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Abstract 

A model for parasitic motility has been proposed in which parasite filamentous actin 

(F-actin) is attached to surface adhesins by a large component of the glideosome, known 

as the glideosome-associated connector protein (GAC).  This large 286 kDa protein 

interacts at the cytoplasmic face of the plasma membrane with the phosphatidic acid-

enriched inner leaflet and cytosolic tails of surface adhesins to connect them to   the 

parasite actomyosin system. GAC is observed initially to the conoid at the apical pole 

and re-localised with the glideosome to the basal pole in gliding parasite. GAC 

presumably functions in force transmission to surface adhesins in the plasma membrane 

and not in force generation. Proper connection between F-actin and the adhesins is as 

important for motility and invasion as motor operation itself. This notion highlights the 

need for new structural information on GAC interactions, which has eluded the field 

since its discovery. We have obtained crystals that diffracted to 2.6-2.9 Å for full-length 

GAC from Toxoplasma gondii in native and selenomethionine-labelled forms.  These 

crystals belong to space group P212121, cell dimensions are roughly a=119 Å, b=123Å, 

c=221Å, α=90, β=90, γ=90 with 1 molecule per asymmetric unit, suggesting a more 

compact conformation than previously proposed. 
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1. Introduction 

There are more than 5000 species of apicomplexan parasites and many are etiological 

agents of major diseases that are a threat to global human and animal health, particularly 

in low-resource settings.  Most significant are malaria (Plasmodium), cryptosporidiosis 

(Cryptosporidium) and toxoplasmosis (Toxoplasma). The lifestyle of these obligate 

intracellular parasites involves crucial steps that depend on gliding motility such host 

cell invasion, egress from infected cell and crossing of biological barriers. 

These processes are dependent upon the orchestrated release of proteins from apical 

secretory organelles; micronemes and rhoptries. Following initial apical organelle 

secretion, a moving junction is formed that participates in the active penetration of  

host-cells. In addition to invasion, parasites also use gliding motility to actively exit 

infected host cells during egress or migrate across biological surfaces, and in all cases, 

motility appears to be powered by the glideosome (Frenal et al., 2017, Boucher & 

Bosch, 2015, Cowman et al., 2017).  

Current understanding broadly agrees upon a molecular architecture for the glideosome 

and explains how an actomyosin-motor drives motility in apicomplexan parasites. In 

this model, the TRAP/MIC family of adhesins target ligands on the surface of the host 

cell to mediate apical attachment  (Carruthers & Tomley, 2008). At the cytoplasmic 

side of the plasma membrane these adhesins are connected to the parasite actin filament 

network, while myosin motors drag adhesins through the plane of the plasma membrane 

towards the parasite posterior, and consequently pull the host cell membrane around 

the parasite. The myosin motor is situated in the space between the inner membrane 

complex (IMC) and parasite plasma membrane and together with other associated 

proteins it spans the two membranous structures. Myosin A (MyoA), a small divergent 
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class XIV myosin together with and glideosome-associated proteins (GAPs) act as the 

motor powering gliding motility (Powell et al., 2018). MyoA is situated in the space 

between the inner membrane complex (IMC) and parasite plasma membrane and 

together with the GAPs it spans the two membranous structures. 

The molecular component that bridges the adhesin to F-actin is a large novel protein 

termed the glideosome associated connector protein (GAC), which translocates with 

the moving junction from the parasite apex to the basal pole during gliding motility  

(Jacot et al., 2016). GAC is highly conserved across the entire Apicomplexa phylum 

and forms complexes with three binding partners (Figure 1A). The C-terminal region 

of GAC interacts with phosphatidic acid (PA) enriched membranes and its deletion 

results in a defective lytic-cycle phenotype. It has been suggested that GAC localisation 

is dependent upon PA generated by the lipid signalling cascade that regulates the 

apicomplexan Pleckstrin-homology domain protein (APH) to control microneme 

secretion (Darvill et al., 2018, Bullen et al., 2016).   PA signalling may ensure GAC is 

appropriately recruited only when a productive interaction can occur with adhesins 

during gliding motility. GAC also binds to microneme adhesin C-terminal tails at the 

plasma membrane’s cytoplasmic face and therefore serves as the link to the surface 

adhesins.  Thirdly, a direct connection to the glideosome is made via an interaction 

between GAC and the parasite actin filaments (F-actin).  It has also been shown that 

proper connection of actin to the adhesins (via GAC) is more important for efficient 

motility and invasion than motor operation itself (Whitelaw et al., 2017).  

