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Abstract

Plasmodium falciparum is the parasite responsible for the most deadly cases of 

malaria in humans. Emerging resistance of P. falciparum to available treatments is of 

concern, and necessitates the development of novel compounds targeting the parasite. 

Traditional drug development has been geared towards developing inhibitors of enzymes 

essential to the parasite. Alternatively, we have chosen to target an essential protein-

protein interaction (PPI). In developing novel inhibitory and probe compounds, we chose 

to target the invasion machinery, also known as the glideosome.

P. falciparum uses an actomyosin motor, part of the glideosome complex, to invade 

multiple cell types. A key component of the machinery is a tetrameric complex of 

aldolase that binds the cytoplasmic, C-terminal tail of the transmembrane adhesive 

protein, TRAP (thrombospondin related anonymous protein). Different TRAPs are 

required for invasion of different host cells: TRAP (liver stage), MTRAP (blood stage) 

and CTRAP (mosquito stage). The dynamic aldolase-TRAP complex must dissociate 

periodically as invasion progresses. By targeting the aldolase-TRAP interaction with a 

small molecule drug that tightens this interaction, we can select for a compound that can 

inhibit invasion.

To identify  novel small molecules, we have developed a system to produce TRAP 

peptides and use surface plasmon resonance to screen the Medicines for Malaria 

Venture’s (MMV) Malaria Box compound library against the aldolase-TRAP interaction. 

We have validated compound hits targeting this interaction in sporozoite gliding assays, 

live imaging studies, and using liver invasion assays. One compound has been found to 
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reduce levels of sporozoite invasion of HepG2 cells and reduce levels and speed of 

gliding. Attempts have been made to co-crystallize the compound with the aldolase-

TRAP complex in order to pursue structure-guided optimization of the compound. This 

work has resulted in the first reported structure of a homologous aldolase from 

Toxoplasma gondii and identification of a compound that can inhibit sporozoite gliding 

and invasion.
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Chapter I: Introduction -- defining and targeting the apicomplexan glideosome

A portion (pp. 13-47) of this introduction has been previously published and is reprinted 
from the Journal of Structural Biology, 190 (2), Boucher, L.E. and Bosch, J., The 
apicomplexan glideosome and adhesins -- structures and function, pp. 93-114, Copyright 
2015, with permission from Elsevier [1].
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The burden of malaria

According to the WHO [2], it is estimated that ~1.2 billion people are at high risk of 

contracting malaria, with a greater than 1 in 1000 chance of becoming infected. The 

WHO World Malaria Report 2014 [2] estimates that there were 198 million cases of 

malaria resulting in approximately  584,000 deaths; most of these deaths occurred in 

children under the age of 5. Over 90% of the total global malaria burden is in sub-

Saharan Africa, and primarily affects lower income countries that are the most vulnerable 

due to lack of access to preventative measures, diagnosis, and treatment. 

Malaria control and elimination programs have managed to lower the number of cases 

of malaria by 30% and deaths by  47% since 2000 [2]. However, a new threat to these 

programs comes in the form of emerging drug resistance [3-6]. The first-line treatment of 

malaria is with artemisinin and artemisinin combination therapies. It  has been reported 

over the last decade that there has been emerging resistance in Southeast Asia, where 

there has been failure with standard artemisinin treatment [6, 7]. As the timeline for new 

drug development can be 15 years from discovery to FDA approval, it is necessary to 

start developing novel antimalarials so that if full blown resistance to all current 

treatment emerges, we have alternatives available. In this dissertation we aim to identify 

and characterize compounds with the potential to become novel antimalarials.

Malaria life cycle

Malaria in humans is caused by five different species of the apicomplexan parasite, 

Plasmodium: P. falciparum, P. vivax, P. knowlesi, P. ovale, and P. malariae. Of these 
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plasmodial species, P. falciparum and P. vivax are responsible for most of the reported 

cases of malaria, with P. falciparum being the most deadly [2]. Malaria is transmitted via 

the female Anopheline mosquito vector to a human host  when the mosquito takes a blood 

meal (Fig. 1). Sporozoites, an elongated crescent shaped, motile form of the parasite, 

residing in the mosquito’s salivary  glands, are injected into the skin of the human during 

the blood meal. These sporozoites then glide through the skin until they are able to find 

and invade a blood vessel [8]. Once they are in the blood stream, they travel to the liver 

where they invade hepatocytes [9] to begin their asexual replication, undergoing multiple 

rounds of nuclear replication prior to segmentation [10]. One sporozoite undergoes 

replication to form thousands of pear-shaped merozoites, the parasites induce detachment 

of the hepatocyte, form parasite-filled vesicles called merosomes, and are then released  

into the blood stream [11]. The prepatent period of infection, defined as the time from 

inoculation to first detection of parasites in the blood varies from species to species, but is 

approximately 6-9 days in P. falciparum [12].

!

3



Figure 1. Malaria life cycle. Reprinted with permission from Macmillan Publishers Ltd: 
Nature. Ménard, R. Medicine: Knockout malaria vaccine? 433:113-114, Copyright 2005 
[13]. Shown are the three stages of the parasite life cycle. The sexual replication stage 
occurs in the Anopheline mosquito vector. The mosquito infects the human host upon 
taking a blood meal where it injects the parasite into the skin. The parasite undergoes 
asexual replication during the exoerythrocytic stage in the live. Upon release from the 
liver, further rounds of asexual replication in the red blood cells causes the symptomatic 
stage of malaria. A small percentage of parasites do not replicate in the red blood cell but 
become committed to becoming gametocytes, which are taken up by a mosquito during a 
blood meal, where the life cycle can proceed.

!

4



After egress from the liver, the parasites then invade red blood cells to continue 

asexual replication and begin the erythrocytic and symptomatic stage (fever, anemia, 

headache) of infection [14]. After the parasite enters the red blood cell, it undergoes a 

morphology  change to a ring before becoming a trophozoite [15]. During these stages the 

hemoglobin in the cell is degraded for nutrients and the toxic heme is sequestered in a 

crystal structure known as the hemozoin [16]. After replication of DNA, the trophozoite 

undergoes schizogony, or segmentation, to form up to 20 merozoites [15]. This 

erythrocytic stage takes approximately 48 hours from red blood cell invasion to egress.

A small percentage of merozoites entering the red blood cell do not undergo asexual 

replication, but instead are committed to becoming gametocytes to further the sexual 

replication stages [17, 18]. These forms are taken up by a mosquito upon a blood meal for 

sexual replication. After ingestion, the gametocytes undergo gametogenesis to form 

micro- and macro-gametes [18], which fuse to form a zygote. This zygote then matures 

into an ookinete [19]. The ookinete will traverse the midgut where it then forms an oocyst 

on the basal side of the epithelium [20]. The parasite undergoes sporogony which takes 

10-28 days, after which the cyst ruptures releasing hundreds of sporozoites into the 

hemocoel [21]. These motile sporozoites then invade the salivary glands [22] and when 

the infected mosquito takes its next blood meal, can be transmitted to the next host to 

continue the life cycle. 
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Traversal of the dermis and host cell invasion

As was mentioned in the previous section, the parasite must move in the skin and 

traverse and invade multiple cell types at different stages in its life cycle. When the 

mosquito takes a blood meal, the sporozoite must travel through the skin to a blood vessel 

and then traverse the epithelium of the vessels to enter the blood stream [8]. When the 

parasite reaches the liver it traverses and invades hepatocytes [23]. Upon release from the 

liver, the merozoite must invade red blood cells [14]. During sexual replication in the 

mosquito, the ookinete must  traverse the midgut before forming an oocyst [20], and the 

sporozoites that are produced traverse the salivary glands [24]. To accomplish this 

motility and invasion, the parasite employs multiple extracellular receptors to attach to 

different host cell types [25] (Table 1). These extracellular receptors are secreted proteins 

that contain an N-terminal extracellular domain with specific domains that interact with 

ligands on the host cell surface, a transmembrane helix, and a C-terminal cytoplasmic 

tail. Connected to the extracellular receptors via the cytoplasmic tails is an actomyosin 

motor, which powers the active processes of traversal and invasion [26]. 
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Table 1. Parasite and host cell receptors of invasion.
Parasite Receptor EuPathDB Host Cell Receptor Function
Duffy binding-like (DBL) family and erythrocyte binding-like (EBL) proteinsDuffy binding-like (DBL) family and erythrocyte binding-like (EBL) proteinsDuffy binding-like (DBL) family and erythrocyte binding-like (EBL) proteinsDuffy binding-like (DBL) family and erythrocyte binding-like (EBL) proteins
PfEBA-140 PF3D7_1301600 Glycophorin C RBC Invasion
PfEBA-175 (BAEBL) PF3D7_0731500 Glycophorin A RBC Invasion
PfEBA-181 (JESEBL) PF3D7_0102500 unknown RBC Invasion
Reticulocyte (homolog) binding-like (RBL/RH) familyReticulocyte (homolog) binding-like (RBL/RH) familyReticulocyte (homolog) binding-like (RBL/RH) familyReticulocyte (homolog) binding-like (RBL/RH) family
PfRH1 PF3D7_0402300 unknown RBC Invasion

PfRH2a PF3D7_1335400 unknown RBC Invasion
PfRH2b PF3D7_1335300 unknown RBC Invasion
PfRH4 PF3D7_0424200 Complement Receptor 1 (CD35) RBC Invasion
PfRH5/PfRIPR PF3D7_0424100 Basigin (CD147/EMMPRIN) RBC Invasion
Thrombospondin related anonymous protein (TRAP) familyThrombospondin related anonymous protein (TRAP) familyThrombospondin related anonymous protein (TRAP) familyThrombospondin related anonymous protein (TRAP) family
PfTRAP PF3D7_1335900 unknown Gliding motility, salivary gland invasion, liver 

invasion
PvTRAP PVX_082735 unknown
PfMTRAP PF3D7_1028700 Semaphorin-7a (CD108) RBC invasion
PfTLP PF3D7_0616500 unknown Gliding motility in skin and dermis exit to blood 

stream
PfCTRP PF3D7_0315200 unknown Ookinete midgut invasion
Apical membrane antigen (AMA)Apical membrane antigen (AMA)Apical membrane antigen (AMA)Apical membrane antigen (AMA)
PfAMA1 PF3D7_1133400 PfRON2* Liver and red blood cell invasion -- tight junction 

formation
*RON2 is inserted into host cell membrane along with RON4, RON5, and RON8 (RON8 is not needed for Plasmodium spp.) forming a 
receptor for the parasite. RON2 is the only extracellular exposed protein.
*RON2 is inserted into host cell membrane along with RON4, RON5, and RON8 (RON8 is not needed for Plasmodium spp.) forming a 
receptor for the parasite. RON2 is the only extracellular exposed protein.
*RON2 is inserted into host cell membrane along with RON4, RON5, and RON8 (RON8 is not needed for Plasmodium spp.) forming a 
receptor for the parasite. RON2 is the only extracellular exposed protein.
*RON2 is inserted into host cell membrane along with RON4, RON5, and RON8 (RON8 is not needed for Plasmodium spp.) forming a 
receptor for the parasite. RON2 is the only extracellular exposed protein.
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Migration and invasion of sporozoites from skin to liver

When the host is inoculated with sporozoites from the mosquito bite, the sporozoites 

are typically  deposited into the dermis (Fig. 2). In the dermis, the migratory sporozoites 

move in a random motion through the dermis [27, 28], encountering cells with low levels 

of sulfated heparan sulfate proteoglycans (HSPGs) on their surface [29]. Eventually, 

some sporozoites encounter the endothelial cells of a blood vessel or the lymphatic 

system. Three proteins implicated in skin migration and dermis exit are the 

circumsporozoite surface protein (CSP) [30], thrombospondin-related anonymous protein 

(TRAP), and TRAP-like protein (TLP). It has been observed that TRAP is necessary for 

gliding motility of sporozoites [31] and that  TLP is necessary for dermal exit and 

traversal of the endothelium to enter the blood vessel [32]. 
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Figure 2. Migration, traversal, and invasion in the skin and liver stages. When the 
mosquito takes a blood meal, sporozoites (red) are injected into the dermis. These 
‘migratory’ sporozoites are capable of traversing and migrating the dermis, comprised of 
cells with under-sulfated HSPGs on their surface (grey stars), in a random motion. When 
they encounter the endothelium of a blood vessel, they can enter the blood stream. The 
sporozoite then travels to the liver where it exits the sinusoid and can traverse several 
hepatocytes. Here, the sporozoite encounters highly-sulfated HSPGs (orange stars) on the 
surface of the hepatocytes, which triggers signaling inside the parasite and cleavage of 
CSP, activating the sporozoite for invasion (green).
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After the sporozoites make it into the blood stream, they arrive at the liver and must 

cross the liver sinusoid. When they  cross the sinusoidal barrier, the sporozoites can 

traverse hepatocytes and they encounter highly sulfated HSPGs on the hepatocyte surface 

[29]. Exposure to the intracellular environment of the hepatocytes and to the sulfated 

HSPGs triggers a switch from migratory behavior to an invasion competent sporozoite 

[29]. Upon contact with hepatocytes, CSP processing by a cysteine protease is initiated, 

as well as an upregulation in production of TRAP [31] and AMA1 (apical membrane 

antigen 1) [33]. CSP processing removes an N-terminal domain, unmasking its adhesive 

domain and promotes invasion rather than migration [30]. A reasonable hypothesis based 

on studies of invasion of other cell types and in Toxoplasma gondii, is that the processed 

CSP allows attachment to the hepatocyte surface. The upregulated AMA1 and TRAP can 

then form a more specific interaction with the hepatocyte to form the invasion complex 

and transmit the force of the actomyosin motor to the host  cell surface, to pull the parasite 

into the hepatocyte while forming the parasitophorous vacuole membrane (PVM). 

Red blood cell invasion

In red blood cell invasion, the parasite goes through multiple steps to complete 

invasion (Fig. 3). When a merozoite egresses into the blood stream, it first attaches to an 

uninfected RBC via nonspecific interactions [14, 34, 35]. The proteins mediating this 

initial interaction are unclear. After attachment, the parasite reorients so that the apical 

end of the parasite, where the rhoptries reside, is brought into contact  with the RBC. This 

is likely mediated by specific interactions between the Duffy-binding like proteins and 
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reticulocyte binding-like homolog proteins on the parasite surface and various RBC 

ligands. Another essential interaction includes the recognition of Semaphorin-7a by 

MTRAP [36, 37]. After reorientation, the tight junction is formed, which involves 

interactions between the apical membrane antigen 1 and a parasite derived protein 

complex that is inserted into the erythrocyte membrane [34]. Once this junction is 

formed, invasion progresses in a smooth one-step motion using the power of the 

actomyosin motor. When the parasite has finished invading, the membrane is sealed off 

around the parasite. 
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Figure 3. Molecular mechanisms of invasion blood stage. Reprinted with permission 
from PNAS 108 (32), Srinivasan, P. et al. Binding of Plasmodium merozoite proteins 
RON2 and AMA1 triggers commitment to invasion, pp. 13275-80, Copyright 2011 
[34].When a merozoite is released into the blood stream it attaches to the RBC surface. 
The parasite then reorients so that the apical end is in contact with RBC. Box ‘a’ shows 
the DBL/RH protein interacting with unknown erythrocyte ligands at this stage. Next, the 
tight junction is formed when the (box b) AMA1-RON complex is formed. Invasion then 
proceeds using the actomyosin motor, which is connected to the RBC via the aldolase-
AMA1 interaction (box c). When invasion is nearly complete, the RBC membrane is 
sealed off around the parasite, forming the parasitophorous vacuole membrane (PVM) 
(box d/e).
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The invasion machinery (glideosome)

For motility  and invasion, apicomplexan parasites employ an actomyosin based motor 

that is part  of a larger invasion machinery complex known as the glideosome. Parasites 

attach to their target host cell via a variety  of receptors that  are essential at different 

stages of the parasite life cycle (Table 1). Multiple interacting proteins are used to bridge 

and transmit  the locomotive force of the motor to the parasite’s attachment point at the 

host cell surface and to anchor the motor within the parasite. Most of these proteins are 

conserved across apicomplexa. The proteins have been sorted into three groups: motor-

receptor bridging proteins, motor complex proteins, and inner membrane complex (IMC) 

proteins and anchors. A list of the machinery components, accessory proteins and 

anchors, their known interaction partners with references, EuPathDB codes, and any 

structures that have been deposited with the PDB, are noted in Table 2. A schematic of 

the glideosome can be found in Figure 7A.
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Table 2. Proteins of the invasion machinery complex.
Protein EuPathDB Interacting Proteins Structure
Motor-Receptor BridgeMotor-Receptor BridgeMotor-Receptor BridgeMotor-Receptor Bridge
GAPDH PF3D7_1462800

TGME49_289690
TGME49_269190

PfRH1, PfRH4, EBA-175, EBA-181 [43]
Actin

1YWG [50] (Pf tetramer)
3STH [51] (Tg dimer)
2B4R, 2B4T [49] (Pf tetramer + protease inhibitor 
near NAD+ site)

Aldolase PF3D7_1444800
TGME49_236040
TGME49_321900

PfTRAP/PvTRAP/PbTRAP/TgMIC2 [38, 39, 42, 
46]
Actin [38]
PfMTRAP [36]
PfCTRP & PfTLP [41]
TgMIC6 & TgMIC12 [44]
PfAMA1/TgAMA1 [34, 44]
PfRH1, PfRH2b, PfRH4 [43]

1A5C [139] (apo Pf tetramer)
2PC4, 2EPH [39] (Pf tetramer + PbTRAP peptide)
4TU1 [46] (Tg tetramer)
4D2J [47]
4TR9NR (Pf tetramer + PbTRAP peptide + small 
molecule)

Motor ComplexMotor ComplexMotor ComplexMotor Complex
Actin PF3D7_1246200

PF3D7_1412500
TGME49_209030

Aldolase [38]
Myosin A [62, 66, 67]
Profilin [170, 171]
ADF1/2 [165, 166]
Capping Proteins [175, 176]
Formin [167, 168]

4CBU [55] (PfActin1)
4CBX [55] (PbActin2)
4CBW [55] (PbActin1 + muscle actin D-loop*)

Myosin A PF3D7_1342600
TGME49_235470

Actin [62, 66, 67]
PfMTIP/TgMLC1 [66, 67]

PfMTIP/TgMLC1 PF3D7_1246400
TGME49_257680

Myosin A [66, 67]
GAP40/45/50 [36, 78, 79]

4AOM [72] (PfMTIP + PfMyoA peptide)
2QAC [69] (PfMTIP + PfMyoA peptide, closed form)
2AUC [68] (PkMTIP + PyMyoA peptide, open form)
4GGN [174] (PkMTIP + PyMyoA peptide, closed 
form)
4MZK, 4MZJ [173] (PfMTIP + MyoA stapled tail 
peptide)
4MZL [173] (PfMTIP + HBS mimetic peptide)
4GFT [172] (PfMTIP + nanobody)
4R1E [74]

Inner Membrane Complex (IMC)Inner Membrane Complex (IMC)Inner Membrane Complex (IMC)Inner Membrane Complex (IMC)
GAP40/45/50 PF3D7_0515700

PF3D7_1222700
PF3D7_0918000
TGME49_249850
TGME49_223940
TGME49_219320

MTIP/MyoA [36, 78, 79]
Alveolin [92]

3TGH [88] (PfGAP50)

GAPM1/2/3 PF3D7_1323700
PF3D7_0423500
PF3D7_1406800

Alveolin & GAP45/50 [92] --

IMC Sub-
compartment 
Proteins (ISPs) 
1-3

TGME49_260820
TGME49_237820
TGME49_316540

Unknown 4CHM [99] (TgISP1)
4CHJ [99] (TgISP3)

Subpellicular Network (SPN)Subpellicular Network (SPN)Subpellicular Network (SPN)Subpellicular Network (SPN)
Alveolin PF3D7_0304000

PF3D7_1221400
PF3D7_1141900
TGME49_231640

GAPM1/2/3 [92] --

Actin polymerization factorsActin polymerization factorsActin polymerization factorsActin polymerization factors
Profilin PF3D7_0932200

TGME49_293690
Actin [170, 171] 2JKF [170] (Pf)

2JKG [170] (Pf + Mg2+)
3NEC [169] (Tg)

Formin PF3D7_0530900
PF3D7_1219000
TGME49_206430
TGME49_206580
TGME49_213370

Actin [167, 168] --

ADF/cofilin PF3D7_0503400
PF3D7_1361400
TGME49_220400

Actin [165, 166] 3Q2B [164], 2XF1 [163](PfADF1)
2XFA [163] (PbADF2)
2L72 [162] (TgADF)

CAP PF3D7_0105300 Actin 2B0R [161] (CpC-CAP)
TBPDeposited, Held for Publication.TBPDeposited, Held for Publication.TBPDeposited, Held for Publication.TBPDeposited, Held for Publication.
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Motor-receptor bridging proteins

As has been discussed previously, apicomplexans use a wide range of extracellular 

receptors to attach to a host cell membrane for invasion. In order to transmit the force of 

the cytoplasmic actomyosin motor to the extracellular attachments, bridging proteins are 

required. In apicomplexans, two bridging proteins have been identified: fructose 1,6 

bisphosphate aldolase and glyceraldehyde 3-phosphate dehydrogenase (GAPDH). In the 

Plasmodium spp. genomes there are single copies of both aldolase and GAPDH, while in 

T. gondii, there are annotations of the genome indicating two copies of each enzyme.

Aldolase

A key bridging protein is the enzyme, fructose 1,6 bisphosphate aldolase. In addition 

to catalyzing a reaction in the glycolytic pathway, this protein has a second non-

enzymatic function; the aldolase tetramer interacts with actin on one face [38], and the C-

terminal tails of multiple receptor proteins via its active site. In Plasmodium spp., 

aldolase interacts with multiple receptors responsible for invasion: the TRAPs, AMA1, 

and RH1/2b/4, and in T. gondii, AMA1 and MIC2/6/12 [34, 36, 38-44]. Alignment of the 

receptor tails (Fig. 4A), mutational studies, and a PfAldolase-PbTRAP crystal structure 

[39] indicate that a conserved tryptophan residue is key to the binding [45]. A C-terminal 

PbTRAP peptide (EDNDWN) was co-crystallized with aldolase, with the last three 

residues modeled in the aldolase active site [39]. To accommodate the peptide, there is a 

helix shift  and R48 and R309 move to sandwich and stack with the key tryptophan 

(W605), which makes and additional hydrogen bond contact with E40 (Fig. 4C). The 
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structure of T. gondii aldolase 1 has been determined [46, 47]. It  was noted that the 

sequence identity in the active site/peptide binding site was 100% conserved and surface 

plasmon resonance experiments indicate that TgAldolase is competent  to bind P. 

falciparum TRAP tails (data not shown). 
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Figure 4. Binding of adhesin tails to aldolase and GAPDH. Alignment of C-terminal 
tail sequence of receptors known to bind (A) aldolase and (B) GAPDH, highlighting a 
key residue for binding in red. (C) Tetrameric PfAldolase (multicolored chains, surface) 
with PbTRAP peptide residues, EWN, bound and modeled in the active site, and an 
overlay of the binding site of apo (grey) and bound (cyan) aldolase (cartoon). The key 
tryptophan of the TRAP tail is sandwiched between R48 and R309, after R309 swings out 
of the active site and the helix containing R48 shifts to allow binding. This positioning 
allows the tryptophan to make a hydrogen bond to E40.
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In addition to aldolase-TRAP co-crystal structures, the ternary co-crystal structure, 

with a small molecule stabilizing the TRAP-peptide in the aldolase active site, has been 

deposited and will be described elsewhere (PDB: 4TR9, PCT/US2012/061875) [48]. 

Briefly, when tested in parasite cultures, the stabilizing compound results in a gliding and 

invasion phenotype that is in agreement with inhibition of the glideosome at the aldolase-

TRAP interface. 

