 

many proteins that have been implicated during this process are expressed specifically in 70 

sporozoites. Thrombospondin-related anonymous protein (TRAP) was found to be the first 71 

protein involved in sporozoite gliding motility and host cell invasion. TRAP mutant 72 

sporozoites failed to invade the salivary gland, and hemolymph sporozoites were nonmotile 73 

(Sultan et al, 1997). TRAP cytoplasmic tails incorporate a C-terminal tryptophan residue that 74 

is crucial for interaction with aldolase that connects with an actin-myosin-based motor 75 
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(Heintzelman, 2015; Buscaglia et al, 2003). S6 is also a TRAP family adhesion, and by 76 

disruption, its role has been implicated in parasite adhesion and gliding motility 77 

(Steinbuechel & Matuschewski, 2009). The other proteins involved in parasite motility and 78 

host cell invasion include MAEBL (Kariu et al, 2002; Saenz et al, 2008), TLP (Heiss et al, 79 

2008), the rhoptry-resident proteins TRSP (Labaied et al, 2007), RON4 (Giovannini et al, 80 

2011), GEST (Talman et al, 2011), TREP/UOS3 (Mikolajczak et al, 2008; Combe et al, 81 

2009), the GPI-anchored circumsporozoite protein (CSP) of the sporozoite and the small 82 

solute transporter PAT (Kehrer et al, 2016) and claudin-like apicomplexan microneme 83 

protein (CLAMP) (Loubens et al, 2023). The individual functions of these proteins are 84 

known. However, how they interact with each other to coordinate gliding motility and 85 

invasion is poorly understood. 86 

 87 

These proteins are specific to sporozoites; however, several overlapping proteins are known 88 

that function in both merozoites and sporozoites. Proteins such as GAP-40, -45, and -50 89 

together with myosin A tail domain interacting protein (MTIP) cluster MyoA with IMC 90 

(Poulin et al, 2013; Daher & Soldati-Favre, 2009). In P. falciparum, the peripheral protein 91 

GAP45 is myristoylated and palmitoylated, possibly required for membrane targeting (Rees-92 

Channer et al, 2006). GAP45 in Toxoplasma gondii is involved in the recruitment of the 93 

motor complex (Frénal et al, 2010). PfGAP50 is a transmembrane protein that anchors the 94 

invasion machinery in the inner membrane complex (Baum et al, 2006; Yeoman et al, 2011). 95 

In T. gondii, GAP45 and GAP50 form a complex with MyoA and its light chain, MLC1. 96 

 97 

While the glideosome and many surface proteins have been studied and found essential for 98 

gliding motility and invasion, the role of gliding-associated proteins is unexplored. To 99 

identify a novel GAP, we performed bioinformatic studies on S14, whose transcripts were 100 
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highly upregulated in sporozoites in a suppressive subtraction hybridization study (Kaiser et 101 

al, 2004). Similar to GAP45 and -50, we found that S14, while not containing transmembrane 102 

domains or signal peptides, is predicted to be secreted via the nonclassical pathway. It also 103 

contains a predicted palmitoylation signal, possibly indicating its membrane targeting (Table 104 

S1). In this study, we investigated the role of S14 in the P. berghei life cycle. We 105 

demonstrate that S14 is an IMC protein interacting with the glideosome-associated proteins 106 

MTIP and GAP45. We disrupted the gene and found that S14 is essential for sporozoite 107 

gliding motility, host cell invasion, and malaria transmission. 108 

 109 

Results 110 

In silico studies show that S14 is secreted via a nonclassical pathway 111 

A study comparing transcriptome differences between sporozoites and merozoites using 112 

suppressive subtraction hybridization found several genes highly upregulated in sporozoites 113 

and named them ‘S’ genes (Kaiser et al, 2004). We narrowed it down to a candidate named 114 

S14, which lacked signal peptide and transmembrane domains. In silico studies revealed that 115 

PbS14 is a protein conserved in all Plasmodium species and has no similarity in other 116 

organisms (Figure S1). The identity matrix showed that the PbS14 protein is highly 117 

conserved among all Plasmodia (Table S2). To understand its possible function, we analyzed 118 

several sporozoite-specific proteins. We found that gliding-associated proteins GAP45 and 119 

GAP50 show similar properties and contain a palmitoylation signal, secreted via the 120 

nonclassical pathway and localized to the inner membrane complex (Rees-Channer et al, 121 

2006). Next, we performed bioinformatic analysis to check whether S14 is targeted to the 122 

inner membrane by a nonclassical secretion pathway. We analyzed the presence of 123 

transmembrane domains, prediction of palmitoylation signals, and interactions as previously 124 

described (Boucher and Bosch, 2015). We found that S14, while not containing 125 
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transmembrane domains or signal peptides, is predicted to be secreted via the nonclassical 126 

pathway. It also contains a predicted palmitoylation signal, possibly indicating its membrane 127 

targeting (Table S1). The nonclassical secretion pathway, which depends on palmitoylation 128 

and myristoylation, has been identified in most eukaryotes (Rabouille et al. 2012), including 129 

P. falciparum (Moskes et al. 2004). 130 

 131 

S14 is expressed and localized on the membrane of sporozoites 132 

We started our study by validating the transcripts of S14 in different stages of the parasites 133 

using quantitative real-time PCR. We found that S14 was predominantly expressed in midgut 134 

and salivary gland sporozoites (Figure 1A). To further investigate whether S14 transcripts are 135 

translated, we endogenously tagged the S14 gene with 3XHA-mCherry using double 136 

crossover homologous recombination (Figure S2A). The correct site-specific integration was 137 

confirmed by diagnostic PCR (Figure S2B). We initiated the mosquito cycle and found that 138 

the C-terminal tag did not affect parasite development throughout the life cycle stages (Figure 139 