We set out to solve the structure of GAC from T. gondii.  Initial efforts to generate 

high-resolution diffracting crystals of TgGAC proved challenging. Eventually after by 

optimisation of purification conditions together with secondary structure analyses and 
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extensive crystallization screening, we generated reproducible crystals that diffract to 

2.67 Å, which represents a major step towards providing the first structural insight into 

the GAC architecture and function within the glideosome.  

2. Materials and methods 

2.1 Protein expression and purification 

Full-length TgGAC genes with TEV cleavable N-terminal 6xHis-tag had been cloned 

into the pET28a vector as previous described (Jacot et al., 2016).  Cells were harvested 

and resuspended in 50 mM Tris (pH 8), 300 mM NaCl, 10 mM Imidazole and 5 mM 

TCEP, followed by lysis by sonication and centrifugation at 18,000 rpm for 60 minutes 

(Ti45 rotor, Beckmann). TgGAC was then purified by nickel chromatography followed 

by gel filtration using a Superdex-300 column (GE Healthcare).  

2.2 TgGAC crystallization 

Conditions for crystallization were initially screened by the sitting drop method of 

vapour diffusion at 20 °C and 4 °C using sparse matrix crystallization kits (Hampton 

research and Molecular Dimensions). MRC 96-well optimization plates (Molecular 

Dimensions) were utilised. Each drop was set with 100 nl protein solution and 100 nl 

reservoir solution using a Mosquito nanolitre high-throughput robot (TTP Labtech). 

Protein crystals were obtained in a reproducible manner from in the condition of 100 

mM magnesium acetate, 100 mM sodium acetate, 6% PEG8000, and pH 5.0. These 

were manually optimised by screening over sodium acetate pH ranges 4.0 to 5.0 in one 

dimension and a PEG8000 concentration gradient of 4 – 10% in the second dimension. 

Crystallization was set-up at concentration of 5-60 mg ml-1. 
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2.3. CD Spectroscopy 

CD spectrum of GAC was recorded at a concentration of 0.8 mg ml-1 in a variety of 

solution condition and temperatures.  Spectra were recorded in the wavelength range of 

200 – 260 nm, with scan length per point of 2 seconds. Four repeats were collected and 

averaged. Data was collected and processed by Chirascan CD Spectrometer and 

APLData Converter. 2.4, respectively.  

2.4. X-ray data collection and processing 

Crystals were mounted in a MicroLoop (MiTeGen), cryoprotected with 30% ethylene 

glycol for 5 seconds and immediately flash-cooled in liquid nitrogen. Diffraction data 

from a single native crystal were collected on beamline i04 of the Diamond Light 

Source (DLS), UK. Data were processed with CCP4, dials (Beilsten-Edmands et al., 

2020, Winn et al., 2011, Winter et al., 2018, Winter, 2010) and scaled using dials.scale 

(Evans, 2006) within the Xia2 package (Winter et al., 2013). Multiple-wavelength 

anomalous diffraction (MAD) data from a single SeMet labelled crystal were collected 

on beamline i04 of the Diamond Light Source at the following wavelengths: 

peak=0.9795Å, inflection=0.9796Å and remote=0.9722Å.  Data were processed 

initially by AutoProc (Vonrhein et al., 2011). Substructure definition and initial model 

building were performed using AutoSHARP (Vonrhein et al., 2007). This was followed 

by manual building in Coot (Emsley et al., 2010) and further refinement using Phenix 

Refine (Adams et al., 2010).  

Data collection statistics are shown in Table 1. The content of the unit cell was analysed 

using the Matthews coefficient (Matthews, 1968). Molecular replacement (MR) 
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attempts were carried out using computationally derived structures using the following 

servers: RaptorX, Alphafold and iTasser (Senior et al., 2020, Källberg et al., 2012, 

Yang et al., 2015) 

3. Results and discussion 

While the identity and function of crucial genetic components of the parasite life cycle 

and infectivity are known, a detailed mechanistic understanding of parasite motility and 

invasion remains limited. Despite GAC’s essential role in efficient motility and 

invasion, no high-resolution experimental structural information is available. A small-

angle X-ray scattering (SAXS) study presented TgGAC as a ∼27nm club-shaped 

molecule that stretches across the space between the parasitic plasma membrane and F-

actin (Jacot et al., 2016) (Figure 1A). However, this model is inconsistent with our 

current understanding of the glideosome, as GAC would be unable to fit lengthways 

across this space together with the other essential components.  To fully understand 

how GAC carries out its role, new experimental structural insight is required. We 

therefore isolated and purified the full-length TgGAC (Figure 1B). TgGAC contains 