GAPDH

A second enzyme used as a connection between actin and the receptors is GAPDH. 

While the tetrameric structure of PfGAPDH [49, 50] and dimer of TgGAPDH [51] have 

been deposited, to date no co-crystals of GAPDH and a peptide have been structurally 

characterized. It has been demonstrated via biochemical and biophysical assays that 

GAPDH can bind the C-terminal peptide tails (Fig. 4B) of RH1, RH4, EBA-175 and 

EBA-181 [43].

Unknown bridging molecules

While interactions between aldolase/GAPDH and the C-terminal tails of multiple 

receptors has been demonstrated, there are some receptors that do not interact  with these 

bridging partners. EBA-140, RH2a, RH5/RIPR, Pv/PkDBP, and PvRBPs have not been 

shown to interact with either aldolase or GAPDH. Lack of an apparent interaction partner 

may indicate that there is either an undiscovered bridging molecule or that the proteins 

are able to interact  with the motor in the absence of a bridging molecule. Another 
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possibility is that the primary  function of the receptor is for attachment, and not motility, 

and therefore, it does not interact with the motor. 
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Motor-complex proteins

The locomotive force for invasion is generated by the actomyosin motor. Forward 

movement of the parasite is generated by myosin pulling back on short actin polymers, to 

which the extracellular receptors are bridged via aldolase, GAPDH, or yet to be identified 

components. 

Actin

Actin forms the linear track of the glideosome motor. Typically, actin polymerizes in 

a head-to-tail fashion forming helical, parallel strands that  are highly  stable and range 

from several hundred nanometers to microns in length. However, both Plasmodium spp. 

and T. gondii form unstable actin polymers around 100 nm in length [52-55]. 

Plasmodium spp. express two variants of actin, actin 1 and actin 2 [56], whereas most 

apicomplexans, including T. gondii, express only  one [57]. Actin 2 forms filaments 

similar to canonical F-actin (Fig. 5B and 5C), whereas actin 1 is responsible for the short, 

fragile filaments observed in apicomplexans (Fig. 5A) [55]. The dynamics of 

apicomplexan actins are unique. Plasmodium spp. actins 1 and 2 can hydrolyze ATP more 

efficiently and are able to oligomerize in response to ADP [55], while TgActin 1 can form 

filaments at critical concentration 3-4 times lower than F-actin [52]. Observations that 

TgActin 1 could polymerize at lower critical concentrations as well as without a lag 

phase, is the result of isodesmic polymerization, where the initial nucleation and 

polymerization steps have the same rate constants [58].
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Figure 5. Motor components actin and MTIP bound to MyoA tail. EM images of (A) 
PfActin 1 forming short 100 nm fibers and (B and C) PfActin 2 forming long filaments, 
adapted from PLOS Pathogens “Structural differences explain diverse functions of 
Plasmodium actins” by  Vahokoski et al. [55] licensed under a Creative Commons 
Attribution 4.0 International License. (D) Overlay of the canonical actin (green, cartoon) 
with PfActin 1 (cyan, cartoon), and ATP and a nonconserved F54 depicted as sticks. (E) 
MTIP (cartoon) in the open (light green) and closed (dark green) states with the MyoA 
peptide tail (magenta, cartoon) bound. The hinge, which does not have secondary 
structure in the closed state but  is part of the long central helix in the open state is 
marked. Two views of the closed MTIP structure, separated by  90° rotation about the y-
axis, show the serine-aspartate latch (sticks and boxed) that stabilizes the closed structure. 
The second orientation depicts the hydrogen bonding network (sticks and dashes), 
stabilizing the MTIP-MyoA complex, formed between the aspartate residue in the hinge, 
the arginine, histidine, and lysine along the MyoA helix, the asparagine carboxy terminus 
of MTIP, and the last arginine on the MyoA peptide. (F) MyoA-tail chimera (magenta, 
cartoon and stick) bound to MTIP (yellow, cartoon).
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Why do these actins not behave like canonical actins? Structures of plasmodial actins 

1 and 2 have been determined, shedding some light on this question [55]. Structural 

alignment of actin 1, responsible for the short filaments and for forming the linear track 

of the glideosome, with a canonical actin shows that the overall structures do not differ 

radically (Fig. 5D). In general, structural rearrangements of the plasmodial actins are 

found in regions responsible for contacts between monomers in a filament, as well as 

known interfaces for regulatory protein binding. It was demonstrated that substitution of 

the DNase I (D-)loop from canonical F-actin into actin 1 could “rescue” polymerization 

and induce formation of longer filaments, similar to those formed by actin 2 [55]. 

However, the sequences of the D-loops of actin 1 and actin 2 are not very different, and 

yet actin 2 is able to form longer filaments, indicating that actin 2 has managed to 

develop a mechanism for more robust polymerization through other means. Additionally, 

the Y54F substitution at the base of the D-loop  in actin 1, which differentiates it from 

actin 2 and canonical actins, could explain the lower levels of polymerization; however, 

mutation of this residue to tyrosine did not rescue polymerization. 

Actin accessory proteins

In general, organisms have evolved a set of actin accessory  proteins that aid in the 

nucleation of actin, stimulate polymerization, stabilize filaments, cap filaments, and sever 

filaments. Apicomplexans have a limited subset  of the actin accessory proteins that are 

present in higher eukaryotes [59]. For a detailed structure/function review of these actin 
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binding proteins can be found in the review by Olshina et al. [60]. These proteins are not 

discussed here, but have been listed in Table 2.

Myosin A

Myosin A (MyoA) pulls on the actin filament to move the parasite forward by 

generating mechanochemical force through the hydrolysis of ATP. TgMyoA and 

Plasmodium spp. MyoA are part  of the Class XIV myosin family. This class of myosins 

possesses a head domain, but lack a neck composed of IQ motifs, and a tail. 

Apicomplexan MyoA diverges from this architecture as it does possess a tail domain 

[61-64]. PfMyoA does not contain a canonical IQ-motif (IQxxxRGxxxR) present in other 

myosins, but does have a modified motif VQxxxRKxxx(A/V). It has been shown that 

TgMyoA moves at speeds of ~5 µm/s in vitro, despite lacking features of typical myosins 

such as a conserved glycine in the motor domain, a conserved residue in an actin binding 

loop, and possession of a degenerate IQ-motif. 

Unfortunately, structures of the MyoA motor domain do not exist due to difficulty in 

expression, but recently  the successful expression of TgMyoA in Sf9 insect cells was 

accomplished via co-expression with TgMLC1 (myosin light chain 1), TgELC1 (essential 

light chain 1), and a chaperone, TgUNC, a myosin-specific co-chaperone from the UCS 

family, Unc45b [65]. This strategy  will hopefully enable structural characterization of the 

protein in the future.
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MTIP/MLC1

To anchor the actomyosin motor to the inner membrane complex, T. gondii encodes 

for the myosin light chain (MLC) protein [66] and Plasmodium spp. express the ortholog, 

myosin-A tail interacting protein (MTIP) [67]. These proteins are distantly related to the 

myosin light chain proteins, but lack the calcium binding motif common to the family. 

Unique to the apicomplexan interaction of MyoA with MTIP/TgMLC1 is that the 

interaction is mediated via the MyoA tail containing a single degenerate IQ motif, instead 

of by a neck domain containing multiple, canonical IQ motifs [66, 67]. An N-terminal 

deletion mutant, PkMTIPΔ78, was first crystallized at a low, non-physiological pH with a 

helical MyoA peptide containing the modified IQ motif [68] (Fig. 5E). The PkMTIPΔ78 

structure possesses a central helix that  connects the N- and C-terminal domains, forming 

one helix in each domain. The N-terminal domain of the truncated construct consists of 

four helices, forming two degenerate EF hands (no Ca2+ binding was observed), while the 

C-terminal domain is composed of four helices, forming two degenerate EF hands, as 

well as a small anti-parallel β-sheet. The MyoA peptide binds to the C-terminal domain 

via residues extending into hydrophobic pockets and via complementary electrostatic 

interactions. 

A later structure of PfMTIPΔ60-MyoA was crystallized at physiological pH and a 

different conformation was observed [69]. The long, continuous central helix previously 

observed at  low pH is kinked at physiological pH, resulting in a closed MTIP structure, 

where the N- and C-terminal domains latch via an electrostatic interaction. This state 

enables a tight interaction of the MyoA peptide with both the C- and N-terminal domains 
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and hinge region. This kink, or compacted structure, is facilitated by the deprotonation of 

MyoA residue H810, allowing hydrogen bonding interactions with an aspartate in the 

MTIP hinge and the MyoA lysine (K813) at the canonical glycine position of the IQ 

motif. This closed conformation is believed to be the functionally competent state. 

Phosphorylation of MTIP was thought to play  a role in regulation of the MTIP-

MyoA interaction when studies determined that MTIP could be phosphorylated in vitro 

via CDPK1, and a phospho-proteomics study identified a phosphorylated S108 [70, 71]. 

To test  whether phosphorylation affected MyoA binding, the MTIP S108E mutation was 

made. The S108E mutation affected the stability  of the MyoA-MTIP complex as 

measured via ITC and DSF (differential scanning fluorimetry) [72]. In the crystal 

structure it  is seen that S108 of the N-terminal domain forms a latch with D173 of the C-

terminal domain (Fig. 5E). Phosphorylation of this residue would alter the charge state 

and disrupt the latch, which prevents formation of the closed state. This result indicates 

that phosphorylation may be regulating motor assembly. 

As the MTIP-MyoA interaction is necessary to anchor the motor to the IMC, some 

work has been done to identify small molecules that disrupt the protein-protein 

interaction. Using the crystal structure of the MyoA-MTIPΔ60 complex, a hybrid virtual 

screening approach was implemented, first building a template pharmacophore based on 

key interactions of MyoA with MTIP, and then screening a large library  for compounds 

matching the pharmacophore [73]. Identified molecules were then docked against the 

crystal structure and several compounds tested for growth inhibition of P. falciparum 

cultures exhibited IC50 < 25 µM, leading to the identification of a pyrazole-urea 
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compound that led to decreased growth and altered gliding phenotypes. However, proof 

of a direct interaction of the compound with MTIP was not established.

A more recent study  used a fragment-based approach to screen molecules against the 

protein-protein interaction using DSF to screen an initial library, followed by  cross-

validation with ITC and NMR [74]. Unfortunately, crystal structures of the compounds 

complexed with MTIP alone were not able to be obtained, likely due to the low binding 

affinities (KD ~ mM) typical of fragments. To overcome the low binding affinity, a MTIP-

stabilizing fragment, which was demonstrated to interact with residues implicated in 

MyoA binding, was linked to the N-terminus of a truncated MyoA peptide to form a 

chimera. A crystal structure of MTIP in complex with the chimera was solved providing 

further insight into how the compound interacts with MTIP (Fig. 5F). This structure may 

allow for rational expansion of the fragment to target  other regions and residues of MTIP 

and development of a tighter binding compound.

3.2.5 ELC1

 Calcium signaling has been demonstrated to be important for egress and invasion 

in apicomplexans, with CDPK1 phosphorylating multiple glideosome proteins [71]. 

Myosin activity is often regulated by calcium through calcium-dependent 

phosphorylation or calcium binding to EF hands of myosin regulatory elements [75]. As 

was previously mentioned, MTIP contains degenerate EF hands, and does not bind 

calcium. In the course of a phospho-proteomics study to identify calcium-dependent 

phosphorylation targets in T. gondii during invasion, a previously uncharacterized, 
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putative calmodulin-like protein was identified [76]. Sequence searches revealed that the 

identified protein was most similar to the essential light chain of scallop myosin II. This 

protein was therefore termed the essential light chain 1 (ELC1). It was demonstrated that 

ELC1 co-purified with the MyoA-MLC1-GAP40/45/50 glideosome and more strongly 

associated with the complex during calcium signaling. This light chain element may  be 

responsible for direct calcium regulation of the myosin, as opposed to MLC1 

phosphorylation by CDPK1. 

3.3 Inner membrane complex (IMC)

The actomyosin motor is attached to the inner membrane complex (IMC) comprised 

of alveoli. These alveoli underlay the entirety  of the parasite’s plasma membrane, except 

at the base and apex, and are connected to the parasite’s cytoskeleton. Several proteins 

connect the actomyosin motor to the IMC and are involved in attachment to the 

cytoskeleton. In this section, the structural features of the glideosome associated proteins 

(GAP), glideosome associated proteins with multiple membrane spans (GAPM), IMC 

sub-compartment proteins (ISPs), and the anchoring alveolins are discussed. A table with 

predicted and experimentally  derived post-translational modifications that may affect 

assembly, localization, and the function of the motor, are listed in Table 3. An in depth 

review of the apicomplexan IMC architecture and involved proteins, has been published 

by Kono et al. [77].
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Table 3. Confirmed and predicted post-translational modifications of the invasion 
machinery components.

Protein Myristoylation Palmitoylation Phosphorylation
Aldolase - + Pf [159] + Pf/Tg [70, 156, 157]
GAPDH - - + Pf [70, 156] 
Actin 1 - - + Pf/Tg [70, 156, 157]
MyoA - - + Pf/Tg [70, 156-158]
MyoB - - + Pf [70, 157, 158]
MyoC - - + Pf/Tg [70, 156]
MyoD - -
MyoE - - + Pf [70, 156-158]
MTIP - + Pf [159] + Pf [70, 72]
ELC1 - + Tg predicted*
MLC1 - + Tg [78] +Tg [70]
MLC2 - +Tg [112] +Tg [70]
GAP40 - + Pf [159] + Pf [156, 157]
GAP45 + Pf [82] + Pf [78, 80, 159] + Pf [156, 157],

GAP50 - + Pf [159] +Tg [70]
GAP70 +Tg predicted [85] +Tg predicted [85] +Tg [70]
GAP80 +Tg predicted [85] +Tg predicted [85] +Tg [70]
GAPM1 - + Pf predicted* +Tg [70]
GAPM2 - + Pf [159] + Pf [70, 156, 157]
GAPM3 - + Pf [159] + Pf [158]
IAP1 - +Tg [85] +Tg [70]
ISP1 + Tg [94] + Pf [95] + Tg [94] + Pf [95] + Pf [95]
ISP2 + Tg [94] + Tg [94] + Tg [70]
ISP3 + Tg [94] + Pf [95] + Tg [94] + Pf [95] + Tg [94] + Pf [95]
ISP4 - + Tg [93]
TgIMC1, 4, 6, 9, 10, 11, 12, 13, 14, 15 + Tg predicted [160] +Tg [70]
IMC1-c (ALV5) + Pf [159] + Pf [70, 156-158]
IMC1-e (ALV2) + Pf [159] + Pf [70, 158]
IMC1-f (ALV6) +Pf predicted* + Pf [157]
IMC1-g (ALV4) + Pf [159] + Pf [70, 156-158]
*Palmitoylation predicted using CSS-Palm [155]*Palmitoylation predicted using CSS-Palm [155]*Palmitoylation predicted using CSS-Palm [155]*Palmitoylation predicted using CSS-Palm [155]
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Glideosome associated proteins (GAP)

Three glideosome associated proteins (GAPs) are conserved between T. gondii and 

Plasmodium spp. [78-80] and are notated by  their apparent molecular weight, as 

determined by  SDS-PAGE, as GAP40, GAP45, and GAP50. It has been demonstrated 

that GAP40, GAP45 and GAP50 co-localize with the MyoA-MTIP/MLC1 complex [79]. 

GAP45, MyoA, and MTIP/MLC1 form a precomplex mediated by the N-terminal 

domain of MTIP/MLC1 interacting with the C-terminus of the peripheral membrane 

protein GAP45 [79-81]. The structure of GAP45 is unknown, however, it is predicted that 

GAP45 consists primarily of a coiled-coil domain. At the N-terminus, GAP45 is 

myristoylated and palmitoylated [80, 82]. This acylation targets GAP45 preferentially to 

the plasma membrane and serves to prevent GAP45 from associating with the nascent 

IMCs [78]. GAP45 has additional predicted palmitoylation sites at its C-terminus, and 

this modification is expected to facilitate GAP45 localization to the IMC, allowing the 

MyoA-MTIP/MLC1 complex to also associate with the IMC [80]. Phosphorylation is the 

final step that controls association of the complex with the IMC [83, 84]. Phosphorylation 

of residues in the C-terminal domain of GAP45, controls association with the IMC. In 

addition to GAP45, two related proteins, present only in coccidians (e.g. T. gondii and 

Cryptosporidium spp.), GAP70 [78] and GAP80 [85], have been identified and have been 

shown to interact with MyoA-MLC1 and MyoC-MLC1, respectively, in a manner similar 

to the interaction of GAP45 and MyoA-MLC1. 

There still remains a question whether or not GAP45 is contacting both the IMC and 

plasma membrane simultaneously, spanning the supra-alveolar space. Measurements of 
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the distance between the plasma membrane and IMC via cryo-EM, have ranged from 

23-30 nm in P. berghei sporozoites [86]. An I-TASSER [87] homology model of 

PfGAP45 predicts a coiled-coil with a 180° bend in the middle (Fig. 6A). This structure 

is approximately 15 nm in length when folded, and if extended, could potentially span the 

supra-alveolar space to make contact with both membranes simultaneously.
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Figure 6. IMC associated proteins GAP45 and ISP1 and 3. (A) I-TASSER homology 
model of PfGAP45 (green, cartoon) composed of coiled-coils spanning 15 nm. (B) 
Structures of the Pleckstrin homology  domain of ISP1 (green, cartoon), ISP3 (yellow, 
cartoon), and structurally similar phospholipase C (green, cartoon). Calculated 
electrostatic surface potential for PLC and ISP1 and 3 with phospholipid bound to PLC 
and sulfate to ISP1 (sticks). Box indicates a potential protein binding site.
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GAP45 also interacts with GAP50, a protein bound to the IMC [79]. As previously 

mentioned, GAP50 contains a signal sequence for targeted secretion to the IMC, as well 

as a C-terminal transmembrane helix for insertion into the IMC vesicle. The likely 

orientation of GAP50 is with the N-terminal domain located within the lumen of the IMC 

[81]. The structure of GAP50 [88] is most closely related to the human purple acid 

phosphatase; however, the recombinant protein shows no protein phosphatase activity in 

vitro, but  does have activity  against  small molecules such as ATP and IPP (isopentenyl 

pyrophosphate), with a preference for di- and tri-phosphates [89]. Due to the conserved 

nature of the protein and the lack of direct  interaction other than via co-

immunoprecipitation/purification (co-IP) of GAP45 and GAP50, it is possible that there 

are other binding partners that are yet to be discovered.

The last member of the GAP family to be discussed is GAP40, a polytopic membrane 

protein [78]. GAP40 co-purifies with the MyoA-MTIP/MLC1-GAP45/50 complex. 

GAP40 is comprised of nine transmembrane spanning domains, and could act as an 

anchor of the motor to the IMC. The direct interactions of the GAP proteins with each 

other is still under investigation, but it has been noted that the glycosylation and 

phosphorylation states of the proteins play a role in their interactions with the other IMC 

components [83, 90].

Glideosome associated proteins with multiple membrane spans (GAPM)

The actomyosin motor is attached to the outermost side of the IMC alveoli 

membranes. In cryo-EM freeze fracture studies, 9 nm particles on the innermost, 
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cytoplasmic side of the membrane of the IMC were observed [91]. Investigation of the 

makeup of these particles led to the discovery of the glideosome associated proteins with 

multiple membrane spans (GAPMs) [92]. There are three GAPM  variants (GAPM 1-3), 

which possess six transmembrane domains and are present at  the IMC in large, detergent 

resistant oligomeric complexes. GAPM interacts with the alveolins, which form part of 

the parasite’s cytoskeletal network. The proteins also co-IP with both GAP50 and GAP45 

of the IMC, indicating that  GAPM  may  interact with other IMC associated proteins 

across the lumenal space of the IMC. 

IMC sub-compartment proteins (ISPs)

The IMC sub-compartment proteins (ISP) are conserved across apicomplexans and 

are unique because the proteins are localized to different parts of the IMC along the 

parasite [93-95]. T. gondii encodes for ISPs 1-4, while only orthologs of ISP1 and ISP3 

have been identified in Plasmodium spp. In T. gondii, ISP1 localizes to the apical end of 

the parasite, ISP2 localizes along the central region of the IMC, and ISP3 is able to 

localize to both the basal and central regions. 

The ISPs do not possess signal sequences or transmembrane sequences; however, all 

ISPs are predicted to have palmitoylation and myristoylation sites near the N-terminus. 

The working theory is that targeting of the ISPs relies on recognition by an IMC bound 

palmitoyl acyl transferases (PAT) [94]. Myristoylation of ISP1-3 would lead to 

nonspecific membrane association. If an ISP comes in contact with a PAT, it  would be 

palmitoylated and bound to that membrane. PATs located at different parts of the IMC 
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would control the specific localization of each ISP by only  palmitoylating their specific 

substrate protein. In T. gondii, there are three putative membrane-bound O-acyl 

transferases, which typically palmitoylate secreted proteins, and 18 DHHC-CRD PATs, 

which typically palmitoylate non-secreted proteins for targeting to membranes [96, 97]. 

This information raises the questions as to whether there are multiple PATs capable of 

recognizing specific substrates, and how in turn the PATs would be localized to different 

sub-compartments of the IMC. A recent review by Frenal et al. [98] discusses 

palmitoylation and depalmitoylation cycles in T. gondii, and their role in protein 

localization.

Crystal structures of TgISP1 and TgISP3 [99] reveal that the proteins adopt a 

Pleckstrin homology (PH) fold (Fig. 6B), that is typically  involved in phospholipid 

binding; however, there was no evidence of phospholipid binding. This result is likely 

due to a mutation of the residues that  bind the phospholipid. Analysis of surface 

electrostatics show that the binding site in the ISP proteins is more hydrophobic and less 

positively charged than the phospholipid binding site from phospholipase C (Fig. 6B). 

Analysis of the surface of ISP1 reveals a hydrophobic groove and a sulfate molecule 

bound near the groove leading to speculation that the protein has adapted to bind a 

protein partner possibly mediated by phosphorylation.  

Subpellicular Network (SPN)

The inner membrane complex, made up  of flattened membranes and associated with 

multiple, acylated peripheral membrane proteins and integral membrane proteins, 
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interacts with the parasite’s subpellicular network (SPN) [100]. It was found in T. gondii 

that a network of 8-10 nm fibers were associated with the cytoplasmic face of the IMC.

Alveolins

The alveolin protein, TgIMC1 (ALV1), was identified as the main protein present in 

the 2D lattice of the SPN [100]. IMC1 shares homology with articulins, which are 

cytoskeleton proteins found in protists. The TgIMC1 orthologs for Plasmodium spp. were 

annotated as IMC1a-h [101]. The alveolins, which vary in size, contain multiple repeat 

domains with a common motif of (E/D)(K/R)ΦΦ(E/D)ΦPx (Φ=hydrophobic and x=any 

amino acid), flanked by  nonconserved regions on either side, and are predicted to have 

extended coiled-coil domains [102]. It  has been shown that knockout of IMC1a, IMC1b 

and IMC1h negatively affect the gliding motility of sporozoites and ookinetes and reduce 

infectivity [101, 103, 104]. Connecting this cytoskeleton to the actomyosin motor, gliding 

motility and invasion/infectivity is likely accomplished via a connection with the IMC 

and GAPM1-3 proteins. The GAPMs co-purify with the alveolins, forming detergent-

resistant oligomeric complexes, likely  providing an anchoring point  for the IMC to the 

subpellicular network [92]. 

Exploring the essentiality of the adhesins and glideosome components

In the past year, several groups have published data regarding conditional knockouts 

of proteins key to the glideosome model in T. gondii. Conditional knockouts, using a 

DiCre-recombinase system, of ama1, aldolase, mic2, act1, gap45 and myoA have been 
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generated in T. gondii and it  has been shown that  invasion still progresses, albeit  at 

severely reduced levels [85, 105-107]. Discussed below are these experiments and what 

the results mean in our understanding of the actomyosin motor based invasion by T. 

gondii, how this work translates to other apicomplexans, specifically  Plasmodium spp., 

and alternative models that have been proposed for invasion. A summary of the 

conditional knockouts and the observed phenotypes, is presented in Table 4. 
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Table 4. DiCre-recombinase inducible knockouts in T. gondii effects on egress and 
invasion phenotypes.