S2C and S2D). We monitored live mCherry expression throughout the parasite life cycle 140 

stages. S14-3XHA-mCherry expression was observed in sporozoites but not in the blood and 141 

liver stages (Figure 1B and C). Analysis of the mCherry pattern on sporozoites revealed 142 

localization on the membrane of the sporozoites (Figure 1D). Furthermore, IFA with anti-143 

CSP and anti-mCherry antibodies confirmed S14 localization on the membrane (Figure 1E). 144 

Expression of the S14-3XHA-mCherry fusion protein (~66.5 kDa) was also confirmed by 145 

Western blotting using an anti-mCherry antibody. The appearance of an extra band with 146 

higher molecular weight in immunoblotting was possibly due to the palmitoylation of S14 147 

(Figure 1F). Similar electromobility shifts of GAP45 due to the palmitoylation have been 148 

reported (Frénal et al, 2010). These results indicate that S14 is a sporozoite-specific 149 

membrane protein.  150 
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 151 

S14 KO sporozoites egress from the oocyst normally while failing to invade the salivary 152 

gland 153 

To investigate the role of S14 in the P. berghei life cycle, we disrupted the gene by double-154 

crossover homologous recombination (Figure S3A). The drug-resistant parasites expressing 155 

GFP indicated successful transfection (Figure S3B). We obtained clonal lines of the KO 156 

parasites by limiting dilution of the parasites, integration, and the absence of WT locus was 157 

confirmed by diagnostic PCR (Figure S3C). Finally, two S14 KO clonal lines were confirmed 158 

by Southern blotting, which showed the modified locus in the KO parasites (Figure S3D). 159 

The S14-complemented parasite line was also generated to check the specificity of the 160 

phenotype (Figure S3E). First, a new S14 KO parasite with yFCU was generated, and then an 161 

S14 expression cassette consisting of the 5’UTR, ORF, and 3’UTR was amplified and 162 

transfected into S14 KO (yFCU) parasites. After recombination, the WT locus was amplified 163 

in S14 comp parasites (Figure S3F). Next, we checked the propagation of the asexual 164 

intraerythrocytic cycle of KO parasites, which was comparable to that of WT GFP parasites 165 

(Figure S4). To analyze the phenotype of S14 KO parasites in mosquito stages, we 166 

transmitted them to mosquitoes by allowing them to probe for a blood meal. We observed the 167 

mosquito midgut and salivary glands on day 14 and day 19 post-blood meal. We found that 168 

oocyst formation and development of sporozoites were comparable to those of WT GFP 169 

parasites (Figure 2A-D). However, no sporozoite-associated GFP signals were observed in 170 

salivary glands, and the number of salivary gland sporozoites per mosquito was severely 171 

reduced (Figure 2E and F). Genetic complementation of the KO parasites restored salivary 172 

gland sporozoite numbers to a level similar to WT GFP parasites (Figure 2F). To investigate 173 

whether the KO sporozoites failed to egress from the oocyst or could not invade the salivary 174 

gland. We counted the sporozoite numbers in the mosquito hemolymph. We found a higher 175 
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accumulation of hemolymph sporozoites in KO-infected mosquitoes than in WT GFP-176 

infected mosquitoes (Figure 2G), suggesting that mutant sporozoites failed to invade the 177 

salivary gland. These results indicate that mutant sporozoites egress from the oocysts 178 

normally but fail to invade salivary glands. 179 

 180 

S14 is essential for malaria transmission 181 

To evaluate the ability of salivary gland sporozoites to transmit malaria, infected mosquitos 182 

were allowed to inoculate sporozoites in C57BL/6 mice by enabling them to probe for the 183 

blood meal. We found that mice inoculated with WT GFP or S14 comp sporozoites became 184 

patent on day 3, whereas S14 KO sporozoites failed to initiate blood-stage infection (Table 185 

1). Next, we checked whether this in vivo infectivity defect was due to negligible salivary 186 

gland sporozoite load or mutant sporozoites failed to infect mice. For this, we intravenously 187 

inoculated C57BL/6 mice with 5,000 hemolymph sporozoites and found that all the mice 188 

inoculated with KO sporozoites failed again to initiate blood-stage infection (Table 1). To 189 

determine the stage-specific defect, we performed in vitro assays. First, we infected HepG2 190 

cells with hemolymph sporozoites and observed EEF development at 40 hpi. In three 191 

independent experiments, we found EEFs in culture inoculated with WT GFP sporozoites but 192 

not in the KO-infected cells (Figure 3A and S5A). Next, we checked the invasion capacity of 193 

S14 KO hemolymph sporozoites using double immunostaining, which differentiates outside 194 

vs inside sporozoites (Rénia et al, 1988). S14 KO sporozoites showed a complete failure to 195 

invade hepatocytes (Figure 3B and S5B), explaining the inability to establish an infection in 196 

mice. Next, we performed a development assay to check the mutant sporozoite 197 

transformation ability into a bulb-like structure. For this, we incubated the mutant sporozoites 198 

in a transformation medium for 4 h. We found that S14 KO sporozoites retain the ability to 199 

transform into bulb-like structures (Figure 3C and D). These data demonstrate that S14 KO 200 
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sporozoites lost infectivity to mammalian hosts due to the inability of sporozoites to invade 201 

cells. 202 

 203 

S14 localizes on the inner membrane and is essential for parasite gliding motility 204 