75 cysteines residues that are predicted not to participate in disulphide bonds.  After 

assessment of structure and stability of GAC with CD spectroscopy (Figures 1C & 

1D), we found that maintaining strict reducing conditions throughout purification was 

a crucial step in maintaining GACs full secondary structure (62% -helix, 17% -sheet, 

11% turn). Under these experimental conditions, crystals reliably grew to 100-200 m3 

in size over the course of 5-7 days (Figure 2A).  Furthermore, to ensure the highest 

resolution it was necessary to acquire X-ray diffraction images immediately after 

harvesting and freezing.  Frozen crystals stored for any longer than a few days 

experienced significant deterioration in high resolution diffraction. 
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Native diffraction data were collected to 2.92 Å (Figure 2B) and indexed in space 

group P212121. Analysis of the crystal content indicated cell dimensions are a=119 Å, 

b=123Å, c=221Å, α=90, β=90, γ=90 with 1 molecule per asymmetric unit with a 

solvent content of 56%.  This suggests that GAC adopts a more compact and distinct 

conformation from that suggested by the earlier SAXS analysis and will likely explain 

the architecture of within the confined.  Data-collection and processing statistics are 

listed in Table 1.  

Molecular replacement attempts were made using idealized structures based on various 

prediction algorithms as search models: RaptorX, Alphafold and iTasser. No solutions 

were found. We subsequently prepared selenomethionine-substituted and heavy-atom 

derivatives to provide accurate phases using anomalous dispersion techniques. A single 

crystal of selenomethionine-labelled TgGAC was successfully obtained in the same 

conditions as native protein. The crystals of native and SeMet-derivatized SD protein 

diffracted to 2.92 Å and 2.67 Å resolution, respectively. Matthews coefficient (VM = 

2.70 Å3 Da−1) and solvent-content (VS = 56.8%) calculations indicated that one 

molecule was present in the asymmetric unit. The multiple-wavelength anomalous 

dispersion method was used to determine the initial phases of the SeMet-substituted SD 

protein. The autoSHARP processing pipeline obtained 73 Se sites. Structure solution is 

currently under way and the phasing statistics will be reported elsewhere. 
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Table 1  

Values in parentheses are for the highest resolution shell. 

Crystal Native SeMet 

Space group P212121 P212121 

Cell dimensions 

(Å)  

a=120.63, b=123.96, 

c=221.86 

a=119.08, b=123.60, 

c=221.51 

Angles (°) α=90.00, β=90.00, γ=90.00 α=90.00, β=90.00, γ=90.00 

Resolution (Ǻ) 82.66-2.92 (2.97-2.92)* 110.75-2.67 (2.67-2.72)* 

Wavelength (Ǻ) 0.97950 0.97950 

Total reflections 2899820 (140928) 904519 (44214) 

Unique 

observations 

72969 (3564) 92922 (4581) 

Completeness (%) 100 (99-100) 100 (99.7 - 100) 

Multiplicity 39.7 (39.5) 9.7 (9.7) 

Rpim
† 0.045 (1.486) 0.039 (0.861) 

<I>/σI 13.1 (88 -0.5) 14 (47.2 - 0.8) 

Molecules per 

asymmetric unit‡ 

1 1 

Solvent content 

(%) 

56.8 56.8 

 

*Values in parentheses correspond to the highest resolution shell 

†Rmerge = Σhkl Σi | Ii(hkl) – < I(hkl)>|/ Σhkl Σi Ii(hkl) where < I(hkl)> is the mean intensity 

of the observations Ii(hkl) of reflection hkl. ‡Most probable value.   
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Figures and legends 

    

 

 

Figure 1.  TgGAC interactions, purification, and characterisation. (A) Schematic 

representation of GAC interactions with 1) the plasma membrane, 2) surface adhesins 

and 3) F-actin (B) SDS–PAGE of purified full-length TgGAC used for the 

crystallization trials. Lane 1: molecular-weight markers (kDa), lane 2: Ni-NTA eluted 

fraction and lane 3: eluted fraction from an S-300 SEC column. (C) CD spectrum of 

purified TgGAC at 298 K. Black spectrum showed the observed spectrum in 25 mM 

Tris.HCl, pH 8.0. Red spectrum indicated the fitted line for secondary structure 

analysis. (D) Secondary structure analysis based upon the CD spectrum as indicated in 

(C). Orange indicated the helical contents, green as antiparallel, turn as blue and cyan 

as other contents in the GAC.  

A                                 B 

C                                  D                
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Figure 2. TgGAC full length crystallography. (A) Representative native crystals of 

TgGAC. Scale bar represents 200 m. (B) Diffraction image from a TgGAC crystal. 

Resolution rings are annotated.  
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