Induced
Knockout

Egress Invasion Gliding Compensatory Mechanism Reference

MyoA 2% 16% 37% MyoC glideosome Egarter et al. [106]

MyoB/C 100% 100% 100% MyoA glideosome Egarter et al. [106]

MyoA/B/C 2% 5% N.D. MyoD? MyoE? (untested) Egarter et al. [106]

MLC1 5% 28% 42% MyoD-MLC2? (untested) Egarter et al. [106]

GAP45 4% 6% 100% GAP80 over-expression Frenal et 
al., 2014b

Egarter et al. [106]

GAP80* 85% 80% N.D. GAP45 Frenal et al. [85]

GAP40 N.D. N.D. N.D. essential Egarter et al. [106]

GAP50 N.D. N.D. N.D. essential Egarter et al. [106]

Actin 1 2% 10% 10% ? Egarter et al. [106]

Aldolase** N.D. 100% 100% GAPDH? Shen and Sibley, [107]

AMA1 N.D. ~25% 100% Other adhesins Shen and Sibley, [107]

*Phenotype from GAP80 clonal KO line with GAP45 iKO in absence of ATc. All other clones are inducible knockouts via the 
DiCre-recombinase system established in T. gondii. 
**Performed in low glucose conditions to alleviate toxicity of glycolysis intermediates.

*Phenotype from GAP80 clonal KO line with GAP45 iKO in absence of ATc. All other clones are inducible knockouts via the 
DiCre-recombinase system established in T. gondii. 
**Performed in low glucose conditions to alleviate toxicity of glycolysis intermediates.

*Phenotype from GAP80 clonal KO line with GAP45 iKO in absence of ATc. All other clones are inducible knockouts via the 
DiCre-recombinase system established in T. gondii. 
**Performed in low glucose conditions to alleviate toxicity of glycolysis intermediates.

*Phenotype from GAP80 clonal KO line with GAP45 iKO in absence of ATc. All other clones are inducible knockouts via the 
DiCre-recombinase system established in T. gondii. 
**Performed in low glucose conditions to alleviate toxicity of glycolysis intermediates.

*Phenotype from GAP80 clonal KO line with GAP45 iKO in absence of ATc. All other clones are inducible knockouts via the 
DiCre-recombinase system established in T. gondii. 
**Performed in low glucose conditions to alleviate toxicity of glycolysis intermediates.

*Phenotype from GAP80 clonal KO line with GAP45 iKO in absence of ATc. All other clones are inducible knockouts via the 
DiCre-recombinase system established in T. gondii. 
**Performed in low glucose conditions to alleviate toxicity of glycolysis intermediates.
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AMA1 knockouts

A clonal knockout of ama1 in T. gondii tachyzoites and non-clonal knockout in P. 

berghei merozoites, were produced, which negatively affected host cell attachment [108]; 

however, these parasite lines were still able to form a tight junction and invade cells in a 

smooth, one-step fashion. The merozoites and tachyzoites displayed a 3-5 fold lower 

invasion efficiency  overall, but when normalized to the number of merozoites attached to 

cells, the parasites could invade cells better. It  was concluded that AMA1 is dispensable 

for invasion by both P. berghei merozoites and sporozoites and T. gondii tachyzoites and 

opened up the possibility that the model of AMA1 and the RON complex as an essential 

component of the moving junction may be incorrect.

Following the study in T. gondii and P. berghei, an ama1 conditional knockout in P. 

falciparum was produced [109]. Authors of the study concluded that AMA1 is not 

dispensable in merozoite invasion by P. falciparum. The ama1 gene was placed under 

conditional control in merozoites using the DiCre-recombinase system. Efficiency of 

deletion was ~80%. Because the deletion occurred after DNA-replication, due to the 

trophozoite specific promoter used to express the recombinase, and in combination with 

the imperfect deletion efficiency, there was a resulting mix of genetically null and wild-

type (WT) merozoites. However, because micronemes, where AMA1 resides, form prior 

to segmentation, it was possible for genetically  null parasites to have a range of AMA1 

levels, which was observed with levels ranging from undetectable to near WT. The 

invasion efficiency of the PfAMA1 deficient merozoites was very  low, and it  was 

explained that there was likely  insufficient AMA1 present to form a tight junction or to 
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seal the invasion pore if a merozoite managed to have high enough levels of AMA1. One 

explanation offered by the authors to reconcile the P. falciparum results with the P. 

berghei and T. gondii data [108] is that both T. gondii and P. berghei possess orthologs/

paralogs of AMA1, which could act as redundant adhesins; however, no redundancies 

have been identified in P. falciparum, which would make it essential for the model in 

which AMA1 plays a role in the moving junction. A more thorough detailing of this 

controversy is found in a review by Harvey et al. [110].

Glideosome component knockouts

A conditional DiCre-recombinase system in T. gondii has been established and used 

to investigate the role of key invasion machinery  components [105, 106]. Conditional/

induced knockouts (iKO) were generated for mic2, myoA, gap40, gap45, gap50, mlc1, 

and act1. In the process of creating conditional knockouts, it was possible to isolate 

clonal knockouts of mic2 and myoA, whereas clonal knockouts could not  be obtained of 

gap40, gap45, gap50, mlc1 or act1. It is important to remind readers that the following 

experiments were performed with T. gondii tachyzoites, and not Plasmodium spp. 

parasites.

MyoA knockout

In the myoA knockout, the Meissner group observed that the invasion rate was only 

16% that of wild-type (WT) [105, 106]. Gliding motility  was reduced by ~65% and 

tachyzoites moved mostly by circular gliding and in short steps. The myoA iKO parasites 
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displayed different kinetics of invasion, with a few parasites entering smoothly  and 

efficiently like WT in ~25 seconds, while the majority entered in a “stop-and-go” manner 

and could take up to 10 minutes to invade. The observation that myoA iKO parasites 

could still invade, albeit  more slowly, suggested that MyoA is important  for efficient 

invasion, but that there could also be an alternate force generation model. An explanation 

for the ability of myoA iKO invasion is that other myosins could act as a redundancy 

mechanism. The Soldati group  has indicated that MLC1 is able to interact with MyoC 

[111], and may be able to substitute for MyoA. To test  this possibility, a triple conditional 

knockout of myoA/B/C was produced, resulting in a more severe phenotype than the 

single myoA iKO, however, parasites could still invade. It  is still possible that the other 

myosins such as MyoD and MyoE, which were not knocked out, could also complement 

myoA/B/C function, providing T. gondii with multiple compensatory myosins.

MLC1 knockout

The mlc1 iKO caused mislocalization of MyoA, as expected, and reduced the ability 

to egress to 5% that of WT, and led to ~70% reduction in invasion [106]. This data 

suggests that MLC1 is important for host cell egress and MyoA localization, and that 

other MLCs are unable to fully complement this function. While there may not be another 

MLC capable of fully  complementing the role of MLC1, it  was noted by  the authors that 

it was not possible to rule out the possibility that the MyoD-MLC2-motor [112] could 

complement loss of the MyoA-MLC1-motor.
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GAP45 knockout

The gap45 iKO resulted in cytosolic localization of the MyoA/MLC1 complex and 

affected the parasite morphology, due to separation of the IMC from the plasma 

membrane [106]. Along with a change in localization and morphology, depletion of 

GAP45 resulted in ~95% reduction in egress as well as invasion. However, gliding 

remained at  100% that of WT parasites, suggesting that morphology is the cause of 

invasion defects and not motility.

Actin 1 knockout

To further investigate the requirement of the actomyosin motor, the Meissner group 

generated a conditional knockout strain of act1 [105, 106]. A clonal act1 KO could not be 

isolated and conditional knockouts resulted in a defect in apicoplast segregation. Unlike 

in Plasmodium spp., it  is not possible to supplement T. gondii cultures with IPP to 

determine if the act1 clonal KO is unable to be obtained solely  due to an apicoplast 

defect. The conditional act1 knockout displayed gliding and invasion defects, but was 

still motile and could invade at ~10% that of WT, It was reasoned that actin 1 is not 

essential for invasion, only for apicoplast segregation or some other replicative process. 

As there is only one actin in T. gondii, if this actin is dispensable, an alternative to the 

glideosome would be needed.

To account for the ability to invade without actin, the authors propose a gelation-

solation osmotic motor comprised of actin-like filaments [106]. However, if actin 1 is not 

required for invasion, as suggested by their data, and unlike Plasmodium spp., T. gondii 
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does not possess actin 2, then what is the makeup of the gel? There is a family of actin-

related proteins (Arps), also known as actin-like proteins (ALPs), members of the actin 

superfamily, which may be able to form this gel [113]. Apicomplexans have 8-10 of these 

Arps and knockouts of the associated genes could answer the question of whether or not 

these proteins are involved in invasion and gliding motility. There is also a question of 

whether there is any remaining actin around. While it  was reported that actin levels were 

undetectable via Western blot and fluorescence, and that would mean the concentration 

was lower than the critical concentration needed for filament formation [106], it was 

noted previously  that T. gondii actin 1 can form filaments at a concentration 3-4 times 

lower than canonical actin [52]. So, it may be possible that filaments could still form 

from any remaining actin pools. More experiments will hopefully reveal the existence of 

either complementary motors or evidence for alternative motor models.

Aldolase conditional knockout

In addition to the knockouts performed by  the Meissner group, the Sibley group  was 

able to generate an aldolase conditional knockout in T. gondii, that was able to invade 

fibroblasts under low glucose conditions [107]. The low glucose conditions prevented 

accumulation of toxic glycolysis intermediates, enabling the aldolase iKO tachyzoites to 

invade in the absence of aldolase. The glucose data is interesting, but explanations of 

possible redundancies, we believe, are not adequately addressed. 

Only briefly discussed in the Sibley paper [107] is the fact that GAPDH, another 

known bridging protein, could possibly rescue the invasion of the parasite in the absence 
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of aldolase. Reported mutations that can disrupt the AMA1 interaction with GAPDH, did 

not lead to inhibition of invasion, supporting the case that GAPDH is not necessary for 

invasion. However, it  is known in T. gondii that the AMA1 pathway is nonessential and is 

likely a redundant pathway to invasion [108]. So, a clone with an AMA1 defective in 

both aldolase and GAPDH binding that can invade, does not prove the non-essentiality of 

GAPDH. A conditional knockout of both GAPDH and aldolase would be needed to 

provide more evidence that bridging to this motor is not necessary. Also, this point recalls 

the evidence presented earlier that while AMA1 seems to be dispensable for T. gondii and 

it is possible that paralogs/orthologs to AMA1 are able to compensate for AMA1 loss, 

that AMA1 is essential for tight junction formation and pore closure in P. falciparum 

[109]. 

Egress phenotypes

Discussion has focused on the invasion and gliding phenotypes, yet many of these 

conditional knockouts blocked host cell egress. Host cell egress is blocked in myoA/B/C 

triple knockouts as well as the act1, mlc1, gap40, gap45, and gap50 conditional 

knockouts [105, 106]. The question that arises is this: Why is egress blocked when 

proteins, traditionally associated with the invasion machinery, are knocked out? Clearly, 

while these proteins could be considered nonessential for invasion based on the ability  of 

the conditional knockouts to invade host cells, it is also likely  that either proper 

localization or expression of the invasion machinery  associated proteins, acts as a 
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regulator of egress. It is possible that proper glideosome assembly acts as a checkpoint, 

so that only parasites that are fully competent for invasion are released. 

Discussion of alternative invasion mechanisms and knockouts

It is important  to keep in mind that the conditional knockout of glideosome 

components discussed here has only been performed in T. gondii [105, 106], and that 

while it has been presented that apicomplexans share these invasion proteins, that the 

mechanisms of invasion may be different between the genera. However, it is also 

important to take these data and begin to look for alternative models and glideosomes to 

explain a mechanism of host cell invasion.

One possibility to explain conditional knockouts of the MyoA glideosome 

components in T. gondii, is that the MyoA-MLC1 complex is only one of multiple, 

redundant motors (e.g. MyoD-MLC2, MyoC-MLC1). Recent work has described a novel 

glideosome in T. gondii involving MyoC [85]. It  has been demonstrated that GAP80, a 

member of the GAP45 family, is able to recruit MyoC to the basal polar ring with the 

help  of IMC-associated protein 1 (IAP1). Previous work had already  shown that MyoC 

could interact with MLC1 [112]. MyoC, like MyoA, also interacts with the IMC 

embedded proteins, GAP40 and GAP50, and forms the MyoC-MLC1-GAP80-IAP1-

GAP40-GAP50 glideosome [85]. 

In WT parasites, the MyoA-MLC1-GAP45-GAP40-GAP50 glideosome functions 

along the parasite periphery, while the MyoA-MLC1-GAP70-GAP40-GAP50 glideosome 

functions at the apical cap and the MyoC-MLC1-GAP80-IAP1-GAP40-GAP50 
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glideosome functions at the basal polar ring (Fig. 7A, 7B). Depletion of MyoA in a 

conditional knockout strain leads to a redistribution of the MyoC glideosome along the 

parasite periphery and into the apical cap, likely accounting for the observed low levels 

of invasion. In gap80 and gap70 iKOs, GAP45 can assume their roles, but neither 

GAP80 nor GAP70 could complement GAP45 function. If the conditional knockout work 

done in T. gondii is replicated in Plasmodium spp. and invasion is observed, these 

alternative glideosomes with GAP70 and GAP80, would not be a possible explanation, 

since GAP70 and GAP80 are only  present in coccidians. However, the demonstrated 

plasticity of the glideosomes in T. gondii, and the ability of the MyoC glideosome to 

redistribute along the parasite in the absence of the MyoA glideosome, would lead one to 

speculate that there is a similar plasticity  and redundancy  mechanisms for Plasmodium 

spp. to allow for invasion.
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Figure 7. Schematic of apicomplexan glideosomes. Protein structures solved from both 
T. gondii and Plasmodium spp. and homologous protein structures were combined with 
the results of biochemical and genetic data to depict the (A) glideosome model. The three 
panels illustrate the motor complexes present in the apical cap (left), along the parasite 
periphery (middle), and at the basal polar ring (right). The actin-myosin motor (grey/
black and magenta/light pink) is bridged by tetrameric aldolase (multicolor) to the 
extracellular adhesins (cyan), which connects to unknown cellular receptors on the host 
cell membrane (grey). The motor is anchored to the IMC via its interaction with MTIP 
(Plasmodium spp.) or MLC1/ELC1 (T. gondii) (purple). In T. gondii, the MyoA 
(magenta) motor is located in the apical cap and periphery of the parasite while the MyoC 
(light pink) motor acts at the basal polar ring. The myosin-MLC1 motors interact with 
either lipidated GAP70 (green), GAP45 (dark blue), or GAP80 (teal), which span the 
supra-alveolar space between the plasma and IMC membranes, at the apical cap, 
periphery or basal polar ring, respectively. At the apical cap and basal polar ring, IAP1 
(hot pink) interacts with the MyoA/C-GAP70/80-MLC1-ELC1 complex. These motor 
complexes interact with GAP40 (orange) and GAP50 (red) located in the IMC. GAPMs 
(blue) are located on the cytosolic side of the IMC membrane and interact with the 
alveolins (white/grey). (B) Schematic of T. gondii tachyzoite highlighting the apical cap 
(green), periphery (blue), and basal polar ring (teal) with nucleus and rhoptries depicted.
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Alternatively, it has been suggested that there are other modes of invasion (linear 

glideosome versus gelation-solation model). Perhaps multiple motors exist  and have 

different roles in invasion. It has been suggested that a linear glideosome motor is needed 

for efficiency in reorientation, tight junction formation, and the start  of invasion and 

another motor completes invasion once it is going. Another possibility is that invasion is 

regulated by the host cell via a host cell mediated uptake or autophagy/phagocytosis 

pathway. Regardless, these conditional knockouts of the glideosome components do 

cause severe phenotypes, with a 95% reduction in invasion in some cases [85, 105-107], 

and are still worthy of continued study and translational work to develop inhibitors of 

these glideosomes.

Developing novel antimalarials and dissertation overview

There have been several drugs over the past four centuries used to treat malaria (Table 

5). These drugs are effective due to targeting of key metabolic pathways (e.g. folate 

synthesis), generation of free radicals, or inhibition of hemozoin formation, which leads 

to generation of toxic free radicals. There are several drugs currently in the pipeline (Fig. 

8) [114]; however, most of these treatments that have progressed to the translational or 

clinical trial phase are for derivatives of the effective artemisinin class (endoperoxides), 

reformulations of artemisinin combination therapies, and compounds targeting other 

enzymes in the folate synthesis pathway. 
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Table 5. Available treatments for malaria, introduction, resistance status, and 
mechanism of action.

Drug Introduction First reported 
resistance

Mechanism of Action

Quinine 1632 1910 Hemozoin inhibition

Chloroquine 1945 1957 Hemozoin inhibition

Proguanil 1948 1949 DHFR inhibitor

Sulfadoxine-pyrimethamine 1967 1967 DHFR and Dihydropteroate synthase inhibitor

Mefloquine 1977 1982 ? Food vacuole swelling or toxic complex with heme

Atovaquone 1996 1996 electron transport chain inhibitor

Artemisinins 1971 2006 Radical production 

Sourced from WHO Reports [153, 154]Sourced from WHO Reports [153, 154]Sourced from WHO Reports [153, 154]Sourced from WHO Reports [153, 154]
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Figure 8. Portfolio of antimalarial treatments in the development pipeline 2012. 
Reprinted with permission from Malaria Journal, “The global pipeline of new medicines 
for the control and elimination of malaria” by Anthony et al. [114] licensed under the 
Creative Commons Attribution License 2.0 Generic License.
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There are several compounds in the research phase that are attempting to inhibit 

pathways that are not traditionally explored in antimalarial development. One such area 

of research is in work to target essential protein-protein interactions. Multiple groups 

have been working to target the MyoA-MTIP protein-protein interaction to disrupt the 

invasion machinery [73, 74]. Work in our own lab has identified inhibitors of the Atg8-

Atg3 interaction, which is necessary for parasite autophagy [115]. 

In this dissertation project, we have continued to build on work targeting protein-

protein interactions. Previous studies have successfully targeted the invasion machinery, 

specifically, the adhesin tail-aldolase interaction. A compound was identified that 

promoted the interaction between aldolase and the C-terminal tail of TRAP, and a co-

crystal structure of the ternary complex was determined [48]. Testing of this compound 

resulted in decreased gliding motility of sporozoites and HepG2 invasion. 

Here, we have developed a system to produce peptides for use in surface plasmon 

resonance studies to measure the TRAP-aldolase interaction (Chapter 2). In pursuit of a 

co-crystal structure to confirm interactions between hit compounds and the complex, we 

solved the structure of TgAldolase, a homolog to the plasmodial protein (Chapter 3). 

Finally, we have screened the Medicines for Malaria Venture’s (MMV) Malaria Box to 

find promoters of the aldolase-TRAP interaction (Chapter 4). We have identified 

compounds that are more effective than those previously described. These compounds 

have been tested against parasites to determine their effect on gliding motility and 

invasion. Preliminary studies have indicated an EC50 < 10 µM  and a potential for 

continued development.
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Chapter II: Development of a multifunctional tool for drug screening against 
plasmodial protein–protein interactions via surface plasmon resonance

The work in this chapter has been previously published and is reprinted with permission 
from John Wiley and Sons, Journal of Molecular Recognition, 26 (10), Boucher, L.E. and 
Bosch, J., Development of a multifunctional tool for drug screening against plasmodial 
protein-protein interactions via surface plasmon resonance, pp. 496-500, Copyright 2013 
[40].
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Introduction

Plasmodium and other protozoan parasites belonging to the phylum Apicomplexa, 

progress through their life cycle by  invading new host cells. The underlying mechanism 

of invasion is a complex process involving the glideosome, a multi-protein molecular 

machine that governs parasite-gliding motility through an actin–myosin motor complex 

[36, 116]. Our structural and inhibitor design studies performed with recombinant 

Plasmodium proteins have visualized important protein interfaces within the glideosome 

[39, 68, 69, 117, 118].

The glideosome is highly conserved within apicomplexan species [36, 116] and is 

essential at all stages of the parasite life cycle. A tetrameric complex of aldolase connects 

the motor to the cytoplasmic portion of its plasma membrane anchor, a transmembrane 

adhesive protein of the TRAP family (thrombospondin-related anonymous proteins) [39]. 

In this study  we mimic the cytoplasmic tails by binding recombinant peptides to a surface 

plasmon resonance (SPR) chip surface and measure the binding properties of 

Plasmodium falciparum aldolase (PfAldolase) to each peptide (Fig.  9A). We investigated 

the binding of TRAPs involved in different stages of the parasite's life cycle and from 

multiple species. The TRAP tails studied included P. falciparum and P. vivax TRAP 

(PfTRAP/PvTRAP), utilized by sporozoites in liver stage invasion, and P. falciparum 

merozoite TRAP (PfMTRAP), utilized by merozoites in blood stage invasion.
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Figure 9. Vector map for biotinylated-peptide production. (A) pRSF-1b-MBP plasmid 
map, gene block insert, and application schematics indicating the multipurpose functions 
of the designed construct. The C-terminal cytoplasmic tails of Plasmodium adhesins used 
in this study are shown in a sequence alignment above the plasmid. (B) The following 
nucleotide sequences were commercially synthesized as gene blocks by Integrated DNA 
Technologies. The color coding scheme for the different tags and protease recognition 
sites follows the plasmid representation in (A). The translated amino acid sequence is 
shown above the nucleotide sequence. The NcoI and BamHI restriction sites, compatible 
with the pRSF-1b-MBP vector for in-frame insertion, are highlighted in bold. The TEV 
and PreScission processing sites are indicated by a “\” between the P1 and P1' residues. 
The biotin modification of the AviTag lysine is noted in red.
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We developed this tool as a proof of concept for short peptide expression in 

Escherichia coli, that is a cost effective alternative to commercial peptide synthesis. 

Peptides are expressed at the C-terminus of the maltose binding protein (MBP) with a 15 

amino acid AviTag, allowing for biotinylation in situ at a single lysine [117, 119]. Our 

construct can be used with nitrilotriacetic acid (NTA)-coated surface plasmon resonance 

(SPR) chips because of an additional His12-tag insertion; the His12-tag and NTA chip can 

be used for preliminary  binding experiments and to establish mild regeneration protocols 

for the dissociation of the two interacting partners. Once suitable conditions are 

established, the His12-tag and the MBP-tag can be removed using tobacco etch virus 

(TEV) protease, resulting in a shorter, biotinylated peptide. Using immobilized 

Neutravidin or streptavidin on a carboxymethylated dextran (CM5) chip (GE), the 

biotinylated peptide can be captured for further interaction studies via SPR. If the desired 

peptide is to be utilized for crystallization purposes, removal of all N-terminal residues, 

except of a glycine and proline, can be achieved through the use of PreScission protease 

(Fig.  9A).

Materials and Methods

Development of a multifunctional tool for expression of short peptides in E. coli

A previously modified pRSF-1b vector (Novagen), carrying the gene for maltose 

binding protein (MBP) followed by a TEV recognition site and NcoI/BamHI restriction 

sites for cloning, was used as a vector to introduce short  peptide sequences containing 

NcoI/BamHI restriction sites (Appendix A). The resulting gene product, including His12-
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tag, AviTag, PreScission, and TEV sites, is described in Figure  9A. Three gene blocks, 

containing sequences for the cytoplasmic tails of Plasmodium parasite adhesins, were 

selected for this study and commercially synthesized (Fig.  9B).