 205 

Invasion-deficient S14 KO sporozoites indicate that either S14 interacts with host receptors 206 

or cannot generate power to invade cells. As S14 lacks a signal sequence and transmembrane 207 

domain, we analyzed whether S14 is present on the outer or inner membrane. We treated 208 

S14-3XHA-mCherry hemolymph sporozoites with Triton X-100 to remove the outer 209 

membrane. The Triton X-100-treated and untreated sporozoites were immunostained with 210 

anti-CSP and anti-mCherry antibodies. The CSP signal was lost in Triton X-100-treated 211 

sporozoites, whereas the S14-3XHA-mCherry signal was retained (Figure 4A). Western 212 

blotting confirmed the IFA result, which detected the mCherry signal in Triton X-100-treated 213 

sporozoites (Figure 4B). To further confirm the inner membrane localization of S14, we 214 

generated antibodies against two IMC proteins MTIP (Bergman et al, 2003) and GAP45 215 

(Gaskins et al, 2004), and performed IFA. The MTIP and GAP45 signals were retained in 216 

Triton X-100-treated sporozoites and colocalized with the mCherry signal (Figure 4A). This 217 

result indicates that S14 is present within the inner membrane of sporozoites. Plasmodium 218 

parasites actively invade host cells, powered by gliding motility (Frénal et al, 2017). Next, 219 

we checked the gliding motility of WT GFP and S14 KO hemolymph sporozoites. WT GFP 220 

sporozoites glided normally, whereas S14 KO sporozoites were found to be nonmotile 221 

(Figure 4C). We counted the sporozoites associated with or without trails to quantify the 222 

percentage of gliding sporozoites. Approximately 53% of WT GFP sporozoites were 223 

associated with trails, whereas no trails associated with sporozoites were observed in S14 KO 224 
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(Figure 4D). These data demonstrate that S14 is an IMC protein that powers the sporozoite's 225 

gliding motility. 226 

 227 

In silico docking revealed the interaction of S14 with GAP45 and MTIP 228 

The gliding phenotype of the S14 KO and its localization on IMC prompted us to investigate 229 

the association of S14 with glideosome-associated proteins. We chose two IMC-localized 230 

proteins, MTIP (Bergman et al, 2003)  and GAP45 (Gaskins et al, 2004), for the interaction 231 

studies. We started with bioinformatic studies to check the interaction of S14 with MTIP and 232 

GAP45. Structural models of MTIP, GAP45 and S14 were obtained and docking was 233 

performed (Figure S6). The ClusPro Docking server binding energy of MTIP-GAP45, S14-234 

GAP45, and S14-MTIP were -1216 Kcal/mol, -898.6 Kcal/mol, and -1024.6 Kcal/mol, 235 

respectively. Further, we performed the docking using the HDOCK server for the receptor-236 

ligand interface (Figure S7). The set cut-off confidence score was 0.5 and the confidence 237 

score for MTIP-GAP45, S14-GAP45 and S14-MTIP interactions were 0.6400, 0.6976 and 238 

0.7235, respectively. These results indicated that MTIP-GAP45 and S14-GAP45 would 239 

possibly bind and  S14-MTIP are likely to bind. Furthermore, we analyzed protein-protein 240 

interaction using HADDOCK server and obtained top Z score clusters were submitted to 241 

PDBe_PISA, which revealed interacting residues interface through hydrogen bonding and 242 

salt bridge residues. The receptor-ligand interface residues less than 3Å were visualized using 243 

Pymol (Figure 5). The respective receptor-ligand interface are given in Tables S3  and S4. 244 

The binding energies and residue interface studies indicate that S14 interact with GAP45 and 245 

MTIP.  246 

 247 

S14 interacts with GAP45 and MTIP in Yeast two-hybrid assay 248 
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To further confirm the in-silico interaction results, yeast two-hybrid assay was performed. 249 

For this,  P. berghei S14 was cloned into pAS2, and the MTIP and GAP45 genes were cloned 250 

into pGAD-C1 yeast two-hybrid vectors. The plasmid containing the S14 gene was 251 

cotransformed with MTIP or GAP45 genes in the S. cerevisiae strain PJ69-4A. Interaction 252 

studies were performed using LacZ and HIS3 as reporters and revealed a positive interaction 253 

of S14 with the MTIP and GAP45 proteins, as these cells were able to grow on SD-Trp-Leu-254 

His plates containing 10 and 25 mM 3-AT (Figure 6). Furthermore, these cells also gave blue 255 

color on plates containing X-gal (Figure 6), indicating a positive interaction of the S14 256 

protein with the MTIP and GAP45 proteins. In contrast, a negative control containing two 257 

unrelated proteins could not grow on 3-AT plates and did not give a blue color on the X-gal 258 

plate. This data confirmed the interaction of S14 with GAP45 and MTIP. 259 

 260 

S14 coordinate gliding motility without affecting IMC and surface protein expression 261 

and localization 262 

Plasmodium sporozoites exhibit a substrate-dependent gliding motility for which surface and 263 