Of the sample, 2   µg of pRSF-1b-MBP plasmid was double digested using NcoI/

BamHI. Linearized plasmid was gel purified and was quantified by absorption at  260  nm. 

The commercially obtained gene blocks (Integrated DNA Technologies) were double 

digested with NcoI/BamHI and were ligated into the linearized vector using an insert to 

plasmid molar ratio of 10. Clones carrying the desired insert were sequence verified prior 

to test expression.

50 ml of Terrific Broth (TB) media was inoculated from a single colony  of 

BL21(DE3) cells carrying one of the cytoplasmic tails fused to MBP. Cells were cultured 

in the presence of 1% glucose and 50  µg/ml kanamycin at 37°C and 250   rpm until the 

expression of the gene was induced at optical density  at wavelength 600  =  3 with 0.5 mM 

isopropyl-β-D-1-thiogalactopyranoside. Culturing continued for a minimum of 10   h at 

20°C and 250   rpm. Cells were lysed in phosphate-buffered saline (PBS) (pH 7.4) at 

15000 PSI using a cell disruptor (Avestin®, Ontario, Canada), and the cell debris was 

pelleted at 40000  x g for 20 min at 4°C. The supernatant was allowed to incubate with 1  

ml of PBS equilibrated TALON resin (Clontech) in gravity  columns for 40 min at 4°C. 

Bound protein was subsequently eluted with PBS supplemented with 400 mM  imidazole. 

The purity of the proteins was verified using sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis and biotinylation was confirmed through western blot using an anti-biotin 

antibody (Cell Signaling Technology). The fusion products were cleaved over night using 
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TEV protease in a molar ratio of 1  :  100 (TEV  :  protein). Cleaved products were separated 

from MBP and uncleaved product using a 10  kDa molecular weight cut-off concentrator 

(Amicon, Millipore) and were collected in the flow through. The individual method of 

purification may vary depending on the size and hydrophobicity of the desired 

biotinylated peptide. Alternatively, peptides can be purified using reversed phase high-

performance liquid chromatography or size exclusion chromatography. Samples of each 

cleaved product were analyzed by a Superdex Peptide 10/300 column (GE Healthcare) to 

estimate their molecular weight using 20% acetonitrile with 0.1% trifluoroacetic acid 

(TFA) (v/v) as running buffer.

Surface plasmon resonance assay

Pilot studies of the interaction and follow-up regeneration protocols were established 

using the His12-tagged peptides on an NTA-CM5 chip. If a regeneration protocol failed to 

result in at least 90% recovery of the initial response prior to injection of the analyte, the 

surface was stripped by chelating the Ni2+ from the NTA groups on the chip surface using 

a buffer containing 10 mM  HEPES, pH 8, 100 mM  EDTA, and 1% SDS. The pre-

scouting of regeneration conditions using an NTA-CM5 chip can save valuable time and 

resources prior to covalently linking the ligand to a chip.

All four flow cells of a CM5 chip (GE Healthcare) were activated using N-

hydroxysuccinimide and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide for 7 min. A 

solution of 40  µg/ml Neutravidin in 10 mM sodium acetate, pH 5.0, was passed over the 
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four flow cells for 7 min using a flow rate of 30  µl/min. Activated free binding sites were 

blocked using 1  M ethanolamine for an additional 7  min.

Each of the three TEV cleaved, biotinylated peptides was passed over an individual 

flow cell for 2  min at a concentration of 0.5  µg/ml, leaving one flow cell unmodified as a 

reference cell, only coated with Neutravidin.

All SPR assays were carried out in 10 mM HEPES, 150 mM  NaCl, 1 mM  MgCl2, 0.5 

mM EDTA, 0.2% Tween 20, adjusted to pH 7.5. Prior to performing the assay, solutions 

were sterile filtered and degassed for 1   h. Measurements were carried out at 25°C in 

triplicate. Samples were injected at 40  µl/min with 2 min of contact time followed by a 6  

min dissociation and a single 25  µl regeneration injection. 10 mM HEPES, pH 8.2 with 

1% SDS was used as a regeneration buffer after each injection. The SPR data were 

analyzed with scrubber 2.0 (BioLogic Software, Campbell, Australia) using double 

referencing.

Results

Size exclusion characterization of the cleaved peptides

The molecular weights for the biotinylated peptides of PfTRAP (4586Da), PvTRAP 

(4516 Da), and PfMTRAP (4722 Da) were estimated from an analytical peptide size 

exclusion column and compared with the calculated molecular weights. The resolution of 

the column was not sufficient to discriminate between the individual cytoplasmic tails; 

however, the peptides migrated at an estimated mass larger than 4200 Da (Fig.   10A). 

Additionally, the western blot of the purified samples confirmed biotinylation of the ~4.2  

kDa peptides (Fig.  10B). The yield from a 50 ml terrific broth culture of the MBP-fused 
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product ranges between 9.5 and 18.8 mg with purity of ~90% when using a tandem 

affinity purification step  (TALON followed by amylose capture, data not shown). 

Reduction of an anti-biotin positive, larger molecular weight species, indicates a near-

complete TEV cleavage reaction in the samples treated with TEV protease (Fig.  10B). 

After TEV cleavage and concentrator purification, purity  of the peptide is >90% (Fig.  

10C).
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Figure 10. Purification and validation of biotinylated-peptides. (A) Analytical size 
exclusion chromatography  plot with commercial peptides of known molecular weight. 
The inset shows the volume at which the three peptides eluted from the peptide SEC 
column and their approximate derived molecular mass. (B) Sodium dodecyl sulfate 
polyacrylamide gel electrophoresis and anti-biotin western blot confirmation of the 
biotinylated peptides and successful TEV protease cleavage. (C) SDS-PAGE 
confirmation of thrombospondin-related anonymous protein (TRAP) peptide purification 
via concentrator.
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Functional protein–protein interaction studies with cytoplasmic tails derived from 

Plasmodium

To validate that our recombinant peptides were correctly expressed, we investigated 

the established protein–protein interaction of PfAldolase with TRAP [39, 43]. PfAldolase 

was expressed and purified as previously  described [39]. Eight, threefold dilution series, 

ranging from 300 nM to 45  pM of PfAldolase, were passed over all four flow cells of the 

CM5 chip conjugated with either PfTRAP, PfMTRAP, PvTRAP, or no protein, 

respectively. Our observed KD of 115 nM for recombinant PfTRAP closely matches the 

previously  measured KD of 106  nM by the study  of [43], despite using a slightly  different 

buffer system. In their study, a synthetic, biotinylated peptide was used to determine the 

KD. Our observed dissociation constants for PfMTRAP and PvTRAP are 91 and 140  nM, 

respectively. These dissociation constants confirm a specific interaction for all three 

recombinant peptides with PfAldolase (Fig. 11).
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Figure 11. Aldolase-TRAP binding measurements via SPR. PfAldolase surface 
plasmon resonance binding curves to three adhesins from the Plasmodium parasite. Each 
measurement was carried out in triplicate for eight concentrations of PfAldolase. The 
SPR binding curves ranging from 45 pM to 300 nM of PfAldolase to a (A) PfTRAP, (B) 
PvTRAP, and (C) PfMTRAP chip  surface. The fitted curve is plotted as a thin line in each 
of the sensorgrams for each measured concentration. (D) Concentration-dependent 
binding of PfAldolase to each of the adhesins and their associated dissociation constants.
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Discussion

With successful measurement of a specific PfAldolase/PfTRAP interaction, we infer 

that C-terminal peptide degradation did not occur during expression or purification, as the 

last three C-terminal residues of PfTRAP, Asp604-Trp605-Asn606, are essential for 

interaction with PfAldolase [39]. We hereby demonstrate the functional expression and in 

situ biotinylation of short peptides suitable for SPR interaction studies using a simple, 

one-step  purification method. Using this method, larger quantities of the peptides can be 

produced in a more cost effective manner compared with de novo peptide synthesis Table 

6. After initial start-up  work and cost involving the synthesis of the gene block and 

cloning and transformation, additional peptide production and purification can be 

accomplished in just 2  days compared with 2 weeks for commercial synthesis of peptides. 

Mutations in the cognitive part  from these peptides may be used to functionally 

discriminate between essential and non-essential residues for the interaction. Generation 

of variants of the initial construct can be easily made through standard site-directed 

mutagenesis protocols. Peptide yield in this expression system is essentially limited only 

by the size of the culture that can be produced.
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Table 6. Cost basis for in vivo production of biotinylated peptides for SPR.

E. coli 
production

Startup 
cost*

Startup cost for 
standard protein 

purification 
labs**

Additional 
peptide 

production
Peptide 

synthesis* 5 aa** 10 aa 15 aa 25 aa 30 aa >30 
aa****

Gene Block $99.00 $99.00 n/a Biotin tag $65 $65 $65 $65 $65 n/a

Restriction 
enzymes $0.13 $0.13 n/a $13/aa

>90% *** $65 $130 $195 $325 $390 n/a

Gel Purification $2.10 $2.10 n/a

Ligation $0.64 $0.64 n/a

DH5alpha Cells $2.03 homemade 
competent cells n/a

Miniprep $1.47 $1.47 n/a

Sequencing $10.00 $10.00 n/a

BL21 DE3 
Cells $13.40 homemade 

competent cells n/a

IMAC Resin $6.97 $6.97 n/a

Concentrator $5.17 $5.17 $5.17

TEV Protease $37.75 homemade TEV $37.75

10-15 mg***
(5-113 aa)**** $178.64 $124.00

$42.92 ($5.17 w/ 
homemade 

TEV)

1-5 mg
>90% purity $130 $195 $260 $390 $455 >$500

Time 10-21 days 10-21 days 2 days Time 2-3 weeks2-3 weeks2-3 weeks2-3 weeks2-3 weeks n/a

*Assumes media, gels and buffer costs are negligible and does 
not account for labor.
**Cost is significantly lower for labs producing their own 
competent cells and TEV protease.
***Any amount of peptide can be purified by scaling up culture 
size at a negligible cost.
****Peptide length is only limited by gene block size. Length 
can be increased by modifying the vector to include tags present 
in the gene block.

Note: Cost is based on price of (1) aliquot or (1) supply that is 
part of a larger volume or kit (e.g. 1 ml of IMAC resin based on 
cost of 100 mLs and (1) miniprep priced from 250 spin column 
commercial kit).

*Assumes media, gels and buffer costs are negligible and does 
not account for labor.
**Cost is significantly lower for labs producing their own 
competent cells and TEV protease.
***Any amount of peptide can be purified by scaling up culture 
size at a negligible cost.
****Peptide length is only limited by gene block size. Length 
can be increased by modifying the vector to include tags present 
in the gene block.

Note: Cost is based on price of (1) aliquot or (1) supply that is 
part of a larger volume or kit (e.g. 1 ml of IMAC resin based on 
cost of 100 mLs and (1) miniprep priced from 250 spin column 
commercial kit).

*Assumes media, gels and buffer costs are negligible and does 
not account for labor.
**Cost is significantly lower for labs producing their own 
competent cells and TEV protease.
***Any amount of peptide can be purified by scaling up culture 
size at a negligible cost.
****Peptide length is only limited by gene block size. Length 
can be increased by modifying the vector to include tags present 
in the gene block.

Note: Cost is based on price of (1) aliquot or (1) supply that is 
part of a larger volume or kit (e.g. 1 ml of IMAC resin based on 
cost of 100 mLs and (1) miniprep priced from 250 spin column 
commercial kit).

*Assumes media, gels and buffer costs are negligible and does 
not account for labor.
**Cost is significantly lower for labs producing their own 
competent cells and TEV protease.
***Any amount of peptide can be purified by scaling up culture 
size at a negligible cost.
****Peptide length is only limited by gene block size. Length 
can be increased by modifying the vector to include tags present 
in the gene block.

Note: Cost is based on price of (1) aliquot or (1) supply that is 
part of a larger volume or kit (e.g. 1 ml of IMAC resin based on 
cost of 100 mLs and (1) miniprep priced from 250 spin column 
commercial kit).

*Not all sequences can be synthesized.
**Minimum peptide length is 5 aa and minimum order is $100-$120.
***>90% peptide purity is recommended for SPR applications and 
>98% peptide purity is recommended for crystallization and NMR 
studies. Alteration of purity levels will affect pricing. Crude peptide 
(<70% purity) cost is ~$3/aa.
****Peptides over 30 aa will incur significant price increase due to 
need for chemical ligation and advanced synthesis techniques and 
may not be possible to synthesize.

Note: Generated from average commercial prices. Cost may be 
higher or lower depending on the service used to synthesize 
peptides. In house synthesis may provide less costly peptides or 
yield larger quantities for less cost.

*Not all sequences can be synthesized.
**Minimum peptide length is 5 aa and minimum order is $100-$120.
***>90% peptide purity is recommended for SPR applications and 
>98% peptide purity is recommended for crystallization and NMR 
studies. Alteration of purity levels will affect pricing. Crude peptide 
(<70% purity) cost is ~$3/aa.
****Peptides over 30 aa will incur significant price increase due to 
need for chemical ligation and advanced synthesis techniques and 
may not be possible to synthesize.

Note: Generated from average commercial prices. Cost may be 
higher or lower depending on the service used to synthesize 
peptides. In house synthesis may provide less costly peptides or 
yield larger quantities for less cost.

*Not all sequences can be synthesized.
**Minimum peptide length is 5 aa and minimum order is $100-$120.
***>90% peptide purity is recommended for SPR applications and 
>98% peptide purity is recommended for crystallization and NMR 
studies. Alteration of purity levels will affect pricing. Crude peptide 
(<70% purity) cost is ~$3/aa.
****Peptides over 30 aa will incur significant price increase due to 
need for chemical ligation and advanced synthesis techniques and 
may not be possible to synthesize.

Note: Generated from average commercial prices. Cost may be 
higher or lower depending on the service used to synthesize 
peptides. In house synthesis may provide less costly peptides or 
yield larger quantities for less cost.

*Not all sequences can be synthesized.
**Minimum peptide length is 5 aa and minimum order is $100-$120.
***>90% peptide purity is recommended for SPR applications and 
>98% peptide purity is recommended for crystallization and NMR 
studies. Alteration of purity levels will affect pricing. Crude peptide 
(<70% purity) cost is ~$3/aa.
****Peptides over 30 aa will incur significant price increase due to 
need for chemical ligation and advanced synthesis techniques and 
may not be possible to synthesize.

Note: Generated from average commercial prices. Cost may be 
higher or lower depending on the service used to synthesize 
peptides. In house synthesis may provide less costly peptides or 
yield larger quantities for less cost.

*Not all sequences can be synthesized.
**Minimum peptide length is 5 aa and minimum order is $100-$120.
***>90% peptide purity is recommended for SPR applications and 
>98% peptide purity is recommended for crystallization and NMR 
studies. Alteration of purity levels will affect pricing. Crude peptide 
(<70% purity) cost is ~$3/aa.
****Peptides over 30 aa will incur significant price increase due to 
need for chemical ligation and advanced synthesis techniques and 
may not be possible to synthesize.

Note: Generated from average commercial prices. Cost may be 
higher or lower depending on the service used to synthesize 
peptides. In house synthesis may provide less costly peptides or 
yield larger quantities for less cost.

*Not all sequences can be synthesized.
**Minimum peptide length is 5 aa and minimum order is $100-$120.
***>90% peptide purity is recommended for SPR applications and 
>98% peptide purity is recommended for crystallization and NMR 
studies. Alteration of purity levels will affect pricing. Crude peptide 
(<70% purity) cost is ~$3/aa.
****Peptides over 30 aa will incur significant price increase due to 
need for chemical ligation and advanced synthesis techniques and 
may not be possible to synthesize.

Note: Generated from average commercial prices. Cost may be 
higher or lower depending on the service used to synthesize 
peptides. In house synthesis may provide less costly peptides or 
yield larger quantities for less cost.

*Not all sequences can be synthesized.
**Minimum peptide length is 5 aa and minimum order is $100-$120.
***>90% peptide purity is recommended for SPR applications and 
>98% peptide purity is recommended for crystallization and NMR 
studies. Alteration of purity levels will affect pricing. Crude peptide 
(<70% purity) cost is ~$3/aa.
****Peptides over 30 aa will incur significant price increase due to 
need for chemical ligation and advanced synthesis techniques and 
may not be possible to synthesize.

Note: Generated from average commercial prices. Cost may be 
higher or lower depending on the service used to synthesize 
peptides. In house synthesis may provide less costly peptides or 
yield larger quantities for less cost.
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Moreover, if either longer peptides or small protein domains are required, this 

approach would be even more cost effective because of the limitations of conventional 

peptide synthesis platforms requiring chemical ligation, an added cost, to produce 

peptides over 30 amino acids in length. The current size limitation for the resulting 

peptide when using a single gene block is 113 amino acids plus tags and cleavage sites, 

without modifications to our plasmid. Insertion of the His12-tag, AviTag, PreScission, and 

TEV sites upstream of the NcoI restriction site, would facilitate cloning of longer 

sequences. Additionally, the gene block could be reorganized to facilitate tagging of the 

peptide at the C-terminus, in the case that  the N-terminus needs to be available for 

interaction studies, whereas synthesized peptides are typically  available with only an N-

terminal biotin tag.

Pre-screening of optimal running buffer conditions and a suitable regeneration 

protocol for protein–protein interaction studies or peptide–protein interaction studies can 

be carried out by taking advantage of the His12-tag and a Ni-NTA-CM5 chip. By  doing 

so, a failure to regenerate the surface does not destroy a particular flow cell, as it can be 

stripped and fresh ligand attached. This regeneration ability is in contrast to a covalently 

linked peptide or protein, which might be permanently denatured under a chosen 

regeneration protocol and cannot be removed. Once mild regeneration conditions and 

optimal running buffers have been established, the recombinant peptide may be treated 

with TEV protease to remove the His12-tag and subsequently be captured via the biotin 

tag on a Neutravidin coated chip.
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Another advantage of the system is provided by the single site, in situ biotinylation of 

the target peptide or protein under physiological conditions. Harsh treatment of a peptide 

or protein through chemical modification is not needed with our system. Avoiding this 

treatment will be of most importance for biotinylation of folded domains. The ability  to 

biotinylate a single site is also important for ensuring uniformly  oriented peptides on the 

SPR chip. Moreover, specific attachment to Neutravidin via biotin can be carried out 

under near-physiological conditions, without the need for pH scouting, limiting the 

chances of protein unfolding or inactivation. The constraints of this system to produce 

active, biotin conjugated proteins and peptides are only limited by  the ability to 

recombinantly produce the protein in E. coli.

Conclusions

Low cost and high expression yields of single-site biotinylated recombinant peptides 

are possible with this system, thereby  facilitating the use in protein–protein interaction 

studies such as SPR or ELISA. Recombinant TRAP peptides were successfully 

expressed, purified, and used in conjunction with SPR to determine the affinity  of each 

peptide for PfAldolase. The ability  to measure dissociation constants matching those in 

the literature, indicate that  this system can be used for further Pf(M)TRAP/PfAldolase 

interaction studies; furthermore, we will be able to study via SPR how small molecules 

from drug library screens can disrupt or promote protein–protein interactions with the 

aim to inhibit invasion by the parasite.
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Chapter III: Structure of Toxoplasma gondii fructose-1,6-bisphosphate aldolase

The work in this chapter has been previously published and is reprinted with permission 
from IUCr, Acta Crystallographica, F70, Boucher, L.E. and Bosch, J., Structure of 
Toxoplasma gondii fructose-1,6,-bisphosphate aldolase. pp. 1186-1192, Copyright 2014 
[46].
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Introduction

Toxoplasmosis is a disease caused by the apicomplexan parasite Toxoplasma gondii 

and is a leading cause of death via food-borne illness [120, 121]. Seroprevalence 

estimates range from less than 10% in China to 10–20% in the United States, 20–40% in 

Australia and parts of Africa, 40–60% in European and South American countries and as 

high as 77 and 83% in Brazil and Madagascar, respectively [122]. The majority  of people 

infected with T. gondii will never experience symptoms of the disease; however, those 

who are immunocompromised owing to HIV/AIDS, chemotherapy or taking 

immunosuppressants, the elderly and pregnant women are at  serious risk if they become 

infected [121].

T. gondii is an apicomplexan parasite belonging to the same family as the malaria-

causing parasite Plasmodium falciparum. Both parasites are obligate intracellular 

parasites that must invade host cells to survive. T. gondii has often been used to study 

pathways and mechanisms common to both parasites owing to the large toolbox for 

genetic manipulation available in T. gondii. One pathway that both apicomplexan 

parasites share and utilize is the invasion pathway. To invade a host cell, the parasites 

must attach to the surface via extracellular adhesins and employ an actomyosin-based 

motor to invade the cell. Many  components of this invasion machinery, also known as the 

glideosome, are common to both parasites [45, 67]. In order to transmit the 

mechanochemical force generated by the motor to the extracellular adhesins in contact 

with the host cell, a bridging protein is required. The parasites use the tetrameric 

fructose-1,6-bisphosphate aldolase to make this connection [39, 42].
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Aldolase is a glycolytic enzyme; however, it is recruited to the invasion machinery to 

serve in a structural capacity. Previous work has identified that the C-terminal 

cytoplasmic tails of key  parasite adhesins bind to the aldolase enzyme active site [39] and 

actin binds at  another interface [123]. These two interactions connect the intracellular 

motor to the extracellular adhesins. Here, we present the 2.0 Å resolution structure of 

fructose-1,6-bisphosphate aldolase from T. gondii (TgAldolase), providing structural 

detail regarding a key component of the Toxoplasma invasion machinery  and details of 

the adhesin-binding pocket.

Materials and methods  

Macromolecule production  

The TgAldolase clone was provided by the Seattle Structural Genomics Center for 

Infectious Disease (SSGCID) and transformed into Escherichia coli BL21 (DE3) cells. 

SSGCID uses the multi-construct length approach when cloning, typically generating 

multiple clones of different lengths. The multiple constructs are then expressed and tested 

for solubility and yield. We requested this clone, which lacks seven N-terminal residues 

and 23 C-terminal residues, since it was noted as having a high expression level with a 

solubility of at least 26.65 mg ml−1. Details of the construct used, including the expected 

protein sequence, molecular weight and extinction coefficients, are presented in Table 7.
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Table 7. TgAldolase production information

Source organism T. gondii ME49

DNA Source cDNA

ToxoDB ID TGME49_236040

ToxoDB sequence† MSGYGLPISQEVAKELAENARKIAAPGKGILAADESTGTIKKRF
DSIGVENTEANRAFYRDLLFSTKGLGQYISGAILFEETLYQKSPS
GVPMVDLLKAEGIIPGIKVDKGLETLPLTDDEKATMGLDGLSER
CKKYYEAGARFAKWRAVLSIDPAKGKPTNLSITEVAHGLARYAA
ICQANRLVPIVEPEILTDGSHDITVCAEVTERVLAAVFKALNDHH
VLLEGALLKPNMVTHGSDCPKPASHEEIAFYTVRSLKRTVPPAL
PGVMFLSGGQSEEDASLNLNEMNKMGPHPFQLSFSYGRALQAS
CLKAWKGVPENKAKAQQVLMERARANGEAQLGKYGGGAGG
AAAASSLFEKRYVY

SSGCID Clone ID TogoA.01236.a.A15.GE33357

Cloning/expression vector AVA0421 (modified pET-14b with N-terminal His6 tag and 3C protease 
cleavage site)

Expression host E. coli BL21 (DE3)

Complete amino-acid 
sequence of the construct 
produced‡

MAHHHHHHMGTLEAQTQGPGSMISQEVAKELAENARKIAAPGK
GILAADESTGTIKKRFDSIGVENTEANRAFYRDLLFSTKGLGQYI
SGAILFEETLYQKSPSGVPMVDLLKAEGIIPGIKVDKGLETLPLTD
DEKATMGLDGLSERCKKYYEAGARFAKWRAVLSIDPAKGKPTN
LSITEVAHGLARYAAICQANRLVPIVEPEILTDGSHDITVCAEVTE
RVLAAVFKALNDHHVLLEGALLKPNMVTHGSDCPKPASHEEIA
FYTVRSLKRTVPPALPGVMFLSGGQSEEDASLNLNEMNKMGPH
PFQLSFSYGRALQASCLKAWKGVPENKAKAQQVLMERARANG
EAQL

Molecular Weight (Da) 38501

Extinction coefficient 
(M-1cm-1)/Abs 0.1% (=1gl-1)§

23170

†Sequence based on the note in the ToxoDB database (http://toxodb.org/toxo/) indicating that there is a 
likely error in the start codon. This construct uses the second start codon in the expected mRNA 
transcript, which produces a product homologous to other fructose-1,6-bisphosphate aldolases. This 
construct is 71 amino acids shorter than the gene product listed in the database. The sequence is 363 
amino acids in total.
‡The cloning tag is italicized, with the 6His tag underlined and the 3C protease site underlined. This 
construct lacks seven amino acids at the N-terminus and 23 amino acids at the C-terminus compared 
with the sequence deposited in ToxoDB. The sequence is 355 amino acids in total.
§Calculated using ProtParam for the reduced protein sequence.

†Sequence based on the note in the ToxoDB database (http://toxodb.org/toxo/) indicating that there is a 
likely error in the start codon. This construct uses the second start codon in the expected mRNA 
transcript, which produces a product homologous to other fructose-1,6-bisphosphate aldolases. This 
construct is 71 amino acids shorter than the gene product listed in the database. The sequence is 363 
amino acids in total.
‡The cloning tag is italicized, with the 6His tag underlined and the 3C protease site underlined. This 
construct lacks seven amino acids at the N-terminus and 23 amino acids at the C-terminus compared 
with the sequence deposited in ToxoDB. The sequence is 355 amino acids in total.
§Calculated using ProtParam for the reduced protein sequence.
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Macromolecule-production information

A single colony was used to inoculate 2 l Terrific Broth (TB) medium containing 50 

µg  ml−1 ampicillin. Cultures were grown at 310  K with shaking at 250  rev  min−1. 

Expression was induced at an OD600 of 3.0 with 0.5 m M isopropyl β-d-1-

thiogalactopyranoside (IPTG) and continued for 18 h at 293 K. Cells were harvested via 

centrifugation at 1370 x g for 30 min at 277 K, resuspended in lysis buffer [50 mM Tris 

pH 8.0, 500 m M NaCl, 20 m M imidazole, 5%(v/v) glycerol] and lysed using an 

Emulsiflex C5 cell disruptor at 100 MPa. Benzonase (Sigma) and cOmplete protease-

inhibitor tablets (Roche) were added to the lysate, which was spun down at 38725 x g for 

45  min at 277  K. The supernatant was then batch-bound with 4  ml Co-TALON 

(Clontech) resin equilibrated in lysis buffer for 45 min at  277 K. The resin was washed 

with 50 ml lysis buffer and the protein was eluted with 35 m M Tris pH 8.0, 350 m M 

NaCl, 314 mM imidazole. The protein yield was approximately 1.3 mg per gram of cell 

paste. The protein was then dialyzed overnight at 277 K into 50 mM Tris pH 8.0, 50 mM 

NaCl, 1 mM dithiothreitol (DTT), 2%(v/v) glycerol and passed over a HiLoad Superdex 

200 (GE Healthcare) column. Fractions containing TgAldolase were combined and 

concentrated to 20  mg  ml−1 as determined from the A280 using a NanoDrop 1000 

(Thermo Scientific) and an extinction coefficient of 23170 M −1 cm−1, as calculated for 

the reduced protein using ProtParam [124]. The final protein yield after purification was 

approximately 1.2 mg per gram of cell paste. The protein was then flash-cooled in liquid 

nitrogen and stored at 193 K before crystallization.
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Crystallization  

Initial crystallization screens for TgAldolase were performed using MORPHEUS 

[125], Wizard (Emerald Bio), NeXtal Classic (QIAGEN) and Crystal Screens 1 and 2 

(Hampton Research) in 96-well three-drop Intelli-Plates using a Mosquito for rapid setup. 

The top two hits from the MORPHEUS screen (A7 and G7) consisted of MOPS/HEPES–

Na pH 7.5, glycerol, PEG 4000 and either carboxylic acids or divalent ions. Further 

optimization trays were set up in 24-well plates to optimize the pH, precipitant and salt 

concentration, as well as the carboxylic acid and divalent ion composition. Optimization 

plates were seeded using crushed crystals from previous screens. During the optimization 

process it was determined that the carboxylic acid conditions produced better crystals 

than the divalent ion conditions, and a mixture of divalent ions and carboxylic acids did 

not improve the crystal quality. Room-temperature setup  and incubation at 293  K 

produced crystals that grew within 24 h; however, they only  diffracted to ~6 Å resolution. 

Setup on ice and incubation at 277 K produced large (>1 mm) crystals that diffracted to 

~1.7 Å resolution when properly cryoprotected. Crystallization details are presented in 

Table 8.
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Table 8. TgAldolase crystallization conditions

Method Vapor diffusion, sitting drop, seeded

Plate type Intelli-Plate 24-4 (Art Robbins/Hampton Research)

Temperature (K) 277

Protein concentration (mgml-1) 20

Buffer composition of protein 
solution

50mM Tris pH 8.0, 50mM NaCl, 1mM DTT

Composition of reservoir solution 0.1M MOPS/HEPESNa pH 7.9, 0.02M sodium formate, 
0.02M ammonium acetate, 0.02M trisodium citrate, 
0.02M sodium potassium l-tartrate, 0.02M sodium oxamate, 
0.02M ammonium acetate, 12.5%(v/v) glycerol, 25%(w/v) PEG 
4000

Cryocondition 1:3, 100% glycerol:reservoir (final concentration 35%)

Volume and ratio of drop 3 µl drop, 2:1 (protein:reservoir)

Volume of reservoir (l) 300
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Crystallization

Data collection and processing  

Crystals were soaked in cryosolution, which was a mixture of reservoir solution and 

glycerol with a final glycerol concentration of 35%(v/v), and flash-cooled in liquid 

nitrogen. Diffraction data were collected remotely on beamline 7-1 at the Stanford 

Synchrotron Radiation Lightsource (SSRL). Data were processed and scaled using 

XDSGUI as a front end toXDS/XSCALE [126]. Processing statistics are presented in Table 

9.
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Table 9. TgAldolase data collection and processing

Data-set name 14u09_lb05-1

Diffraction source BL7-1, SSRL

Wavelength (Å) 1.127

Temperature (K) 100

Detector ADSC Quantum 315r CCD

Crystal-to-detector distance (mm) 225

Beam size (mm) 0.1 0.1

Rotation range per image (°) 0.5

Total rotation range (°) 90

Exposure time per image (s) 5

Space group P22121

a, b, c (Å) 92.26, 134.46, 162.43,

, , (°) 90, 90, 90

Mosaicity (°) 0.257

Resolution range (Å) 46.72.0 (2.0712.000)

Total No. of reflections 481063 (47305)

No. of unique reflections 132175 (13009)

Completeness (%) 96.72 (96.22)

Multiplicity 3.6 (3.6)

I/(I) 15.37 (3.36)

R meas 0.07236

CC1/2 0.999 (0.917)

CC* 1 (0.978)

Overall B factor from Wilson plot (Å2) 36.35

Values in parentheses are for outer shellValues in parentheses are for outer shell
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Structure solution and refinement  

The structure was solved by molecular replacement using Phaser [127] in the CCP4 

suite [128] with a homology model of TgAldolase generated by  I-TASSER [87, 129] with 

a user-provided template, PDB entry 2pc4 (the P. falciparum homolog; PfAldolase; [39]. 

The sequence identity  between PfAldolase and TgAldolase is 69% and the 2pc4 structure 

covered 93% of the primary sequence of TgAldolase. Rounds of automatic model 

building with Buccaneer [130, 131] and density modification using Parrot [132] and 

phenix.phase_and_build [133] to extend the initial models were used to build a starting 

model. Further refinement and loop building were performed using phenix.refine [133] 

and Coot [134]. During initial rounds of refinements, NCS restraints were used in 

addition to secondary-structure restraints and optimization of X-ray  and geometry 

weights was performed. Refinement with NCS restraints was discontinued during later 

stages of refinement owing to large differences between chains A and D and the problem 

of shifting residues in the other chains. TLS groups were automatically  determined via 

PHENIX [133] and used in the second half of the refinement process. The quality of the 

final structure was validated via MolProbity [135]. Modeling and refinement statistics are 

presented in Table 10.
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Table 10. TgAldolase refinement statistics

Resolution range (Å) 46.72.0 (2.0712.000)

Completeness (%) 96.72 (96.22)

No. of reflections, working set 132057 (12313)

No. of reflections, test set 6505 (667)

Final R cryst 0.1940 (0.3331)

Final R free 0.2442 (0.3773)

No. of non-H atoms

Total 11268

Protein 10312

Ion 0

Ligand (glycerol) 6

Water 950

R.m.s. deviations

Bonds (Å) 0.007

Angles (°) 1.02

Average B factors (2)

Overall 46.6

Protein 46.8

Ligand (glycerol) 77.9

Water 44.5

Ramachandran plot

Favored regions (%) 97

Additionally allowed (%) 2.926

Outliers (%) 0.074

Values in parentheses are for outer shellValues in parentheses are for outer shell
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Results and discussion  

TgAldolase was crystallized in the presence of glycerol and PEG 4000 at 277 K, 

producing crystals that were cryoprotected with a cryosolution containing reservoir and 

glycerol at a final concentration of 35%(v/v) before flash-cooling in liquid nitrogen and 

data collection at the synchrotron. Crystal growth at 277  K and the appropriate 

cryosolution improved the resolution of diffraction by  4 Å when compared with the 

crystals incubated at  293  K and similarly  treated with cryosolution. Details of the 

crystallization method are given in Table 2. This improvement in crystal quality and 

appropriate cryosolution enabled us to solve the structure. Diffraction data were 

collected, processed and scaled to a resolution of 2 Å with 96.72% completeness over the 

entire data set  and an average I/σ(I) of 15.36. Details of the data-collection and 

processing statistics can be found in Table 3. Fine-sliced, high-resolution reflection 

statistics produced by XDS/XSCALE can be found in Appendix B, Figure 1.

TgAldolase crystallized in space group  P22121, with four copies in the asymmetric 

unit forming the biologically relevant tetramer, with unit-cell parameters a = 92.26, b = 

134.46, c = 162.43 Å, α = β = γ = 90°. The solvent content of the cell is 61.0% with a 

Matthews coefficient of 3.15 Å3 Da−1 as calculated via phenix.xtriage [133, 136]. As we 

did not cleave the purification tag, we expected a full-length structure containing 355 

amino acids; however, the first 14 amino acids, which include the purification tag and a 

portion of the 3C protease cleavage site, were unresolved in the structure. The C-terminus 

is completely modeled in all four chains. The structure was determined to a resolution of 

2.0 Å (Fig. 12 a) and refined with an R work of 19.40% and R free of 24.42%. Details of 
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the refinement can be found in Table 10. The final set  of coordinates and the 

corresponding structure factors have been deposited as Protein Data Bank entry 4tu1.

Comparison of individual chains in the asymmetric unit  

While the four chains are identical in sequence, barring missing amino-terminal 

residues, there are structural and quality  differences amongst the chains. A graphical 

representation of the B factors is shown in Fig. 12(b), indicating that overall chain A has 

the lowest B factors, while chains B, C and D have elevated B factors in some areas. 

Chain D has high B-factors in α-helix 2. The secondary structure is annotated according 

to ENDscript 2.0 (http://endscript.ibcp.fr; [137]; Appendix B, Fig. 2). Furthermore, 

alignment of chains B and C with chain A using the MUSTANG server [138] gave a Cα 

root-mean-squared deviation (r.m.s.d.) of 0.41 and 0.28 Å over 340 residues, respectively, 

while chain D deviates by 1.63 Å over 333 residues.

Looking more closely at the differences in chain D, we find that α-helix 2 and the 

following unstructured stretch (residues 52–66) are poorly ordered, with little electron 

density  to define the side chains and high B factors (Fig. 12 b). Density  for residues 67–

72 is completely absent, while it is well defined in the other three chains. Chain D was 

aligned with chain A using Coot and LSQ superpose [134] over the residue range 176–

198. By comparing the aligned chains, we note several differences, including helix and 

loop shifts (Fig. 12 c). Three helices in chain D are tilted with respect to those in chain A: 

α-helix 2, α-helix 11 and α-helix 12 are tilted by 12.8, 8.91 and 3.97°, respectively. The 

tilt of α-helix 2 may be a result  of the poorly resolved electron density  that did not  allow 
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precise modeling of this helix, despite attempts to refine this region with secondary 

restraints, NCS averaging and rigid-body  refinement to improve the modeling of this 

region.
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Figure 12. Structure of TgAldolase. (a) Cartoon representation of the TgAldolase 
tetramer with individually colored monomers. (b) Aligned chains colored by B factor in 
units of Å2. (c) Chain D (blue) aligned with chain A (gray) over the residue range 176–
198 in the same orientation as the yellow chain in the tetramer above. (d) Depiction of the 
loop shift in chain D compared with chain A, with a plot representing the inter-residue 
Cα-atom deviation between residues 286 and 295. (e) Measurement of the degree of shift 
of α-helices 2, 11 and 12 between chains D and A. Figures were generated using PyMOL 
(Schrödinger).
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Additionally, a loop (residues 286–295) near the active site, connecting β-strand 10 to 

α-helix 10, is in a different orientation, with an up  to 11.64 Å inter-Cα-atom deviation 

between chains A and D; the inter-residue distances are plotted in Fig. 12(d). In Fig. 13, 

we show the 2Fo − Fc electron density  for this stretch of residues at a contour level of 1σ, 

showing clearly defined density about the backbone and side chains, indicating that this is 

a true conformational difference in the loop and not an artifact caused by poorly resolved 

density  in this region or owing to crystal contacts, as this region is not involved in 

packing. The importance of these shifts and alternate conformations will be discussed in 

comparison to P. falciparum aldolase.
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Figure 13. TgAldolase multiple loop conformations. 2Fo −  Fc electron-density map 
(blue mesh) contoured at 1σ around residues 285–296 of chain A (left, gray) and chain D 
(right, blue), highlighting the different conformations of the loop connecting β-strand 10 
to α-helix 10.
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Comparison of T. gondii and P. falciparum aldolase  

As previously mentioned, the T. gondii system is often used to study that of the 

closely related parasite P. falciparum, which causes malaria. The structure of PfAldolase 

has previously been determined in an apo [139] and a thrombospondin-related 

anonymous protein (TRAP)-bound form [39]. Here, we compare the T. gondii and P. 

falciparum structures. An alignment and superposition of four aldolase chains, apo 

PfAldolase (PDB entry 1a5c, chain A), PfAldolase with TRAP bound (PDB entry  2pc4, 

chain D) and TgAldolase (PDB entry 4tu1, chains A and D), was performed using the 

MatchMaker tool in Chimera and is shown in Fig. 14(a). The Cα r.m.s.d. (calculated with 

2  Å cutoff between residues) of the TRAP-bound PfAldolase chain from the apo 

PfAldolase structure was 0.547 Å (337 residues). The r.m.s.d. of TgAldolase chains A and 

D from the reference apo PfAldolase structure were 0.730 Å (222 residues) and 0.726 Å 

(221 residues), respectively. The overall Cα r.m.s.d.s calculated using the MUSTANG 

server [138] were 0.54, 2.44 and 2.16 Å for TRAP-bound PfAldolase, TgAldolase chain 

A and TgAldolase chain D, respectively. As mentioned previously, the sequence identity 

between T. gondii and P. falciparum aldolase is 69% and the residue conservation is 

mapped onto a surface representation of TgAldolase in Fig. 14(b).
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Figure 14. R.M.S.D. plots between PfAldolase and TgAldolase over the adhesin tail 
binding site. (a) Alignment via Chimera MatchMaker of PfAldolase (PDB entry 1a5c, 
chain A), PfAldolase bound to TRAP (PDB entry  2pc4, chain D) and TgAldolase (PDB 
entry  4tu1, chains A and D) represented as cartoons. The TRAP peptide shown in stick 
representation with two coordinating waters is present in the active site, which doubles as 
the adhesin tail binding pocket. A box highlights the dual conformation of the Met285–
Ala296 loop in the TgAldolase chain A and D and PfAldolase structures. (b) Sequence 
conservation between TgAldolase and PfAldolase mapped on a surface representation of 
TgAldolase, with magenta indicating identical residues and cyan representing differences. 
(c) Surface representation of TgAldolase chain A colored according to residue r.m.s.d. 
(Å) from the reference structure PfAldolase (PDB entry 1a5c, chain A). (d) Three-panel 
enlargement of the adhesin-binding site of (left) TRAP bound to PfAldolase (PDB entry 
2pc4), (middle) apo PfAldolase (PDB entry 1a5c) and (right) TgAldolase chain A, with 
residues important for TRAP binding highlighted as sticks.

!

84



!

85



When looking at the plotted sequence identity, we observe that the active site and 

adhesin-binding pocket are highly  conserved (Fig. 14 b). However, upon inspection of the 

alignment of the different aldolase chains (Fig. 14 a) we noted that the structures do not 

align well in portions of the adhesin-binding site, so we next investigated the residue-by-

residue r.m.s.d. between PfAldolase and TgAldolase. Using Chimera and Match->Align, 

we colored the surface of TgAldolase according to the deviation of each residue from the 

aligned residue in PfAldolase (Fig. 14 c). The lower half of the molecule in the 

orientation shown did diverge from the sequence of PfAldolase; however, this region, 

which makes contacts with the other chains to form the tetramer, has a low r.m.s.d. (~0.1 

Å) from the PfAldolase structure, as depicted by its blue coloring. Unlike the divergent in 

sequence, yet  structurally  similar, lower half of the molecule, the upper half has higher 

sequence identity yet the r.m.s.d. of the residues of the T. gondii and P. falciparum 

aldolase is larger.

A closer view of the adhesin-binding sites of PfAldolase and TgAldolase is presented 

in Fig. 14(d). The left panel highlights the residues important for adhesin binding in the 

TRAP-bound PfAldolase structure (PDB entry 2pc4). The middle and right panels show 

the apo PfAldolase and apo TgAldolase structures, respectively. We see that  Lys151 and 

Arg153 of PfAldolase, which are responsible for interacting with the asparagine of the 

TRAP peptide (DWN), align well with the corresponding residues, Lys161 and Arg163, 

of TgAldolase. Two arginines, Arg48 and Arg309, of PfAldolase are important for 

binding of the TRAP peptide in PfAldolase. Arg309 moves so that the tryptophan of the 

TRAP peptide can insert  between Arg48 and Arg309, which anchors the peptide in the 
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binding site. It has been shown previously that this tryptophan is essential for the binding 

of adhesins to PfAldolase [140, 141].

When we look at the orientation of the arginine residues in the TgAldolase structure, 

we find that the corresponding Arg58 and Arg319 are shifted or in alternate 

conformations. Arg58 resides in α-helix 2 of TgAldolase and we find that this helix is 

shifted away from the binding site compared with the position in the PfAldolase 

structures. Arg319 belongs to α-helix 11, which also deviates from the PfAldolase helix 

11 position; however, this arginine is in an alternate conformation and completely blocks 

the adhesin-binding site where the key tryptophan docks. In order for adhesins to bind to 

TgAldolase, this arginine would need to rotate out by  90° to allow the tryptophan to 

insert between Arg319 and Arg58. The positioning of this helix 11 can be affected by the 

position of a loop just  outside the active site. This loop, residues 286–295, was previously 

described in Fig. 13 to be in conformations that differed between chains A and D. The 

conformation of the loop connecting β-strand 10 to α-helix 10 in chain A does not align 

with the PfAldolase structure; however, the conformation in chain D aligns well. The 

alternate conformation seems to allow α-helices 2 and 11 to shift, as noted in Fig. 12(e), 

to a position that deviates less from the PfAldolase structures (Fig. 14 a). This flexibility 

indicates that TgAldolase may be able to adopt a conformation in solution that is similar 

to that of PfAldolase, allowing Arg319 to shift and rotate out of the tryptophan-binding 

site and enable adhesins to bind.

Overall, the greater adhesin-binding site, comprising ~40 residues, is identical in 

terms of sequence between the T. gondii and P. falciparum aldolases, which is not 
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surprising given that the enzymatic role of the protein limits the possible sequences that 

can be found in this binding site. However, comparison of the structures in terms of the 

r.m.s.d. of TgAldolase and PfAldolase indicate structural differences that have changed 

the positioning of multiple residues, which may be owing to crystal artifacts or 

representative of a mechanism in which aldolases from different organisms can bind 

adhesin tails of varying sequences. Interestingly, both aldolases must bind adhesin tails of 

varying sequence, but are not able to change the residues in the binding pocket without 

the risk of disrupting the enzymatic function. Therefore, in order to accommodate 

different sequences specific to the species, it is possible that there is flexibility in the 

binding pocket that allows an induced-fit mechanism of binding.

Future directions  

With an apo TgAldolase crystal structure solved, we hope to proceed with studies to 

define the binding mode of the microneme-associated protein 2 (MIC2) tail in the 

TgAldolase active site and to pursue structure-based drug-design studies. Additionally, 

we would like to use this system to further investigate the binding of P. falciparum 

adhesins by  co-crystallization and soaking experiments with TgAldolase and malarial 

adhesins. There are multiple advantages to using the TgAldolase crystallization system 

instead of the PfAldolase system to study adhesin binding. In producing TgAldolase 

crystals using the described methods, we are able to produce numerous crystals. We find 

that more than 95% of all crystals tested diffract to better than 2 Å resolution, and by 

using seeding we can obtain these crystals in less than 48 h. The ability  to quickly  obtain 
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high-quality  crystals will aid in studies of PfAldolase, which is more difficult to pursue in 

crystallization studies. The crystallization of PfAldolase, a protein for which our group 

and others have determined the apo [139] and peptide-bound states [39], is less robust, 

making further studies difficult. Only one in 50 crystals diffracts, and these crystals must 

be annealed to obtain diffraction to better than 3 Å resolution. The low yield of quality 

crystals, the time spent screening for ‘collectable’ crystals and the possibility  of losing or 

destroying crystals during the annealing process are reasons causing us to move to the 

TgAldolase system to further study the interactions of PfAldolase with compounds and 

adhesin tails. The high reproducibility of the crystallization process in combination with 

the high sequence identity  between TgAldolase and PfAldolase will hopefully make this 

system a viable tool for studying the interactions that are important in Plasmodium.
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Chapter IV: Identification and validation of inhibitors targeting the aldolase-TRAP 
interaction

!

90



Introduction

As has been previously  described, the Plasmodium parasite uses different TRAPs to 

invade various cell types throughout  its life cycle. TRAP is necessary for invasion of the 

mosquito salivary glands, gliding in the skin, and invasion of liver cells [142]. Red blood 

cell invasion is dependent on MTRAP [36] and mosquito midgut invasion relies on 

CTRP [143]. As functions of gliding and invasion are necessary for continued survival of 

the parasite, we attempted to target the machinery responsible for this process. 

The goal of the study was to target  a key protein-protein interaction of the invasion 

machinery  to disrupt its action. Specifically, the TRAP-aldolase interaction was chosen 

for disruption. Typically, we would screen for compounds that compete for TRAP 

binding to aldolase, disrupting the link between the motor and the extracellular receptors. 

However, as TRAP binds in the enzyme active site of aldolase, most protein-protein 

interaction inhibitors would also be enzyme inhibitors. This presents a problem as the 

active site of aldolase is well conserved with the human variant of aldolase; therefore, 

any inhibitor disrupting the interaction by binding the active site would likely  inhibit 

human enzyme function when given as an antimalarial.