IMC proteins are employed. We analyzed the expression and organization of two IMC 264 

proteins, MTIP and GAP45, and two surface proteins, CSP and TRAP in S14 KO 265 

sporozoites. Immunostaining revealed an intact IMC and surface organization in S14 KO 266 

sporozoites (Figure 7). This data indicate that S14 performs gliding-specific function and 267 

does not affect the organization of IMC and surface proteins. 268 

 269 

Discussion 270 

This study identified a novel Plasmodium protein, S14, which lacks signal peptide and 271 

transmembrane domains. However, it contains a palmitoylation signal, secreted via the 272 

nonclassical pathway and localized to the inner membrane complex. We found that S14 is a 273 
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gliding-associated protein with a core function in gliding motility and host cell invasion. 274 

Deletion of S14 resulted in the accumulation of a higher number of sporozoites in 275 

hemolymph, which failed to invade the salivary gland and hepatocytes. The inability of S14 276 

KO sporozoites to invade the host cell was due to impaired gliding motility. Furthermore, we 277 

show that S14 interacts with the glideosome-associated proteins GAP45 and MTIP. Overall, 278 

these results indicate a central role for S14 in coordinating gliding motility and invasion of 279 

Plasmodium sporozoites. 280 

 281 

We propose that S14 works with GAP45 and MTIP, facilitating gliding motility. It is possible 282 

that S14 connects GAP45 and MTIP or could act entirely independently. Both scenarios are 283 

possible because the details of this complex are not known. Similar to S14, several parasite 284 

proteins play a role in the gliding motility and invasion of both mosquito and human hosts, 285 

such as surface protein TRAP (Sultan et al., 1997) and claudin-like apicomplexan microneme 286 

protein (CLAMP) (Loubens et al, 2023); however, MAEBL was found to be important for 287 

attachment to the salivary gland surface and did not affect sporozoite motility and infectivity 288 

to the vertebrate host (Kariu et al, 2002). S14 is not a surface protein with an extracellular 289 

domain, and its host cell invasion defect was due to impaired gliding. Cellular transmigration 290 

and host cell invasion are prerequisites for gliding motility. Several sporozoite proteins, such 291 

as SPECT, SPECT2, and PLP1, differ from S14, as they invade the host cell usually with a 292 

deficiency in cell traversal (Ishino et al, 2004, 2005b; Risco-Castillo et al, 2015). Surface 293 

proteins such as P36 and P52 show normal gliding motility and cell traversal and play a role 294 

in host cell invasion by interacting with host cell receptors (Ishino et al, 2005a; Manzoni et 295 

al, 2017; Arredondo et al, 2018). 296 

 297 
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The parasite gliding machinery consists of the atypical myosin MyoA, MTIP, and ELC1, the 298 

glideosome-associated proteins GAP40 and GAP45, and the transmembrane protein GAP50 299 

(Bergman et al, 2003; Frénal et al, 2010). This MyoA interacts with F-actin, which connects 300 

with surface proteins through aldolase (Sultan et al, 1997; Jewett & Sibley, 2003; Huynh & 301 

Carruthers, 2006). In T. gondii, GAP45 plays a vital role in maintaining the close association 302 

of the IMC to the plasma membrane (Frénal et al, 2010). GAP45 also interacts with GAP50 303 

through its C-terminal region, supporting its function as the anchor of the motor complex in 304 

the IMC. We selected GAP45 and MTIP for interaction studies with S14 because MyoA was 305 

lost upon the downregulation of MTIP. Furthermore, MTIP was found to be reduced in 306 

GAP45 knockdown (Sebastian et al, 2012). 307 

 308 

Deletion of S14 resulted in the accumulation of a higher number of sporozoites in 309 

hemolymph, indicating the dispensable role of S14 during the egress of sporozoites from 310 

oocysts. The conditional deletion of GAP45 during P. falciparum asexual blood stages 311 

revealed its role in the invasion but not in egress. These results indicate that a functional 312 

motor complex is not required for egress from RBCs, which plays a critical role in invasion 313 

(Perrin et al, 2018). GAP40 and GAP50 and members of the GAPM family play critical roles 314 

in the biogenesis of IMCs during intracellular replication. Parasites lacking GAP40 or 315 

GAP50 start replication but fail to complete it, implicating a structural role in maintaining the 316 

stability of the developing IMC during replication (Harding et al, 2016). It was shown that 317 

IMC is critical for the anchorage and stabilization of the glideosome (Opitz & Soldati, 2002) 318 

and is required during the invasion of the host cell (Bargieri et al, 2013; Egarter et al, 2014; 319 

Togbe et al, 2008; Meissner et al, 2013). We hypothesize that S14 possibly plays a structural 320 

role and maintains the stability of IMC required for the activity of motors during gliding and 321 

invasion. S14 deletion does not affect GAP45, MTIP, CSP and TRAP expression and 322 
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localization, suggesting that it performs motor-related functions only. These results indicate 323 

that the S14-associated IMC complex possibly exists in sporozoites and coordinates gliding 324 

motility (Figure 8); however, the link between S14, GAP45, and MTIP requires further 325 

investigation. 326 

 327 

Material and methods 328 

Parasites, Mosquitos, and Mice 329 

 330 

Plasmodium berghei ANKA (MRA 311) and P. berghei ANKA GFP (MRA 867 507 m6cl1) 331 

were obtained from BEI resources, USA. Anopheles stephensi mosquitos were reared at 28°C 332 

and 80% relative humidity and kept under a 12 h light/dark cycle as previously described 333 