Instead, we chose an alternative approach to the problem by choosing to “glue” 

together the TRAP-aldolase complex. This action would prevent TRAP-release from 

aldolase and protein turnover as invasion progressed. As invasion is initiated at the apical 

end of the parasite where contact and tight junction is formed, TRAP is pulled by  the 

actomyosin motor to the distal end of the parasite, effectively  pulling the parasite forward 

into the host cell. It has been proposed that  for a smooth invasion, that the adhesive 
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attachments to the host cell surface must  be released periodically [144]. To facilitate this, 

the parasite employs a rhomboid protease to cleave TRAP as invasion progresses. 

Mutations to the cleavage site lead to reduced infectivity  and a stop-and-go gliding 

phenotype [144]. Our hypothesis is that blocking the release of TRAP from aldolase can 

also lead to the same reduced infectivity  observed in the mutants by preventing aldolase 

recycling or by “clogging” the system with non-productive aldolase-TRAP complexes. 

Targeting of key protein-protein interactions in Plasmodium has included the Atg8-

Atg3 interaction involved in autophagy [115] and the MyoA-MTIP interaction, which is 

key to the gliding and invasion machinery [73, 74]. Previous work in the lab had 

identified a compound that co-crystallized with a TRAP peptide and aldolase, forming a 

ternary complex [48]. This compound was identified by in silico screening of a chemical 

library and confirmed using an enzymatic assay to identify promoters of the interaction 

and then tested in vitro with parasites. The identified compound displayed both gliding 

and invasion inhibition in plasmodial sporozoites, but was active only at high 

concentrations of compound. Therefore, it would be necessary  to identify  compounds 

with better inhibitory activity. 

This study builds off the previous work showing that it  was possible to identify 

compounds targeting the invasion machinery [48, 73, 74] and that using a SPR screen 

could identify protein interaction effectors [115]. To identify more effective compounds 

targeting the TRAP-aldolase interaction, we used a different library of compounds. The 

Medicines for Malaria Venture’s (MMV) Malaria Box was selected for the study [145]. 

The library consists of 400 drug- and probe-like compounds that  were selected from the 
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GSK-Novartis-St. Jude’s library  of compounds that showed activity  against blood stage 

parasites [146]. In this study, we used a previously described SPR screen (Chapter 2) [40] 

to investigate the effect  of these compounds on the TRAP-aldolase interaction. A 

selection of compounds were then tested for their activity against sporozoites, studying 

their effect on gliding motility  and invasion ability. These experiments have identified a 

compound from the MMV Malaria Box that reduces sporozoite gliding motility and 

invasion of liver cells.

Methods

MMV library screening via surface plasmon resonance

PfAldolase was expressed purified as previously described [39]. The analytes, MBP-

TRAP and MBP-MTRAP, were expressed and purified as described previously  [40], and 

concentrated to 3 mg/mL and 1.57 mg/mL, respectively. PfAldolase was covalently 

attached to a CM5 sensor chip (GE Healthcare) as previously described [40].

The Medicines for Malaria Venture’s (MMV) Malaria Box [145] compounds were 

screened against the PfAldolase:MBP-(M)TRAP interaction using a Biacore 3000 (GE 

Healthcare). The running buffer of 10 mM HEPES, pH 7.5, 150 mM NaCl, 3 mM EDTA, 

0.005% P20, and 1% DMSO was filtered and degassed overnight. MBP-TRAP and MBP-

MTRAP were diluted to 0.03 mg/mL and 0.018 mg/mL, respectively, in running buffer 

without DMSO. The compound library stock solutions were diluted to 1 mM in DMSO 

for a working stock. In a 96-well round-bottom plate, 1 µL of the compound working 

stock was added to 99 µL of either MBP-TRAP or MBP-MTRAP solution. The reaction 
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contained a final concentration of 10 µM compound and 1% DMSO. For the control 

reactions, 1 µL of DMSO was added instead of the compound. Additionally, blanks and a 

DMSO calibration curve were included during the runs. Plates were briefly spun to clear 

precipitated compound from the solution. The screening was performed at  room 

temperature, with a single 50 µL sample injection flowed across the CM5-PfAldolase 

chip  at 40 µL/min, with a 70 s contact time and 100 s dissociation time before 

regeneration with 8 µL of 2 M  MgCl2. All SPR data reduction and analysis was 

performed using Scrubber 2.0 (BioLogic). 

Hit compound concentration-dependence via surface plasmon resonance

Compounds were ordered from the Chembridge Hit2Lead service. Compounds were 

resuspended in DMSO to a concentration of 50 mM. To test the concentration-dependent 

effect of the compounds, a 2-fold dilution series of compound was prepared in DMSO 

and added to reaction buffer containing either MBP-TRAP or MBP-MTRAP. The final 

compound concentrations ranged from 200 µM  to 195 nM in 11 reactions, with 1% final 

DMSO concentration, and MBP-TRAP and MBP-MTRAP final concentrations were 0.06 

mg/mL and 0.17 mg/mL, respectively. Control samples were prepared with DMSO 

instead of compound and blanks and DMSO calibration series were included in the run. 

Triplicate injections of 50 µL were flowed across the CM5-PfAldolase chip  at 50 µL/min 

with a 60 s dissociation time before regeneration with 10 µL of 2 M MgCl2.
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Aldolase coupled enzyme assay

Activity assays were performed using methods previously  described [39]. Briefly, 

assays were performed in 0.2 M glycine buffer titrated with 1 M Tris to pH 7.3. To 

measure activity, aldolase was added to a reaction mixture containing fructose 1,6 

bisphosphate (F16BP), triosephosphate isomerase (TIM), glycerophosphate 

dehydrogenase (GDH), and NADH. Final enzyme concentrations for PfAldolase and 

rabbit muscle aldolase (Sigma) were 2.5 nM and 5 nM, respectively. Consumption of 

NADH, proportional to aldolase activity, was measured at 340 nm using a Spectramax 

Plus 384 plate reader (Molecular Devices).

For compound testing, PbTRAP peptide was added to the reaction mixture for a final 

concentration of 250 µM. This concentration provided an approximately 50% reduction 

in Vmax of aldolase activity  and was used as a baseline. Compounds were added to this 

reaction at final concentrations of 200, 100, and 50 µM  to study the dose-dependent 

effect on TRAP binding. For testing of direct inhibition of PfAldolase and rabbit muscle 

aldolase by the compounds, reactions were prepared in the absence of PbTRAP. 

Gliding motility assay

Glass coverslips were coated with mAb 3D11 overnight in a 24-well plate. P. berghei 

ANKA GFP sporozoites were dissected from the salivary  glands of Anopheles stephensi 

18-21 days post-blood meal into DMEM. A 2-fold dilution series of compound was 

prepared in DMEM  and added to tubes containing 1.5 x 105 sporozoites, each, and 

incubated at 18° C for 10 minutes. Controls were prepared using DMSO. DMEM 
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containing 2% BSA and compound was added to the reaction resulting in a final 

concentration of compound ranging from 250 µM to 31.25 µM, 0.5% DMSO, and 0.8% 

BSA. The reactions were added to the 24-well plate and sporozoites were spun down onto 

the glass slides and incubated at 37° C for 1 hour. Sporozoites were subsequently fixed 

with 4% PFA, and biotinylated mAb 3D11 was added for 1 hour at 37° C. After washing, 

streptavidin-FITC was added and allowed to incubate for 1 hour at  37° C. Slides were 

mounted and visualized to count the number of trails. Imaging was performed using a 

Nikon E600 microscope and images acquired with DS-Ri1. 

Compound washout studies were repeated at  4 concentrations (2-fold dilutions, 

62.5-7.8 µM) in a similar manner. Sporozoites were incubated with compound for 10 min 

at 18° C followed by a 10 min incubation at 37° C. Sporozoites were split, washed with 

DMEM, and resuspended in 1% BSA/DMEM with either DMSO or compound. 

Sporozoites were then added to coverslips and allowed to glide for 1 hour at 37° C. Trails 

were detected and counted as previously described. 

Live imaging gliding motility

P. berghei ANKA mCherry sporozoites were dissected from the salivary  glands of A. 

stephensi 18-21 days post-blood meal into DMEM. Sporozoites were pre-incubated at 

room temperature with compound for 10 min and then mixed with DMEM  containing 2% 

BSA and compound. This reaction, containing a final concentration of 0.8% BSA, 0.5% 

DMSO, and compound concentration ranging from 62.5 µM  to 3.9 µM  was added to a 14 

mm glass bottom dish (MatTek), where the sporozoites settled for 5 min at 33° C. Two 
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movies, 5 min in length, were collected for each reaction at 1.57 fps, using a Nikon 

TE200 inverted microscope with a heated stage at 33° C. Sporozoites were tracked using 

Fiji [147] and the ToAST module [148] for a minimum of 150 frames. Tracking data was 

analyzed using Excel (Microsoft) and algorithms similar to those in the ToAST module. 

HepG2 invasion assay

HepG2 cells were cultured in Complete Medium (DMEM, 2% Pen-Strep, 10% FBS) 

at 37° C in plates. Rat tail collagen coated glass coverslips (Neuvitro) were added to 24-

well plates. Wells were seeded with 2 x 105 HepG2 cells and incubated at 37° C. 24 hours 

later, P. berghei ANKA sporozoites were dissected from the salivary  glands of A. 

stephensi 18-21 days post-blood meal into DMEM. 2.5 x 105 sporozoites were added to a 

tube containing Complete Medium and compound or DMSO. The mixture was dispensed 

into three separate wells for triplicates. The final concentration of DMSO was 0.5% and 

compounds were tested at 62.5 µM, 31.25 µM, and 15.6 µM. Sporozoites were incubated 

with HepG2 cells for 2 hours at 37° C. 

The fixing and immunofluorescence protocol was adapted from Sinnis et al. [149]. 

After incubation, the media was gently  removed and 4% PFA/PBS was added and 

incubated at 37° C for 20 min. Slides were washed with PBS twice and blocked with 1% 

BSA/PBS for 1 hour at 37° C. Following a wash with PBS, mAb 3D11 (1:1000) in 1% 

BSA/PBS was added to each well and incubated for 1 hour at 37°C. Following 

incubation, slides were washed 4 times with PBS before adding Alexa Fluor 594 mouse 

IgG Ab (1:500) in 1% BSA/PBS for 1 hour at 37° C. Media was removed and slides were 
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washed 4 times with PBS. After washing, ice-cold MeOH was added and incubated 

overnight at -20° C to permeabilize cells. The next day, the MeOH was removed and the 

cells were washed 3 times with PBS before blocking with 1% BSA/PBS for 1 hour at 37° 

C. The media was removed, cells washed 4 times with PBS, and AlexaFluor 488 mouse 

IgG Ab (1:500) in 1% BSA/PBS was added for 1 hour at 37° C. Cells were then washed 4 

times with PBS and once with water before mounting using Prolong with DAPI (Life 

Technologies). Slides were allowed to cure overnight before viewing. The number of 

invaded sporozoites was determined by quantifying the total number of red and green 

sporozoites and subtracting of the number of red sporozoites. 

Compound cytotoxicity assays

P. berghei ANKA sporozoites were dissected as described previously. 8 x 103 

sporozoites were pre-incubated for 10 min at 18° C in the presence of 250 µM compound 

or DMSO. Compound or DMSO in DMEM with 2% BSA was added in equal volume to 

the reaction, resulting in a final concentration of 250 µM compound, 1% BSA, 0.5% 

DMSO, and was incubated at 37° C for 20 min. The sporozoites were then stained using 

propidium iodide. Sporozoites were visualized and the number of sporozoites in phase 

and red fluorescent were counted to determine viability. 

The LIVE/DEAD viability  and cytotoxicity testing kit  (Life Technologies) was used 

to determine viability of the P. berghei ANKA sporozoites. A working stock solution was 

prepared in DMEM of 2.5 µM calcein-AM and 2 µM ethidium homodimer-1. 5 x 104 

sporozoites were incubated in 1% BSA/DMEM with either 62.5 µM or 31.25 µM 
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compound or DMSO, for 15 min at room temperature. The sporozoites were spun down 

at 4° C for 5 min, the media removed followed by the addition of the calcein/ethidium 

dye in DMEM, and allowed to incubate at room temperature protected from light for 20 

min. Another set of reactions were incubated for an additional 15 min at 37° C and then 

spun and incubated in dye for 20 min at  room temperature. Sporozoites were added to 

slides and the number of red or green fluorescent parasites counted.

The LIVE/DEAD fixable violet dye kit (Life Technologies) was used to determine the 

viability of mCherry expressing P. berghei sporozoites. A working stock of dye was 

prepared as 1 µL in 1 mL PBS. Sporozoites were incubated in 1% BSA/DMEM with 

either 62.5 µM  or 15.6 µM compound or DMSO for 15 min at RT followed by 15 min at 

37°C. The compound was then removed and sporozoites washed with PBS. Sporozoites 

were resuspended in dye and incubated for 30 min on ice. After, they  were washed in 

PBS and resuspended in 4% PFA/PBS for 15 min at room temperature. Fixed sporozoites 

were washed with 100 µL 1% BSA/PBS and finally resuspended in 25 µL of 1% BSA/

PBS. Sporozoite viability was measured using the Amnis MkII ImageStream (EMD 

Millipore). The violet dye was excited using the 405 nm laser and mCherry excited with 

the 561 nm laser. Signals were collected in the violet and red channels. Data was 

processed using IDEAS (Amnis). 

To assess compound cytotoxicity against HepG2, cells cultured in Complete Medium 

were used to seed a 6-well plate at 8 x 104 cells per well. 24 hours later, the media was 

removed and 2 mL Complete Medium containing compound or DMSO was added, and 

cells were left to incubate for 2 hours at 37° C. After 2 hours, media was removed and 

!

99



cells were washed with DMEM  before detachment using 500 µL trypsin-EDTA solution 

for 3 min at 37° C. 1 mL of DMEM  was added to each well and solution was transferred 

to a tube. Cells were spun down for 5 min at 1500 x g and the media was removed. PBS 

containing 1:3000 propidium iodide was used to resuspend the cell pellet. A 

compensation/negative control was prepared by treating cells with 100% ice cold MeOH 

for 90 seconds. Samples were analyzed using the ImageStream. The laser at 488 nm was 

used to excite the dye and fluorescence was detected in the red channel. Data was 

processed using IDEAS (Amnis).

Results

SPR screening of MMV library and compound selection

Recombinant MBP-TRAP peptides and MBP-MTRAP, referred to as TRAPpep and 

MTRAPpep from here on, were produced in E. coli. These tagged peptides were used to 

screen the MMV Malaria Box using surface plasmon resonance (SPR) to identify 

compounds that inhibited or promoted the TRAPpep-aldolase interaction. A baseline 

response was set for the TRAPpep-aldolase interaction by determining a TRAPpep 

injection concentration that resulted in 30-50% of the total response expected upon 

saturation of the available aldolase binding sites on the chip (Fig. 15A). This baseline 

allowed for identification of compounds that competed for binding of the TRAPpep to 

aldolase (Fig. 15C), which would result in a decreased response with respect to the 

baseline, and compounds that  increased binding of the TRAPpep to aldolase by 

increasing response compared to baseline (Fig. 15B). Additionally, kinetic measurements 
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were made to identify compounds that lowered the off rate (koff) of the tagged-peptide 

from aldolase, but that may not have increased total binding with respect  to baseline (Fig. 

15D).
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Figure 15. SPR screening of MMV library against TRAP-aldolase interaction. 
Example SPR binding and dissociation curves along with experimental schematic for the 
TRAP-aldolase interaction for the (A) baseline control, and compounds (B) promoting 
binding, (C) inhibiting binding, and (D) stabilizing the off rate kinetics. Baseline 
response between TRAP (blue) and aldolase (multicolor) bound to CM5 chip, was set at 
25-50% of total possible response. Compound (pink) was passed over chip along with 
TRAP and could either have no effect, block binding, or promote binding. (E) 
Normalized change in response units for binding of TRAP to aldolase in the presence of 
MMV library  compound, compared to control in DMSO. (F) Concentration-dependent 
total binding response in the presence of five compounds selected for further gliding and 
invasion studies. (G) Cartoon and surface representation of aldolase with TRAPpep 
bound (magenta, sticks) (PDB entry 2pc4) [39], overlapping the F16BP (green, sticks) 
substrate binding site (PDB entry  4ald) [150], via PyMOL [151]. (H) Coupled enzyme 
assay to measure aldolase activity via NADH consumption as measured at 340 nm. (I) 
Concentration-dependent effect of compounds on PfAldolase inhibition in the presence of 
PbTRAP peptide. Activity is normalized to the PbTRAP control, which reduces Vmax to 
50% of enzyme without PbTRAP. (J) PfAldolase activity  in the presence of compounds 
to determine direct inhibition of enzyme by the compounds. Activity  is normalized to the 
PfAldolase control measured Vmax. Standard error means plotted for activity  assays and 
standard deviation for SPR data.
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Control injections of TRAPpep  with DMSO and test reactions of TRAPpep with 

compound were injected over the aldolase conjugated chip. We screened the 400 

compounds from the MMV library  and identified multiple compounds that promoted and 

inhibited the interaction of TRAPpep  or MTRAPpep with aldolase (Fig. 15E, Appendix C 

Fig. 1). Response was normalized to the control reaction response. Compounds that 

promoted the interaction resulted in positive changes in response units while the 

inhibitors resulted in negative changes. Compounds with no effect had zero change in 

response units.

From the MMV library, 10 compounds were identified that promoted the TRAPpep-

aldolase interaction and 10 compounds promoting the MTRAPpep-aldolase interaction. 

Compounds that lowered the off rate (koff) of the peptides were also identified. This 

resulted in the identification of 40 compounds, which are listed in Appendix C, Figures 

2-5. To decrease time and cost of sourcing the compounds, we obtained compounds from 

the Chembridge Hit2Lead service. Many of our identified compounds were not available 

or the cost of obtaining the amount needed for further testing was prohibitive. To work 

around this problem, additional compounds were selected that were closely related 

derivatives of compounds that were not available. In the process of ordering compounds, 

it was quickly determined that the compounds that were most often hits shared similar 

scaffolds. To further expand the library  of compounds to test, other derivatives of the 

scaffolds that  most frequently appeared on the hits list were also ordered. This 

identification process resulted in a new library  of 24 compounds for dose-dependence 

testing (Appendix C, Table 1).
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Dose-dependent SPR and enzyme assay characterization

The 24 compounds were tested in a concentration-dependence SPR screen to 

determine their ability  to promote the TRAPpep-aldolase interaction. 2-fold dilutions of 

the compound were prepared and added to the TRAPpep for SPR studies. The 

concentration-dependent effect was assessed for each compound against the TRAPpep-

aldolase interaction (Appendix C, Fig. 6) and the MTRAPpep-aldolase interaction 

(Appendix C, Fig. 7). Of the 24 compounds, 6 showed concentration-dependent 

promotion of the TRAPpep-aldolase interaction. The MTRAPpep-aldolase interaction 

was promoted in a concentration-dependent manner by 5 compounds. Compounds 2, 3, 4, 

and 21 were able to promote the interaction for both TRAPpep and MTRAPpep.

Preliminary  parasite testing and crystallization studies directed our selection of a 

subset of the 24 compounds identified in the SPR studies, for more comprehensive 

parasite work. The 24 compounds were initially tested in co-crystallization experiments 

with TRAPpep and aldolase and in preliminary gliding assays at high concentration (data 

not shown). Five compounds, 3, 4, 17, 18, and 23, were selected from the 24 compounds 

for dose-dependent testing against gliding motility and live imaging based on the early 

results. The structure and library IDs for these 5 compounds are found in Table 11 and the 

concentration-dependent SPR response against the TRAPpep-aldolase interaction is 

shown in Figure 15F. The compounds were tested in a concentration-dependence SPR 

screen to determine their ability  to promote the TRAPpep-aldolase interaction. 2-fold 

dilutions of the compound were prepared and added to the TRAPpep for SPR studies. 

The concentration-dependent effect was assessed for each compound against the 
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TRAPpep-aldolase interaction (Appendix C, Fig. 6) and the MTRAPpep-aldolase 

interaction (Appendix C, Fig. 7).
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Table 11. Compounds selected for parasite studies.

Hit2Lead/
MMV ID

Structure

3 5251155/
MMV009108

N
S

O

O

S

N
HN

HBr

4 5317392/
MMV007224

N

N NH

Br

H
N

Br

17 7078022/
MMV019241 H

N

N
NH

O
Br

18 7881935

N

N

N

O NH

NH2

23 67378588/
MMV666069

N
N

O

N
N
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Compounds 3, 4, 17, and 18 were tested to assess their ability to inhibit aldolase’s 

enzymatic activity  (23 was not tested due to limited compound availability). Compounds 

were tested at 200, 100 and 50 µM (17 was tested only at 50 µM due to solubility issues) 

to determine whether they could inhibit rabbit muscle aldolase, which shares 98% 

sequence identity with the human homolog. An aldolase assay system involving 

triosephosphate isomerase and glycerophosphate dehydrogenase allowed for 

measurement of fructose 1,6 bisphosphate (F16BP) breakdown by observing NADH 

consumption at 340 nm (Fig. 15H). The four compounds were unable to inhibit rabbit 

aldolase (Appendix C, Fig. 8), indicating that these compounds would not negatively 

affect human aldolase function.

The enzyme assay was also used to confirm that the compounds of interest were able 

to promote TRAP binding to PfAldolase’s active site. TRAP binds in the active site of 

aldolase, overlapping with the substrate, F16BP, binding site (Fig. 15G). It has been 

previously  demonstrated that the TRAP peptide can compete with the F16BP substrate 

for active site binding. This overlap allows us to measure TRAP binding using the 

aldolase activity assay. PbTRAP peptide (PbTRAPpep) was added to the aldolase 

reaction at a concentration necessary to obtain a baseline 50% inhibition of the enzyme. 

Compound was added at 200, 100, and 50 µM  to determine its effect in further inhibiting 

the enzyme. The results showed that compounds 3 and 4 had a dose-dependent effect  in 

inhibiting aldolase activity in the presence of PbTRAPpep, while compound 18 increased 

enzymatic activity (Fig. 15I). Compound 17 had no activity at  the concentrations tested. 

These compounds did not inhibit PfAldolase in the absence of PbTRAPpep (Fig. 15J), 
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indicating that the compound works by  promoting TRAP binding and not through direct 

inhibition of the enzyme. The results are consistent with the dose-dependent SPR data 

indicating that compounds 3 and 4 promote the TRAP-aldolase interaction.

Sporozoite gliding reduction 

To determine whether compounds identified in the SPR screen were active against 

sporozoites, we studied their effect against sporozoite motility. P. berghei sporozoites 

were purified from mosquitoes, incubated with compound, and allowed to glide on anti-

CSP (mAb 3D11) coated coverslips. The sporozoite deposited CSP trails were detected 

using biotinylated mAb 3D11 allowing for quantification of gliding levels in the presence 

and absence of compounds. Representative fields of views for sporozoites in the presence 

of each compound are shown in Figure 16B. The number of trails deposited were 

quantified for each sporozoite. The ability of each sporozoite to glide was categorized as 

either no gliding (0 trails), low (<10 trails), medium (10-20 trails), or high gliding (>20 

trails). The results for four different concentrations of each of the five compounds, are 

shown in Figure 16A.
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Figure 16. Quantification of trails deposited by gliding sporozoites in gliding assays. 
P. berghei sporozoites incubated with either DMSO or compound were allowed to glide 
on mAb 3D11 coated glass slides for 1 hour at 37° C. CSP trails were detected with 
biotinylated mAb 3D11 and the number of trails were (A) counted for each sporozoite 
and binned. (B) Representative fields of view for the DMSO control and for five 
compounds at four concentrations, from which trails were counted.
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All compounds displayed gliding inhibition throughout the concentration range tested 

(2-fold dilutions, 250-31.25 µM). Compounds 4 and 18 had the greatest effect on gliding 

motility. In the DMSO control, more than 90% of sporozoites deposited trails, with >60% 

classified as medium or high gliding (>10 trails). In comparison, at 250 µM, 4 and 18 

showed less than 10% total parasite gliding. At lower concentrations of compounds, the 

sporozoites did start to recover their gliding ability, demonstrating a dose-dependent 

effect. However, for compound 4 at the lowest concentration, less than 60% of the 

sporozoites were gliding and when they  did glide, 90% of those sporozoites were 

depositing less than 10 trails. Upon inspection of multiple fields, they  typically would 

complete only one circular trail (images not shown). As for compound 18, less than 25% 

of sporozoites were able to glide at the lowest compound concentration and ~75% of 

those sporozoites were classified as low gliding, with less than 10 trails deposited; 

however, these low gliding parasites typically deposited more than 1 trail, unlike those 

low gliders in the presence of compound 4. These results indicate that gliding motility is 

affected in the presence of our compounds. However, from this single assay, it is not 

possible to assess whether the compounds are directly  affecting the motor through the 

proposed TRAPpep-aldolase interaction, or through an off-target effect such as disturbing 

an energy production step necessary to generate ATP for the motor or a cytocidal effect. 