(Gupta et al, 2020). Swiss albino and C57BL/6 mice were used for parasite infections. All 334 

animal procedures were approved by the Institutional Animal Ethics Committee at CSIR-335 

Central Drug Research Institute, India (IAEC/2013/83). 336 

 337 

Protein association prediction for PbS14  338 

Using the “guilt-by-association” principle of prediction, we chose to study the following 339 

properties of existing glideosome components along with S14: (1) Classical pathway 340 

secretion using the signal peptide (SignalP). (2) Nonclassical pathway secretion 341 

(SecretomeP). (3) Presence of transmembrane domains (TMHMM). (4) Presence of a 342 

potential palmitoylation site (CSS-Palm). (5) Known associations from the literature. This is 343 

a similar association prediction method as employed by the STRING database. These 344 

properties were chosen on the rationale that the presence of these signals ascertains protein 345 

targeting to different cellular membranes. Associating these characteristics with the known 346 

glideosome proteins and their interactions (Boucher & Bosch, 2015), we could select a few 347 

.CC-BY 4.0 International licenseavailable under a
(which 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 preprintthis version posted August 30, 2023. ; https://doi.org/10.1101/2023.08.30.555469doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.30.555469
http://creativecommons.org/licenses/by/4.0/


 15

glideosome components to check for physical interactions using in-silico studies and yeast 348 

two-hybrid assay. 349 

 350 

S14 expression analysis by RT‒qPCR 351 

For the absolute quantification of S14 transcripts, a standard was generated by amplifying a 352 

120 bp fragment within the S14 ORF (PBANKA_0605900) using primers 1001/1002 353 

(primers are given in Table S5). The amplified product was cloned into the pCR 2.1-TOPO 354 

vector. For the normalization of transcripts, Hsp70 was used (Choudhary et al, 2019). Total 355 

RNA was isolated from blood stage schizonts (Schz), liver stages (LS), midgut (MG), and 356 

salivary gland (SG) sporozoites using TRIzol reagent (Takara Bio, Japan) and an RNA 357 

isolation kit (Genetix, India) following the manufacturers’ instructions. cDNA was prepared 358 

by reverse transcription using a Superscript cDNA synthesis kit. Real-time PCR was carried 359 

out using SYBR green reagent (Takara Bio, Japan), and the ratio of transcript numbers of S14 360 

and Hsp70 was used to determine the copy number. 361 

 362 

Generation of S14-3XHA-mCherry transgenic parasites 363 

For the endogenous tagging of S14 with 3XHA-mCherry, two fragments, F1 (0.74 kb) and F2 364 

(0.65 kb), were amplified using 1010/1011 and 1005/1006 and cloned into plasmid pBC-365 

3XHA-mCherry-hDHFR at XhoI/BglII and NotI/AscI, respectively. The plasmid was 366 

linearized using XhoI/AscI and transfected into P. berghei ANKA schizonts as previously 367 

described (Janse et al, 2006). Correct 5’ and 3’ site-specific integration was confirmed by 368 

diagnostic PCR using primers 1007/1392 and 1215/1008, respectively (primers are given in 369 

Table S5). The clonal lines were obtained by limiting dilution of the parasites and analyzed 370 

for expression and localization. 371 

 372 
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Generation of S14 KO and complemented parasites 373 

P. berghei S14 (PBANKA_0605900) was disrupted by double-crossover homologous 374 

recombination. For this, two fragments, F3 (0.73 kb) and F4 (0.637 kb), were amplified using 375 

P. berghei ANKA genomic DNA with primers 1003/1004 and 1005/1006, respectively. The 376 

fragments F3 and F4 were cloned sequentially into the pBC-GFP-hDHFR vector at XhoI/ClaI 377 

and NotI/AscI, respectively, and finally linearized with XhoI/AscI and transfected into P. 378 

berghei schizonts (Janse et al, 2006). The drug-resistant GFP-expressing parasites were 379 

confirmed for 5’ and 3’ site-specific integrations using primers 1007/1225 and 1215/1008, 380 

respectively (primers are given in Table S5). To generate an S14 KO complemented parasite 381 

line, another S14 KO parasite line was generated with the hDHFR:yFCU selection cassette. A 382 

fragment consisting of the S14 5’UTR, ORF, and 3’UTR was amplified using primers 383 

1003/1006 and transfected into S14 KO parasites. Parasites containing restored S14 loci were 384 

selected by negative selection using a 5-fluorocytosine (5-FC) drug (Sigma, USA) as 385 

previously described (Srivastava & Mishra, 2022). The clonal lines were obtained by limiting 386 

dilution of the parasites, and the absence of S14 ORF was confirmed using primers 387 

1010/1011. Furthermore, two clonal lines were also confirmed by Southern blotting as 388 

described previously (Narwal et al, 2022). Fragment F3 was used as a probe to detect the 389 

band in Southern blot. 390 

 391 

Phenotypic characterization of S14 KO parasites 392 

The S14 KO clonal lines were first analyzed for asexual blood-stage propagation, and for 393 

this, 200 µl of iRBCs with 0.2% parasitemia was intravenously injected into a group of mice. 394 

Parasitemia was monitored daily by Giemsa staining of blood smears. Next, we initiated 395 

infection with KO parasites in Anopheles stephensi mosquitos as previously described 396 