Altered sporozoite gliding radius

To further determine the effects of the compound on gliding motility, we looked to 

determine if the gliding phenotype was altered in other ways. While it had been 
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determined that the sporozoites’ ability  to glide had been diminished, other altered 

phenotypes could include a change in gliding pattern, speed of gliding, time spent 

gliding, or unique parasite morphologies during gliding. We first focused on gliding 

patterns. While quantifying the number of deposited trails per sporozoite, it was noted 

that the trail diameter in the presence of compounds was altered. An altered trail diameter 

is more likely  due to either a direct effect on the motor or an effect on sporozoite shape 

than an off-target effect on energy production. 

The radii of the circular trails deposited by  the parasites were measured for the 

DMSO control and in the presence of five compounds at 62.5 µM. This concentration 

was chosen because at higher concentrations, we were unable to find enough sporozoite 

trails to measure for a statistically significant result. Using Fiji [147], circles were fit to 

trails in multiple images (10-20 fields), measuring 130-150 trail radii (Fig. 17B). The 

average trail radii increased in the presence of compounds 4, 17, and 18 (p-value 

<0.0001 ) (Fig. 17A). The increase in average trail size was 3.2 microns (58%), 1.1 

microns (20%), and 1.8 microns (33%), for 4, 17, and 18, respectively, compared to the 

DMSO control. This altered phenotype is less likely to be the result of the compound 

affecting an energy production step, which we would expect to manifest primarily  in a 

lower gliding speed, not in trail size. 
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Figure 17. Radius of sporozoite trails in gliding assay. (A) Radius of sporozoite trails 
was measured for ~150 trails over 10-20 fields of view in the absence or presence of 
compounds at 62.5 µM. Standard error mean plotted. (B) Representative fields of view 
for trails made in the presence or absence of compounds. 

!

114



Sporozoite live imaging -- gliding speed

To further address the compound effects on the speed of gliding and type of gliding 

movement, we performed live imaging of mCherry expressing parasites. P. berghei 

parasites constitutively expressing mCherry were imaged and movies analyzed using the 

ToAST plugin [148] in Fiji [147] to track parasites. The ToAST plugin measures velocity 

and determines whether sporozoites are gliding in counterclockwise (CCW) or clockwise 

(CW) patterns. The program can also determine whether sporozoites are stationary, 

gliding, or waving, defined as one end of the sporozoite fixed to the slide and the other 

moving freely with large angular changes in direction. However, the automatic 

assignment of gliding patterns resulted in an error for unknown reasons.

Due to the misassignment of gliding pattern and an inability to accept non-integer  

frame rates, the position data collected via ToAST was reanalyzed using similar 

algorithms as defined in the ToAST manuscript [148]. Sporozoites were assigned to one 

of four states at each time point: CW gliding, CCW gliding, stationary, or waving. 

Directionality  of circular gliding was determined via the cross product of vectors between 

two points from the center of the path. To determine the speed of gliding, the average 

velocity  was determined for sections of time in which the sporozoite was gliding 

continuously for more than 6 frames. Sporozoites would often glide for a number of 

frames and then stop gliding for a number of frames before continuing movement, 

resulting in more than one block of frames to use for average velocity calculations. The 

average for each sporozoite was a weighted average of the average speeds for each block 

of continuous gliding (>6 frames). 
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The DMSO control parasites traveled in a CCW or CW pattern at an average speed of 

2.58 +/- 0.05 µm/s. Compounds 4 and 18 showed a significant reduction (p-value < 

0.0001) in sporozoite gliding speed (Fig. 18B). At 62.5 µM, compound 18 had an average 

gliding velocity  of 1.88 +/- 0.17 µm/s. At 3.9 µM, compound 4 displayed an average 

gliding velocity of 1.81 +/- 0.09 µm/s. These velocities corresponded to a 27% and 30% 

reduction in gliding speed for compounds 4 and 18, respectively, compared to the control. 

Compound 4 gliding information was collected at a lower concentration compared to 

compound 18 because it  was not possible to obtain a sufficient number of gliding 

parasites for analysis at higher concentrations. 

Sporozoite live imaging -- path radius

Trail measurements from the static gliding assays indicated that compounds caused an 

increase in the radius of sporozoite gliding. We measured the radius of the gliding paths 

of the sporozoites from the live imaging studies and found that the radii were also larger 

(Fig. 18A). However, the results were less significant (p-value <0.0001 in static assay 

versus p-value <0.05 in live imaging). One possibility  for the discrepancy  is that some 

sporozoites did move in a spiraling pattern, with increasingly  larger radii, however, the 

speed of gliding was too low or the change in angle between two points not large enough, 

and the algorithm may  not have classified the parasite as a circular glider and the radius 

was not measured. Additionally, data from collaborators (not shown) indicated that these 

spiraling parasites were slower gliders but accounted for only  a small population of 

observed gliding sporozoites. The static gliding assays may have been biased towards 
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capturing more of these sporozoites. If parasites that moved in larger circles moved more 

slowly and took a longer time to complete a circle, the 5 minute movies may not have 

captured many of these events, whereas the 60 min static assay provided more time for 

capturing more of the larger radii. 

Sporozoite live gliding -- time spent gliding and stop-and-go pattern

Pausing and stopping of sporozoites had been observed during the live imaging. 

Sporozoites would often glide for several frames, pause, and then continue gliding. Upon 

initial observation of compound 4 samples, it was seen that parasites tended to glide in a 

stop-and-go manner, gliding for 4-6 frames and then stopping for 2-3 frames. To 

determine whether these pauses deviated from those observed in the control, the movies 

were analyzed to determine total amount of time (frames) spent circularly gliding over 

the course of the 200 frame movies (Fig. 18C). A block of active gliding was determined 

as gliding in one direction with a cessation of movement of 10 frames or less. Blocks of 

gliding were confirmed by watching the movies and x,y  plot analysis for each sporozoite. 

Additionally, the fraction of time that the sporozoites were paused (10 frames or less 

between movement) during active gliding blocks was measured (Fig. 18D). 

The total time spent by a parasite gliding over the 200 frames was significantly less 

for both compound 4 and 18, at 25 and 16 frames of gliding, respectively, compared to 

the control with 46 frames spent gliding. As for fraction of time spent paused, both 

compounds 4 and 18 deviated significantly  from the DMSO control, which paused on 

average for only 7% of the active gliding time. Compound 4 increased pausing to 32% of 
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the gliding block time while compound 18 increased pauses to just 16%. The increase in 

pauses by compound 4 reflects the stop-and-go circular gliding that was observed for the 

sporozoites. 

A possible explanation of the stop-and-go gliding of the parasites in the presence of 

compound 4 is that the compound binds TRAP and aldolase together, preventing their 

release. If aldolase is not released from TRAP, it  cannot go back to the “front of the line” 

to bind more receptor tails and continue gliding. The stop-and-go pattern may be a 

manifestation of the time that it takes to recruit more aldolase to the machinery. 

Sporozoite live gliding -- motility type classification

As automatic sporozoite classification using ToAST did not work properly with the 

acquired data, manual assignment of sporozoite motion was performed by  looking at Z-

stacks. Z-stack images were created using Fiji [147] using the average intensity  in each 

frame (Appendix C, Fig. 9-17). For simplicity, parasites were classified into one of two 

categories, circular gliding or waving, while drifting and stationary parasites were not 

counted. Examples of these movement behaviors as they  appear in Z-stacks are shown in 

Figure 18E. Both compounds 4 and 18 changed the ratio between gliding and waving 

sporozoites. In the control, nearly 85% of sporozoites are gliding circularly and 15% 

waving, whereas 72% and 66% are waving in compound 4 and 18 samples, respectively. 

This altered phenotype in gliding behavior could indicate targeting of the machinery 

rather than an energy production step. 
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Figure 18. Analysis and quantification of sporozoite gliding features in live imaging 
studies. (A) Radius of gliding path and (B) speed of circularly gliding parasites. (C) 
Average total time spent circularly gliding and the (D) fraction of time that  the parasite 
was paused during blocks of active gliding, defined as 1-10 frames of cessation of 
gliding. Standard error mean is plotted. (E) From z-stacks of 200 frames, sporozoites 
were classified into waving and gliding populations and the ratio of sporozoite 
populations was plotted as a percentage of sporozoites in each state. 
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Sporozoite viability

To determine if the compounds were cytotoxic, sporozoite viability  assays were 

performed. First, a propidium iodide exclusion assay was used to assess viability  using 

the membrane permeability indicator. The total number of sporozoites was determined 

from phase imaging and the percentage of non-viable sporozoites determined from the 

count of red fluorescent sporozoites versus total sporozoite count (Fig. 19A). A 10 min 

incubation at 18° C followed by 15 min at 37° C in the presence of DMSO indicated that 

85% of sporozoites were viable. 250 µM of compound 4 reduced viability to 79% while 

compound 18 seemed to provide a protective effect with 93% viability. 

To determine whether the cells were metabolically active, a two dye LIVE/DEAD 

viability assay  of ethidium homodimer-1 and calcein-AM was used (Fig. 19B). This dye 

system allowed for the measurement of both membrane permeability, a marker of death, 

and enzyme activity, a marker of viability. Live cells with intact membranes are 

impermeable to the ethidium DNA dye but are permeable to the calcein-AM dye, which 

fluoresces when cleaved by esterases inside the cell. Dying cells allow the ethidium to 

cross the membrane and interact with DNA, fluorescing red, and lack active esterases so 

they  do not fluoresce green. This two color readout allows for discriminations between 

live and dead sporozoites. Sporozoites were incubated at room temperature with two 

different concentrations of compounds for 15 min followed by  15 min at 37° C. After 

addition of the dye, counting of the DMSO treated sporozoites showed that 96% of the 

sporozoites were alive (green). Compound 4 and 18 at 62.5 µM  reduced sporozoite 

viability to 82% and 88%, respectively. The LIVE/DEAD assay indicated a greater 
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decrease in viability  in the presence of compound 4 and that compound 18 had only a 

mild effect. However, the viability decrease is not large enough to account for the levels 

of non-gliding sporozoites observed in the gliding assays.

Finally, we used the ImageStream to quantify the ability of the compounds to exclude 

an amine reactive violet dye, which tests membrane permeability, similar to propidium 

iodide (Fig. 19C). Dead sporozoites are unable to exclude the dye, which accumulates 

inside of the sporozoite as it becomes covalently attached to the proteins within. The 

advantage of this protocol for viability determination is the ability  to fix the sporozoites 

after incubation with the dye and to reduce death due to variability in the length of time 

between analysis of samples. Also, with the LIVE/DEAD kit, extended incubation time 

with the calcein-AM dye led to high levels of background fluorescence, making it more 

difficult to determine viability. 

We were able to determine that  approximately 55% of the control sporozoites were 

viable and that the compounds seemed to have either no effect on viability or actually 

provided a protective effect. The lower number of viable parasites was due to an 

alternative dissection and purification method. Interestingly, the constitutively expressed 

mCherry  in the sporozoites seems to be in itself a viability indicator. Sporozoites with 

high levels of violet fluorescence did not fluoresce in the red channel. This is likely due 

to the sensitivity of mCherry to pH, and sporozoite death likely results in a pH change, 

inactivating mCherry fluorescence.
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Altered sporozoite morphology -- apical exocytosis

One observation from the ImageStream, which provides the ability  to image 

sporozoites while obtaining statistical fluorescence-based data, was a unique morphology 

of the sporozoites in the presence of compound. In the DMSO control, most sporozoites 

presented as elongated crescent shapes. However, upon addition of compound, 

sporozoites displayed an altered morphology, in which there was a bulge or circular 

membraneous vesicle present at  one tip of the parasite (Fig. 19E, F). This feature had 

been previously  observed in images from static gliding assay  fields of view and live 

imaging. Gating on the mCherry population (live sporozoites) and performing further 

gating of sporozoites based on homogeneity  and compactness (Appendix C Fig. 18), it 

was possible to separate the altered morphology population from the “normal” population 

and quantify the effects of the compound (Fig. 19D). In the DMSO control, it was 

observed that less than 3% of live sporozoites presented with the external membraneous 

vesicles at the tip. Compound 18 had little effect on the morphology of sporozoites at the 

concentrations of 62.5 µM and 15.6 µM. However, compound 4 showed significant 

increases in the population with apical extracellular vesicle. At 15.6 µM compound 4, 

11.5% of sporozoites displayed external apical vesicles in live sporozoites, while at 62.5 

µM this population increased to 20% of live sporozoites.

We had initially thought that this feature may be a sign of cell death; however, based 

on the exclusion of the amine reactive dye (death indicator) and positive mCherry signal, 

as well as observation of movement of this population in live imaging, these parasites are 

not dead, and have intact membranes and a normal cellular pH. 
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This feature of apical extracellular vesicles had previously  been described by Mota et 

al. [152]. In that study, they  study apical-regulated exocytosis and note that sporozoites 

form an extracellular vesicle or “cap” at the apical end. This unique morphology could be 

triggered by addition of ionomycin, a Ca2+ ionophore, which raises intracellular calcium 

levels. The vesicles that were observed stained positive for both EBA-175 and TRAP on 

the surface. We were unable to stain for TRAP in this study as we did not possess a 

PbTRAP antibody, but it is possible that the vesicles that  we observe are similar to those 

previously  observed. It is tempting to speculate that these vesicle may contain TRAP-

aldolase complexed with compound that is being ejected from the sporozoite since it is 

non-functional in the presence of compound. Alternatively, the compound may be acting 

similar to ionomycin, changing calcium levels in the cells and inducing the exocytosis, or 

acting on another off-target pathway that leads to exocytosis.
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Figure 19. Sporozoite viability in the presence of compound. P. berghei sporozoite 
viability was measured in the presence or absence of compound in two unfixed assays 
and one fixed assay. (A) Measurement of propidium iodide exclusion after incubation 
with either DMSO or 250 µM compound for 15 min at 37°C. Parasites counted using 
microscope and viable percentage determined via the number of non-red parasites 
compared to total number of parasites counted in phase. (B) LIVE/DEAD assay using 
Ethidium homodimer as dead indicator and calcein dye as live indicator enables green/
red, live/dead classification of sporozoites. Parasites were incubated with DMSO or 
compound for 15 min at RT followed by 15 min at  37°C before addition of dye. Number 
of green parasites versus total number of parasites counted on microscope slides indicates 
viability of sporozoite population. (C) LIVE/DEAD assay using mCherry expressing 
parasites and a fixable amine reactive violet dye. Exclusion of violet dye from live cells 
used to determine viability. Number of violet negative and mCherry positive sporozoites 
were determined as a percentage of total sporozoite count via the ImageStream. (D) 
Percentage of Live sporozoites from fixable LIVE/DEAD violet dye experiment which 
show attached extracellular vesicle containing mCherry signal. Representative images 
showing violet, brightfield, and red channel signal for live sporozoites (E) without and 
(F) with extracellular vesicles present at the apical end.
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Compound reversibility and unique gliding pattern

To determine whether the effects observed in the static gliding were reversible, we 

performed gliding assays with compound washouts. The sporozoites were incubated for a 

total of 20 min with the compound before they were washed, resuspended with 

compound or DMSO, and allowed to glide (Fig. 20A). The effects of compound 18 were 

completely reversible at lower concentrations (e.g. 15.6 and 7.8 µM). At the higher 

concentration of 31.25 µM, the number of high gliding parasites increased when the 

compound was washed away, but the total number of gliding sporozoites did not change 

much. At 62.5 µM, there was little reversibility observed. With compound 4, we did not 

observe complete reversibility in washouts at  any concentration. When the concentration 

of compound 4 was dropped to less than 8 µM, the total number of parasites gliding was 

comparable to wild type, however, the number of high gliding parasites was only 10% of 

that observed for the DMSO control. These results indicate that compound 18 effects are 

reversible at lower concentrations while compound 4 effects are not reversible. 

An interesting observation upon compound 4 washout was in the gliding pattern. 

Upon compound 4 washout, sporozoites did return to gliding, however, the typical 

circular gliding pattern was not the only observed pattern. Many parasites began to glide 

in a wavy pattern (Fig. 20B). This wavy pattern of gliding had been previously observed 

by Kortagere et al. [73], where a pyrazole-urea compound targeting the MTIP-MyoA 

interaction resulted in a similar wavy gliding phenotype. It is unknown why this 

phenotype is not observed in the non-washout samples. We speculate that the washout is 

unable to remove the compound from the parasite and that it can remain bound to the 
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TRAP-aldolase complex. Over time, as the parasite is able to generate more aldolase and 

TRAP, it can start to glide again, albeit with an altered phenotype. 
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Figure 20. Reversibility of compound effect with gliding washout assays. P. berghei 
sporozoites incubated with either DMSO or compound were washed. Half of the 
compound incubated samples were resuspended with media containing DMSO, creating 
the washout population, while the other half were incubated with the original compound.  
The sporozoites were then allowed to glide on anti-CSP coated glass slides for 1 hour at 
37° C. CSP trails were detected with biotinylated anti-CSP and number of trails were (A) 
counted for each sporozoite and binned. (B) Representative images from slides of gliding 
sporozoites. The top  panels show images reprinted with permission from the Journal of  
Chemical Information and Modeling, 50(5), Kortagere, S. et al., Structure-based design 
of novel small-molecule inhibitors of Plasmodium falciparum, pp. 840-9, Copyright 
2010, American Chemical Society [73]. DMSO treated sporozoites (upper left) with 
circular gliding pattern versus (upper right) pyrazole-urea compound treated sporozoites 
with a unique wavy  line gliding pattern. Below are images of a compound 4 washout 
slide at 7.8 µM showing a similar wavy gliding patterns in addition to circular gliding.
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HepG2 invasion assay

While the compounds clearly had an effect on sporozoite gliding motility phenotypes, 

it was important to assess whether the sporozoite were competent for invasion in the 

presence of compound. Sporozoites were mixed with compound and then added to 

HepG2 coated coverslips and allowed to invade for two hours. To assess whether 

sporozoites were extra- or intra-cellular, an inside/outside staining protocol was used. 

Prior to membrane permeabilization, extracellular sporozoites were stained using a red 

fluorescent mAb. HepG2 membranes were then permeabilized and all sporozoites were 

stained using a green fluorescent mAb. The number of red sporozoites (non-invaded) was 

subtracted from the number of green fluorescent sporozoites (total) to determine the 

number of intracellular parasites (invaded). Two rounds of triplicates were performed for 

a control and three concentrations each of compounds 4 and 18 (Fig. 21A). In the control, 

63% of the sporozoites invaded the HepG2 cells. Both compound 4 and 18 showed a 

dose-dependent inhibition of invasion. At the lowest concentration tested (15.6 µM), 

compound 4 decreased invasion by  89% compared to the control. At 62.5 µM, compound 

18 decreased invasion by 97% but at 15.6 µM, only decreased invasion by 24%. 
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Figure 21. HepG2 invasion assay and cell  viability in the presence and absence of 
compounds. (A) Percentage of sporozoites that  invaded the HepG2 cells. Standard error 
mean plotted. (B) Viability of HepG2 cells in the presence or absence of compound as 
determined using a propidium iodide exclusion assay. 
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The compounds were tested for their effect on HepG2 viability using a propidium 

iodide exclusion assay (Fig. 21B). HepG2 cells were incubated with the compounds for 2 

hours and then trypsinized and mixed with propidium iodide before analysis with the 

ImageStream. At the highest compound concentration of 62.5 µM, compound 4 and 18 

reduced viability by  9% and 6%, respectively. As has been previously  discussed, the 

maximum viability  loss in sporozoites due to the compounds at 62.5 µM was only 32% 

for compound 4 and no effect for compound 18. We conclude that the invasion decrease 

observed in the presence of either compound 4 and 18 is not solely  due to viability issues 

in either sporozoites or HepG2.

Discussion

Using a previously  developed method of producing cytoplasmic tails of plasmodial 

receptor proteins required for invasion, we were able to perform a medium throughput 

screen of the MMV Malaria Box targeting the TRAP-aldolase interaction. The SPR 

screen allowed for identification of compounds that could either inhibit or promote the 

TRAPpep-aldolase interaction. Twenty-four compounds were chosen from the initial 

screen that promoted the TRAP-aldolase interaction and therefore interfere with TRAP 

and aldolase turnover during the progression of invasion. The 24 compounds were 

evaluated for their concentration-dependent effect on the TRAPpep- and MTRAPpep-

aldolase interaction using SPR. At the concentrations tested, compound 4 displayed a 

dose-dependent promotion of the TRAPpep and MTRAPpep  interaction with aldolase 

along with compound 3. Enzyme assays confirmed that compounds 3 and 4 disrupted 
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aldolase activity through promotion of the TRAP-aldolase complex, confirming the SPR 

data. It was also shown that none of the compounds tested in parasites were able to 

inhibit the human homolog, rabbit muscle aldolase.

24 compounds had been ordered, expected to promote an interaction between 

(M)TRAPpep and aldolase. However, only about 25% of the screened compounds 

showed a dose-dependent promotion of the interaction. It is possible that this is partly  due 

to the fact that 50% of the compounds ordered were not from the MMV library  and were 

ordered due to similarity  to an unavailable compound or similarity  to a recurring scaffold.  

Also, initial screening, which relied upon total binding in the presence of compound, may 

have influenced by compound stability, where we were actually observing compound 

crashing out on the chip rather than an interaction between TRAP and aldolase.

A primary  question that we aimed to answer in this study  is whether or not the 

identified compounds target the screened interaction in the parasite. Even though an 

effect on the TRAP-aldolase interaction for some compounds was measured in vitro in 

SPR and enzyme assays, it was unknown whether this was the mechanism of action in the 

parasite. Compounds 4 and 18 led to a dose-dependent reduction in invasion of HepG2 

cells, with compound 4 inhibiting invasion at 16 µM. Viability studies helped to confirm 

that the effects observed due to compounds 4 and 18 were not primarily  due to a 

cytocidal mechanism in either sporozoites or HepG2 cells. Knowing that TRAP is 

necessary  for motility and invasion, that it is linked to the actomyosin motor via aldolase, 

and that disruption of TRAP processing leads to invasion and motility  defects, we used 
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motility and invasion assays to assess whether the compounds were affecting TRAP-

aldolase interaction in sporozoites.

Gliding assays were performed for five selected compounds and compounds 4 and 18 

showed the largest decrease in sporozoite motility. Both of these compounds reduced the 

total number of gliding parasites as well as the percentage of high gliding parasites. 

Compound 4 was highly effective even at lower concentrations, limiting any gliding 

parasites to only a single circular trail. Moving beyond levels of gliding, live imaging of 

sporozoites was performed to assess speed of gliding and determine if there were defects 

in gliding. Analysis of the movies indicated that both compounds 4 and 18 led to a 

decrease in sporozoite gliding speed and total time spent gliding. Compound 4 displayed 

a stop-and-go gliding phenotype during circular gliding, not observed for compound 18. 