(Narwal et al, 2022). On days 14 and 19, midgut and salivary glands were observed for 397 
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infection, and sporozoite numbers were counted. The hemolymph sporozoites were collected 398 

and counted as previously described (Mastan et al, 2017). 399 

 400 

In vivo infectivity 401 

To determine the in vivo infectivity of KO sporozoites, C57BL/6 mice were either infected 402 

by mosquito bite or by intravenously injecting hemolymph sporozoites. For the bite 403 

experiment, ten mosquitos per cage were used. The appearance of parasites in the blood was 404 

observed by making Giemsa-stained blood smears. 405 

 406 

In vitro infectivity of sporozoites 407 

The in vitro infectivity of sporozoites was tested by infecting HepG2 cells as previously 408 

described (Narwal et al, 2022). Fifty thousand cells/well were seeded in 48-well plates 409 

containing sterilized coverslips pretreated with collagen. Hemolymph sporozoites (10,000 410 

sporozoites/well for the invasion assay or 5,000 sporozoites/well for EEF development) were 411 

added to the HepG2 monolayers, and the plate was centrifuged at 310 g for 4 min and 412 

incubated at 37°C in a CO2 incubator. The culture was fixed using 4% PFA at 1 hpi for the 413 

invasion assay and 40 hpi for the EEF development assay. 414 

 415 

Transformation of sporozoites into early EEFs without host cells 416 

WT GFP and S14 KO hemolymph sporozoites were incubated in a medium containing 417 

DMEM with 2 mM L-glutamine, 4.5 g/liter glucose, and supplemented with 10% FBS 418 

(Sigma, USA), 500 U/ml penicillin‒streptomycin, (Thermo Fisher Scientific, USA) and 1.25 419 

μl/ml fungizone as previously described (Kaiser et al, 2003). The sporozoites were incubated 420 

at 37°C in a CO2 incubator for 4 hrs and then fixed using 4% PFA. 421 

 422 
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Generation of anti-MTIP and anti-GAP45 antibodies 423 

Affinity-purified polyclonal rabbit antibodies against P. berghei MTIP and GAP45 were 424 

developed by GenScript Inc., Piscataway, NJ, against the peptide sequences 425 

CVNKDDRKIYFDEKS and CHKYENDSDKLETGS, respectively. 426 

 427 

Triton X-100 membrane extraction 428 

Sporozoites (3 x104) were collected and treated with 1.0% Triton X-100 diluted in PBS and 429 

incubated on ice for 30 min as previously described (Bergman et al, 2003). After incubation, 430 

sporozoites were spun at 13,800 × g for 20 min at 4°C. Both treated and untreated sporozoites 431 

were washed three times with PBS and fixed with 2% paraformaldehyde diluted in PBS or 432 

resuspended. 433 

 434 

Sporozoite gliding motility assay 435 

To quantify sporozoite gliding motility, a glass eight-well chamber slide was coated with 10 436 

μg/ml anti-CSP antibody in PBS overnight, and the assay was performed as described 437 

previously (Stewart & Vanderberg, 1988). Hemolymph sporozoites collected in 3% 438 

BSA/DMEM were added at 5,000/well and incubated for 1 h at 37°C in a CO2 incubator. 439 

After incubation, sporozoites were fixed with 4% PFA, blocked using 3% BSA/PBS, and 440 

incubated with biotin-labeled anti-CSP antibody, and signals were revealed using 441 

streptavidin-FITC (Invitrogen, USA). Trails associated with sporozoites were counted using a 442 

Nikon 80i fluorescence microscope. 443 

 444 

Immunofluorescence assay 445 

 446 
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Fixed sporozoites were washed with PBS, permeabilized using 0.1% Triton X-100 for 15 min 447 

at room temperature, and then blocked with 1% BSA/PBS for 1 hr at room temperature. 448 

Further sporozoites were incubated with anti-mCherry developed in rabbit (Novus 449 

Biologicals, USA), anti-CSP mouse monoclonal (Yoshida et al, 1980), anti-MTIP, anti-450 

GAP45 or anti-TRAP (Mishra et al, 2023) antibodies. The signals were revealed using Alexa 451 

Fluor 594-conjugated or Alexa Fluor 488-conjugated antibodies (diluted 1:1,000; Invitrogen, 452 

USA). For the staining of EEFs, fixed cultures were washed with PBS, and staining with anti-453 

UIS4 antibody (Mueller et al, 2005) was performed as previously described (Narwal et al, 454 

2022). Nuclei were stained with Hoechst 33342 (Sigma‒Aldrich, USA) and mounted using 455 

Prolong diamond anti-fade reagent (Invitrogen, USA). The images were acquired using a 456 

confocal laser scanning microscope with a UPlanSAPO 100x/1.4 oil immersion objective 457 

(Olympus BX61WI) at 4X magnification. 458 

 459 

Western blot analysis 460 

Sporozoites were pelleted by centrifuging at 14,000 rpm for 4 min and resuspended in 461 

Laemmli buffer. Immunoblotting was performed as previously described (Narwal et al, 462 

2022). Briefly, samples were resolved by SDS-PAGE, transferred to a nitrocellulose 463 

membrane (Bio-Rad, USA), and blocked with 1% BSA. The blot was incubated with an anti-464 

mCherry (diluted 1:1,000, Novus Biologicals, USA) or anti-CSP (Yoshida et al, 1980)  465 

antibodies. The membrane was washed and incubated with HRP-conjugated anti-rabbit or 466 

anti-mouse IgG (diluted 1:5,000, Amersham Biosciences, United Kingdom). The signals 467 

were detected using ECL chemiluminescent substrate (Thermo Scientific, USA) in a 468 

ChemiDoc XRS+ System (Bio-Rad, USA). 469 

 470 

Bioinformatic approaches for interrogating protein-protein interactions 471 
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To check the interaction of S14 (PBANKA_0605900) with MTIP (PBANKA_1459500) and 472 

GAP45 (PBANKA_1437600), in-silico docking was performed. The PDB structures of S14, 473 

MTIP and GAP45 are not available, therefore, to obtain their model structure, amino acids 474 

sequences were submitted to trRosetta server (https://yanglab.nankai.edu.cn/trRosetta). 475 

Obtained structural models were validated using SAVE webserver 476 

(https://saves.mbi.ucla.edu/) for Quality factors and Ramachandran plots acceptibility. 477 

Models with quality factor above 95% were further processed for the protein-protein 478 

interaction studies. ClusPro server (https://cluspro.bu.edu/home.php) was used for initial 479 

protein-protein docking studies to predict MTIP-GAP45, MTIP-S14 and S14-GAP45 480 

interaction according to their binding energy. Further, PDB files of the models were 481 

submitted to the HDOCK server (http://hdock.phys.hust.edu.cn) for their interaction studies 482 

using default parameters. The model with the highest docking score was further used for 483 

visualization by Pymol 2.5.4 software (http://www.pymol.org/pymol) (Schrödinger & 484 

DeLano).  485 

 486 

Yeast two-hybrid interaction studies 487 

The P. berghei S14 gene was amplified using primers 2058/2059 and cloned into the Gal4 488 

binding domain-containing vector pAS2 for yeast two-hybrid interaction studies. The MTIP 489 

and GAP45 genes were amplified using primer pairs 2060/2061 and 2062/2063, respectively, 490 

and cloned into the pGAD-C1 vector in frame with the Gal4 activation domain. These 491 

plasmids were cotransformed into S. cerevisiae strain PJ69-4A (Clontech, USA), which 492 

contains the lacZ gene from E. coli encoding β-galactosidase and the HIS3 selectable marker 493 

as reporter genes. Interaction studies were performed on SD-leu-trp plates containing X-gal 494 

or SD-leu-trp-his plates containing 3-aminotriazole (3-AT). The appearance of blue color on 495 
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X-gal plates and growth on plates containing 10 and 25 mM 3-AT in the absence of histidine 496 

indicates a positive interaction. 497 

 498 

Statistical analysis  499 

Statistical analysis was done using two-tailed, unpaired Student's t test or one-way ANOVA 500 

in GraphPad Prism software. 501 

 502 

Data and Materials Availability 503 

All data are available within this manuscript, and raw data are available from the 504 

corresponding author upon reasonable request. Materials generated in this study are available 505 

from the corresponding author on request. 506 
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Table 1. Infectivity of S14 KO sporozoites in C57BL/6 mice. C57BL/6 mice were 714 

inoculated with WT GFP, S14 KO or  S14 comp sporozoites by mosquito bite or intravenous 715 

injection. The appearance of parasites in the blood was confirmed by making Giemsa-stained 716 

blood smear. 717 

 718 
Experiment 
  

Parasites 
 

Route 
 

Number of 
sporozoites 
injected 

Mice 
positive/Mice  
infected 
 

Pre-
patent 
period 
(days) 

1 WT GFP Mosquito 
bite 

From 10 
mosquitos 

4/4 3 

S14 KO c1 Mosquito 
bite 

From 10 
mosquitos 

0/4 NA 

S14 KO c2 Mosquito 
bite 

From 10 
mosquitos 

0/4 NA 

2 WT GFP intravenous 5,000 5/5 3 
S14 comp intravenous 5,000 5/5 3 
S14 KO c1 intravenous 5,000 0/5 NA 
S14 KO c2 intravenous 5,000 0/5 NA 
S14 KO (yFCU) intravenous 5,000 0/5 NA 

3 WT GFP intravenous 5,000 0/4 3 
S14 KO c1 intravenous 5,000 0/4 NA 
S14 KO c2 intravenous 5,000 0/4 NA 

 719 
 720 
 721 
 722 
 723 
 724 
 725 
 726 
 727 
 728 
 729 
 730 
 731 
 732 
 733 
 734 
 735 
 736 
 737 
 738 
 739 
 740 
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Figure legends 741 

Figure 1. S14 expression and localization. (A) The gene expression of S14 was analyzed 742 

using quantitative real-time PCR, which revealed the highest expression in sporozoites. The 743 

expression of S14 was normalized to the PbHsp70 transcript. BS; blood stages, Schz; 744 

schizonts, MG Spz; midgut sporozoites, SG Spz; salivary gland sporozoites, LS; liver stages. 745 

(B) Live microscopy image of midgut oocysts expressing the mCherry reporter. (C) 746 

mCherry-expressing salivary gland sporozoites. (D) Salivary gland sporozoites expressing 747 

S14-3XHA-mCherry on the membrane. (E) Confirmation of S14 expression on the 748 

membrane of the sporozoites by coimmunostaining with surface protein marker anti-CSP 749 

antibody. (F) Western blot analysis of S14-3XHA-mCherry salivary gland sporozoite lysates. 750 

The blot was first probed with an anti-mCherry antibody, then stripped and reprobed with an 751 

anti-CSP antibody.  752 

 753 

Figure 2. S14 is essential for salivary gland invasion by sporozoites. (A) Live microscopy 754 

images of the mosquito midgut showing oocysts. (B) The number of oocysts in WT GFP and 755 

S14 KO parasites was not significantly different (P= 0.952, one-way ANOVA). (C) Live 756 

microscopy images of sporulating oocysts of WT GFP and S14 KO parasites. (D) Midgut 757 

oocyst sporozoite number, no significant difference (P= 0.943, one-way ANOVA). (E) 758 

Dissected salivary glands showed GFP-expressing sporozoites in WT GFP, while no GFP-759 

expressing sporozoites were observed in S14 KO. (F) Salivary gland sporozoite numbers, 760 

negligible sporozoites in S14 KO, a significant difference (***P<0.0008, one-way ANOVA). 761 

Complementation restored the sporozoites number in S14 KO parasites at the WT GFP 762 

levels, no significant difference (P= 0.434, Student’s t test)  (G) S14 KO and WT GFP 763 

hemolymph sporozoites were collected on the indicated days post blood meal, and sporozoite 764 

numbers were quantified. We found a comparable number of sporozoites on day 15, with no 765 
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significant difference (P=0.621). There was a higher accumulation of hemolymph sporozoites 766 

in S14 KO on days 17-23 with a significant difference from WT GFP (day 19 *P=0.0187, 767 

day 17 ***P<0.0001, days 21 and 23 ***P=0.0006, one-way ANOVA). 768 

Figure 3. S14 is essential for hepatocyte invasion and malaria transmission. (A) HepG2 769 

cells infected with hemolymph sporozoites were immunostained, and EEF numbers were 770 

quantified. No EEFs were observed in S14 KO parasites, a significant difference 771 

(***P<0.0001, one-way ANOVA). (B) Quantification of sporozoites inside vs outside in 772 

invasion assay. All sporozoites were found to be outside in S14 KO parasites, a significant 773 

difference (***P<0.0001, one-way ANOVA). (C) S14 KO and WT GFP hemolymph 774 

sporozoites transformed into bulbs after incubation for 4 h in an activation medium. (D) 775 

Quantifying sporozoite transformation into bulbs, no significant difference (P=0.419, one-776 

way ANOVA). 777 

 778 

Figure 4. S14 is an inner membrane protein and is essential for parasite gliding motility. 779 

(A) Triton X-100-treated sporozoites retained mCherry staining, which colocalized with 780 

MTIP and GAP45, while CSP staining was lost, suggesting that S14 is present within the 781 

inner membrane of the sporozoites. (B) Triton X-100-treated and untreated sporozoites were 782 

denatured in SDS-PAGE sample buffer and resolved on SDS-PAGE. The blot was probed 783 

with an anti-mCherry antibody, then stripped and reprobed with an anti-CSP antibody. 784 

Detection of the mCherry signal in Triton X-100-treated sporozoites confirmed its presence 785 

on the inner membrane. S14 Tr; S14-3XHA-mCherry transgenic parasite.  (C) The WT GFP 786 

and S14 KO hemolymph sporozoites were allowed to glide for one hour, and the CSP trail 787 

left was revealed using a biotin-CSP antibody followed by streptavidin-FITC. All S14 KO 788 

sporozoites were nonmotile. (D) Gliding was quantified by counting the CSP trials, and a 789 

significant difference was observed (***P<0.0003, one-way ANOVA). 790 
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 791 

Figure 5: In silico docking studies using HDOCK server showing binding of P. berghei S14-792 

MTIP, MTIP-GAP45 and S14-GAP45. A list of receptor-ligand interface are given in Table 793 

S4. Images were visualized using Pymol 2.5.4 software. (A) S14-MTIP interacting receptor 794 

ligand residues (228A CYS-4A GLN, 230A ASN-142A GLU, 231A TYR-4A GLN, 233A 795 

CYS-4A GLN, 235A ALA-1A MET). (B) MTIP-GAP45 interacting receptor ligand residues 796 

(7A MET -97A ASP, 10A PHE-101A THR, 149A ALA-105A LEU, 152A ASP- 108A SER, 797 

255A THR- 107A LEU, 157A GLY- 112A THR). (C) S14-GAP45 interacting receptor 798 

ligand residues ( 231A TYR-135A LYS, 233A CYS- 134A TYR, 237A VAL-133A THR, 799 

246A TYR-130A ILE, 248A TYR- 131A TYR).   800 

 801 

Figure 6. S14 interacts with GAP45 and MTIP in a yeast two-hybrid assay. The S14, 802 

MTIP, and GAP45 genes were cloned in a yeast two-hybrid vector. The interaction was 803 

analyzed using LacZ as a reporter gene on SD-trp-leu plates containing X-gal and the his3+ 804 

marker as a reporter gene on SD-trp-leu plates lacking histidine. 3AT was used to prevent 805 

any leaky expression of the his3 marker gene. 806 

 807 

Figure 7. S14 does not affect IMC and surface protein expression and localization. WT 808 

GFP and S14 KO hemolymph sporozoites were spotted on a 12-well slide and air-dried. 809 

Immunostaining with anti-GAP45, anti-MTIP, anti-CSP, and anti-TRAP antibodies revealed 810 

similar expression and localization in WT GFP and S14 KO sporozoites.  811 

 812 

Figure 8. A schematic model of sporozoite membrane with S14. The sporozoite 813 

membrane is shown with surface proteins TRAP and CSP. We show that S14 interacts with 814 

MTIP and GAP45 and coordinates gliding motility by connecting these two proteins.  815 
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