The compounds also affected the movement pattern of the sporozoites; both 4 and 18 

caused an increase in the number of parasites displaying a waving movement pattern 

versus circular gliding, the primary gliding type observed in the control. 

Compound washout studies were also performed to assess the reversibility  of the 

compounds’ effects. While compound 18 was completely reversible at  lower 

concentrations, compound 4 effects were not reversible. At low concentrations, when 

compound 4 was washed away, some parasites resumed gliding, but in a wavy pattern 

rather than a tight circular pattern. This wavy pattern is highly similar to a pattern 

observed in the presence of a compound targeting another protein-protein interaction of 

the glideosome. We hypothesize that removal of the compound from the sporozoite was 

not completely reversible and that some of the compound remained bound to the 
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aldolase-TRAP complex; however, when the free compound was washed away, over time 

free aldolase and TRAP that  had not already complexed with compound or newly 

synthesized protein, was able to restore gliding. Alternatively, as time passed during the 

assay, compound was possible able to pass back out of the cell and therefore, the parasite 

was able to resume some type of gliding. 

SPR and enzyme assays indicated an effective concentration of the compound in the 

50-200 µM  range. However, in the sporozoite studies, compounds were effective at much 

lower concentrations. Compound 4 showed significant inhibition of invasion at 15 µM 

and there changes in gliding phenotypes at 4 µM. It is possible that compound 4 has 

another target in the sporozoite that  also has consequences for invasion and gliding. It 

may  also be the case that only small amounts of the compound are needed in parasites to 

cause a disruption, because a small shift in the ratio of TRAP-aldolase complex to free 

TRAP and aldolase is enough to be detrimental to the parasite.

Future plans include follow up of compound 4 as we have shown that there is a dose-

dependent promotion of the TRAP-aldolase complex in vitro and the compound leads to a 

significant effect on sporozoite gliding and invasion. Ideally, we aim to obtain a co-

crystal structure of the ternary  TRAP-aldolase-compound complex. To date, we have 

been unsuccessful in this pursuit, but are actively working to obtain co-crystals. Ligand 

bound co-crystal structures would allow for structure-guided optimization of the 

compound to make it a more effective compound. As this compound was identified from 

the MMV library  and we have seen a dose-dependent effect against the MTRAPpep-

aldolase interaction, we know that the compound is effective against  the blood stage. We 
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plan to study whether the primary effect during the blood stage is in inhibiting RBC 

invasion. Additionally, we plan to move to in vivo testing of compound 4 to determine 

whether it would be suitable as a prophylactic. 

Overall, this study has shown that the screening of compound libraries against 

protein-protein interactions can be effective in identifying compounds against essential 

interactions. While other studies have targeted disruption of protein-protein interactions 

with compounds, this study is unique in that we have screened for compounds that 

promote a protein-protein interaction with goal being to disrupt the balance of the TRAP-

aldolase complex and to inhibit  parasite gliding and invasion. It may be possible to apply 

this screening method to other systems in which promotion of a protein-protein 

interaction is desirable. 
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Chapter V: General discussion
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Summary

Plasmodium falciparum is an obligate, intracellular parasite. It  is necessary for the 

parasite to invade multiple host cells at  different stages of its life cycle, including the 

skin, liver, blood, and mosquito midgut cells. To accomplish this gliding through the skin 

and invasion of different cell types, the parasite employs multiple extracellular receptors 

to recognize, attach to, and invade cells. In apicomplexans, an actomyosin motor is used 

for both motility and invasion. This motor is bridged to the extracellular receptors via the 

glycolytic enzyme, aldolase. 

The primary goal of this dissertation project was to identify compounds targeting a 

specific protein-protein interaction by compound library screening, and to test hit 

compound effectiveness in parasite assays. We chose to target and screen against the 

TRAP-aldolase interaction. The TRAP receptors are necessary for all stages of the life 

cycle and interact with aldolase via their cytoplasmic C-terminal tail. The TRAP tail 

binds in the aldolase enzyme active site, anchoring the receptor to the motor. We 

employed a surface plasmon resonance screen to identify  compounds in the Medicines 

for Malaria Venture’s (MMV) Malaria Box that were able to promote this interaction. The 

end goal was to identify compounds that could inhibit gliding and invasion by preventing 

dissociation of the complex, which is hypothesized to be necessary for smooth, one-step 

invasion. 

We were able to identify a compound that showed a concentration-dependent effect in 

promoting the TRAP-aldolase and MTRAP-aldolase interaction via SPR. Using in vitro 

assays, we showed that this compound reduced gliding motility  and invasion of liver cells 
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in a dose-dependent manner. This compound was identified from the MMV Malaria Box, 

which contains compounds known to inhibit blood stage parasites. 

Original contributions to the field

Development of a surface plasmon resonance screen

To enable screening of compounds against  the TRAP-aldolase interaction, we have 

developed a novel surface plasmon resonance screen for assessing protein-protein 

interactions using recombinantly produced peptides. Using a modified vector containing 

the maltose binding protein (MBP), gene blocks can be ordered containing sequences for 

peptides of interest with desired affinity tags, cloned into the vector, and the tagged 

peptides can be produced in E. coli. This method of peptide production reduces the cost 

of producing peptides for SPR as well as for other experiments including crystallography 

and enzymatic assays. 

Peptides produced in combination with an AviTag, which is biotinylated during 

expression, were able to be cleaved from the MBP tag, purified, and attached to 

streptavidin chips for use in SPR studies. Alternatively, by  keeping the MBP tag, the 

tagged peptides could be used as the analyte in SPR experiments, and passed over an 

interacting partner bound to a chip. PfTRAP, PvTRAP, and PfMTRAP peptides produced 

recombinantly in this system were used in SPR experiments to measure the kinetics of 

binding between the peptide and PfAldolase. The rate constants closely matched those 

obtained from ITC and SPR experiments using synthetically derived peptides. However, 
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our peptides had the advantage of being a fraction of the cost and could be readily 

produced in any lab that was equipped for basic protein expression and purification.

Determination of TgAldolase structure

In pursuit of a ternary structure of aldolase-TRAP-compound, we were able to solve 

the first structure of Toxoplasma gondii fructose 1-6 bisphosphate aldolase. T. gondii is 

often used as a model system for all apicomplexan studies, including the study of 

Plasmodium spp., due to the extensive genetic tools available and the ease of maintaining 

parasites at  different stages in the life cycle. We originally pursued the T. gondii structure 

to aid in determination of the ternary  structure due to difficulty in obtaining P. falciparum 

aldolase crystals; however, the additional understanding of the structure of the T. gondii 

variant is of importance to determine whether any  structural differences exist between the 

T. gondii and the Plasmodium spp. enzymes. 

We were able to produce multiple, well diffracting crystals that could be solved to 

resolutions of greater than 2 Å. The asymmetric unit  contained a single tetramer of 

TgAldolase. We determined that structurally, PfAldolase and TgAldolase are similar. 

However, we did note that part of the active site face of TgAldolase deviated from 

PfAldolase, even though the sequence of the 40 residues surrounding the active site are 

identical. These differences may be due to crystal artifacts or they could represent 

structural differences that may enable the proteins to interact with different sets of 

cytoplasmic tails from different receptor proteins. Based on data that was not shown, we 
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have observed that TgAldolase can interact with PfTRAP, PvTRAP, and PfMTRAP, so 

we lean towards the idea that this may be a conformation that is a crystal artifact.

MMV library screening and identification of gliding and invasion inhibitory compounds

Using our SPR technique with recombinantly produced, MBP-tagged peptides, we 

were able to screen 400 compounds from the MMV Malaria Box to identify compounds 

that affected the TRAP-aldolase interaction. This approach to library  screening was a 

novel approach for this system. Previous work had used enzyme assays to identify 

compounds that affected the TRAP-aldolase interaction; however, this method required 

further experiments to determine if a compound was flagged due to direct enzyme 

inhibition independent of TRAP binding to the active site, and could not provide 

information regarding the kinetics of binding. Using the SPR screen, we were able to 

identify compounds that increased the binding of TRAPpep to an aldolase bound chip as 

well as compounds that slowed the off-rate of TRAPpep from aldolase. One compound in 

particular, compound 4, showed a dose-dependent  response in promoting the TRAPpep-

aldolase interaction as well as the MTRAPpep-aldolase interaction.

Parasite testing confirmed that compound 4 was effective against  sporozoites in vitro. 

We were already aware of the compound’s effectiveness against the blood stage parasites 

in vitro from the initial GSK-Novartis-St. Jude screening [146]. Using gliding assays, live 

imaging of gliding sporozoites, and HepG2 invasion assays, we were able to assess the 

identified compound’s ability to inhibit the sporozoite. We demonstrated that compound 4 

decreased the number of gliding sporozoites, reduced gliding speed, and changed the 

!

141



behavior of sporozoites from circular gliding to a waving movement. The compound was 

also able to inhibit invasion of HepG2 cells at low concentrations that  were comparable 

to those tested in the original blood stage screen by GSK-Novartis-St. Jude. Viability 

assays showed only a slight viability reduction at higher compound concentrations, and at 

lower concentrations where the compound was still effective, there was little cytotoxicity. 

Altogether, these experiments indicate that we have identified a compound that affects 

the parasite’s gliding and invasion machinery. Additionally, the ability to affect gliding, 

liver invasion, and the red blood cell stage means that we have a potential dual-stage 

inhibitor. 

Future Work

There are multiple directions in which we would like to take this work in the future. 

We have identified a compound that has been shown to be effective against sporozoites 

and blood stage parasites in vitro. Further testing would be necessary in mouse models to 

determine efficacy in vivo and to determine an EC50. Planned experiments would include 

testing of the compound on the skin to determine whether the compound can act as a 

topical agent, incubation with sporozoites prior to mouse injection to determine if it can 

inhibit liver invasion, and treatment after established infection to determine whether it 

can cure a blood stage infection. 

To further explore the effects of the compound in vivo, we have been working to 

obtain intravital imaging of sporozoites in mice. In these experiments, mCherry 

expressing sporozoites are incubated with compound and then injected into the ear of 
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mice. Using confocal microscopy, we are able to image the sporozoites moving in the 

skin. Like live-imaging of the mice, this would enable us to determine whether the 

compound is effective at inhibiting sporozoite motility in the skin and if it affects the 

ability of the sporozoite to find and enter blood vessels.

Further in vitro experiments can be performed to investigate questions that arose but 

due to time constraints, could not be answered in this work. Even though it has been 

determined that our compound of interest has activity against blood stage parasites, the 

mechanism of action is not known. It is possible that this compound inhibits invasion or it 

could affect another cellular process and arrest the parasite at a developmental stage. We 

would like to test compound 4, as well as compounds identified as affecting the MTRAP-

aldolase interaction, in red blood cell assays. We have performed preliminary 

experiments in which we label a fresh population of RBCs with a dye and add those to 

infected RBCs in which parasites have been synchronized at the ring stage. Using a DNA 

dye to stain for parasites in combination with the ImageStream, we can detect if the 

parasites are able to invade the labeled RBCs in the presence of the compounds. With the 

imaging capabilities of the ImageStream, we can also analyze whether the compound 

halts parasite progression from ring to trophozoite or to schizont based on DNA levels.

We would also like to explore some of the unique phenotypes observed in the 

presence of compounds. The apical exocytosis observed in the presence of compound 4 

was unable to be further explored to determine the contents of those extracellular 

vesicles. Use of TRAP and aldolase antibodies would enable study of the extracellular 

vesicle contents. The PfAldolase antibody is known to be cross-reactive with PbAldolase; 
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however, we were unable to obtain PbTRAP antibody  and the PfTRAP antibody  available 

to us is not cross-species reactive.

It is also of interest  to obtain evidence of the compound’s interaction with TRAP and 

aldolase in sporozoites. While the interaction has been observed using recombinantly 

produced protein, it would be interesting to perform pulldowns in the presence of 

compound to determine whether it promotes the interaction with native proteins. Also, 

co-localization studies of aldolase and TRAP in the presence of compound may be 

informative. If the compound does affect the interaction in the parasites, it would be 

useful to know where this interaction is occurring. Does the co-localization of TRAP and 

aldolase change upon addition of the compound or does the level of complexed proteins 

change? It is unknown whether we would be able to resolve a co-localization difference 

as TRAP may  coat the entire sporozoite surface and aldolase is present throughout the 

cytoplasm, not just at the membrane as part of the invasion machinery. By observing the 

parasites below 20° C, before TRAP is released to the parasite surface, we may be able to 

answer whether compounds can trigger premature association between aldolase and 

TRAP, which could negatively affect the parasite.

Ideally, a structure of the ternary TRAPpep-aldolase-compound complex would 

enable us to optimize the compound using a structure-guided approach while 

simultaneously  verifying the ternary interaction. With the ability to reproducibly  form 

high quality TgAldolase crystals, we are closer to obtaining this co-crystal ternary 

structure. Also of interest to the field is obtaining aldolase co-crystals with other 

cytoplasmic tails of receptors. To date, only  the TRAP-aldolase co-crystal has been 
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determined. It would be important to obtain co-crystals of MTRAP, MIC2, and other tails 

of receptors essential to invasion. 

Without  a co-crystal structure, optimization of the compound may still be possible. 

The compound has two bromines which would make it  easy to derivatize the compound 

to add functional groups or linkers. The addition of linkers and functional groups may 

allow for increasing specificity or binding. Use of structure activity relationships could 

direct the pursuit of different derivatives. Absent of synthesis of new compounds, 

PubChem identifies 12 closely related compounds, which could be ordered and tested to 

determine whether any of these compounds have better activity against the parasite and 

the interaction of interest.

Conclusion

We have fulfilled the goals of this dissertation project to identify  and validate 

compounds targeting the specific TRAP-aldolase interaction. One compound from the 

MMV Malaria Box was identified that was able to promote the TRAP-aldolase 

interaction, reduce gliding motility, and reduce HepG2 invasion by the parasite. This 

compound had been previously shown to have blood stage activity, meaning that the 

compound has potential as a prophylactic as well as treatment against symptomatic 

infections. 

This study represents a step forward in the development of novel antimalarials. As 

resistance develops to the front-line treatment, artemisinin, the need for novel 

antimalarials grows more pressing. Most work in the development of novel treatments 
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has centered around reformulating current combination therapies and development of 

compounds against traditional targets or with similar mechanisms of action. Here, we 

have targeted essential protein-protein interactions, rather than enzymatic processes. This 

approach has the potential to identify and develop new classes of drugs that are needed in 

the fight against malaria.
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pRSF-1b-MBP vector sequence

Start codon and NcoI/BamHI sites underlined

GGGGAATTGTGAGCGGATAACAATTCCCCTGTAGAAATAATTTTGTTTAACTTTAATAAGGAGAT
ATACCATGATGAAAATCGAAGAAGGTAAACTGGTAATCTGGATTAACGGCGATAAAGGCTATAA
CGGTCTCGCTGAAGTCGGTAAGAAATTCGAGAAAGATACCGGAATTAAAGTCACCGTTGAGCA
TCCGGATAAACTGGAAGAGAAATTCCCACAGGTTGCGGCAACTGGCGATGGCCCTGACATTATC
TTCTGGGCACACGACCGCTTTGGTGGCTACGCTCAATCTGGCCTGTTGGCTGAAATCACCCCGG
ACAAAGCGTTCCAGGACAAGCTGTATCCGTTTACCTGGGATGCCGTACGTTACAACGGCAAGCT
GATTGCTTACCCGATCGCTGTTGAAGCGTTATCGCTGATTTATAACAAAGATCTGCTGCCGAACC
CGCCAAAAACCTGGGAAGAGATCCCGGCGCTGGATAAAGAACTGAAAGCGAAAGGTAAGAGC
GCGCTGATGTTCAACCTGCAAGAACCGTACTTCACCTGGCCGCTGATTGCTGCTGACGGGGGTT
ATGCGTTCAAGTATGAAAACGGCAAGTACGACATTAAAGACGTGGGCGTGGATAACGCTGGCG
CGAAAGCGGGTCTGACCTTCCTGGTTGACCTGATTAAAAACAAACACATGAATGCAGACACCG
ATTACTCCATCGCAGAAGCTGCCTTTAATAAAGGCGAAACAGCGATAACCATCAACGGCCCGTG
GGCATGGTCCAACATCGACACCAGCAAAGTGAATTATGGTGTAACGGTACTGCCGACCTTCAA
GGGTCAACCATCCAAACCGTTCGTTGGCGTGCTGAGCGCAGGTATTAACGCCGCCAGTCCGAA
CAAAGAGCTGGCAAAAGAGTTCCTCGAAAACTATCTGCTGACTGATGAAGGTCTGGAAGCGGT
TAATAAAGACAAACCGCTGGGTGCCGTAGCGCTGAAGTCTTACGAGGAAGAGTTGGCGAAAG
ATCCACGTATTGCCGCCACTATGGAAAACGCCCAGAAAGGTGAAATCATGCCGAACATCCCGCA
GATGTCCGCTTTCTGGTATGCCGTGCGTACTGCGGTGATCAACGCCGCCAGCGGTCGTCAGACT
GTCGATGAAGCCCTGAAAGACGCGCAGACTAATTCGAGCTCGAACAACAACAACAATAACAAT
AACAACAACCTCGGGATCGAGGGAAGGGAAAACCTGTATTTTCAGGGCGCCATGGCACATCAC
CAGCACATCACCACCACCATCACGTGGGTACCGGTTCGAATGATGACGACGACAAGAGTCCGG
ATCCCAATTGGGAGCTCGTGTACACGGCGCGCCTGCAGGTCGACAAGCTTGCGGCCGCACTCG
AGTCTGGTAAAGAAACCGCTGCTGCGAAATTTGAACGCCAGCACATGGACTCGTCTACTAGCG
CAGCTTAATTAACCTAGGCTGCTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGGCCTC
TAAACGGGTCTTGAGGGGTTTTTTGCTGAAACCTCAGGCATTTGAGAAGCACACGGTCACACT
GCTTCCGGTAGTCAATAAACCGGTAAACCAGCAATAGACATAAGCGGCTATTTAACGACCCTGC
CCTGAACCGACGACAAGCTGACGACCGGGTCTCCGCAAGTGGCACTTTTCGGGGAAATGTGCG
CGGAACCCCTATTTGTTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAATTAATTCTTA
GAAAAACTCATCGAGCATCAAATGAAACTGCAATTTATTCATATCAGGATTATCAATACCATATTT
TTGAAAAAGCCGTTTCTGTAATGAAGGAGAAAACTCACCGAGGCAGTTCCATAGGATGGCAAG
ATCCTGGTATCGGTCTGCGATTCCGACTCGTCCAACATCAATACAACCTATTAATTTCCCCTCGTC
AAAAATAAGGTTATCAAGTGAGAAATCACCATGAGTGACGACTGAATCCGGTGAGAATGGCAA
AAGTTTATGCATTTCTTTCCAGACTTGTTCAACAGGCCAGCCATTACGCTCGTCATCAAAATCAC
TCGCATCAACCAAACCGTTATTCATTCGTGATTGCGCCTGAGCGAGACGAAATACGCGGTCGCT
GTTAAAAGGACAATTACAAACAGGAATCGAATGCAACCGGCGCAGGAACACTGCCAGCGCATC
AACAATATTTTCACCTGAATCAGGATATTCTTCTAATACCTGGAATGCTGTTTTCCCGGGGATCGC
AGTGGTGAGTAACCATGCATCATCAGGAGTACGGATAAAATGCTTGATGGTCGGAAGAGGCATA
AATTCCGTCAGCCAGTTTAGTCTGACCATCTCATCTGTAACATCATTGGCAACGCTACCTTTGCC
ATGTTTCAGAAACAACTCTGGCGCATCGGGCTTCCCATACAATCGATAGATTGTCGCACCTGATT
GCCCGACATTATCGCGAGCCCATTTATACCCATATAAATCAGCATCCATGTTGGAATTTAATCGCG
GCCTAGAGCAAGACGTTTCCCGTTGAATATGGCTCATACTCTTCCTTTTTCAATATTATTGAAGC
ATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACAAATA
GGCATGCAGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTACGCTCGGTCGTTCGACTGCGGC
GAGCGGTGTCAGCTCACTCAAAAGCGGTAATACGGTTATCCACAGAATCAGGGGATAAAGCCG
GAAAGAACATGTGAGCAAAAAGCAAAGCACCGGAAGAAGCCAACGCCGCAGGCGTTTTTCCA
TAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGCCAGAGGTGGCGAAACCC
GACAGGACTATAAAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCCTGTTCCG
ACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTCTCATAG
CTCACGCTGTTGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCACGAA
CCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGTAA
GACACGACTTATCGCCACTGGCAGCAGCCATTGGTAACTGATTTAGAGGACTTTGTCTTGAAGT
TATGCACCTGTTAAGGCTAAACTGAAAGAACAGATTTTGGTGAGTGCGGTCCTCCAACCCACTT
ACCTTGGTTCAAAGAGTTGGTAGCTCAGCGAACCTTGAGAAAACCACCGTTGGTAGCGGTGGT
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TTTTCTTTATTTATGAGATGATGAATCAATCGGTCTATCAAGTCAACGAACAGCTATTCCGTTACT
CTAGATTTCAGTGCAATTTATCTCTTCAAATGTAGCACCTGAAGTCAGCCCCATACGATATAAGT
TGTAATTCTCATGTTAGTCATGCCCCGCGCCCACCGGAAGGAGCTGACTGGGTTGAAGGCTCTC
AAGGGCATCGGTCGAGATCCCGGTGCCTAATGAGTGAGCTAACTTACATTAATTGCGTTGCGCT
CACTGCCCGCTTTCCAGTCGGGAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGC
GGGGAGAGGCGGTTTGCGTATTGGGCGCCAGGGTGGTTTTTCTTTTCACCAGTGAGACGGGCA
ACAGCTGATTGCCCTTCACCGCCTGGCCCTGAGAGAGTTGCAGCAAGCGGTCCACGCTGGTTT
GCCCCAGCAGGCGAAAATCCTGTTTGATGGTGGTTAACGGCGGGATATAACATGAGCTGTCTTC
GGTATCGTCGTATCCCACTACCGAGATGTCCGCACCAACGCGCAGCCCGGACTCGGTAATGGCG
CGCATTGCGCCCAGCGCCATCTGATCGTTGGCAACCAGCATCGCAGTGGGAACGATGCCCTCAT
TCAGCATTTGCATGGTTTGTTGAAAACCGGACATGGCACTCCAGTCGCCTTCCCGTTCCGCTATC
GGCTGAATTTGATTGCGAGTGAGATATTTATGCCAGCCAGCCAGACGCAGACGCGCCGAGACA
GAACTTAATGGGCCCGCTAACAGCGCGATTTGCTGGTGACCCAATGCGACCAGATGCTCCACGC
CCAGTCGCGTACCGTCTTCATGGGAGAAAATAATACTGTTGATGGGTGTCTGGTCAGAGACATC
AAGAAATAACGCCGGAACATTAGTGCAGGCAGCTTCCACAGCAATGGCATCCTGGTCATCCAG
CGGATAGTTAATGATCAGCCCACTGACGCGTTGCGCGAGAAGATTGTGCACCGCCGCTTTACAG
GCTTCGACGCCGCTTCGTTCTACCATCGACACCACCACGCTGGCACCCAGTTGATCGGCGCGA
GATTTAATCGCCGCGACAATTTGCGACGGCGCGTGCAGGGCCAGACTGGAGGTGGCAACGCCA
ATCAGCAACGACTGTTTGCCCGCCAGTTGTTGTGCCACGCGGTTGGGAATGTAATTCAGCTCCG
CCATCGCCGCTTCCACTTTTTCCCGCGTTTTCGCAGAAACGTGGCTGGCCTGGTTCACCACGCG
GGAAACGGTCTGATAAGAGACACCGGCATACTCTGCGACATCGTATAACGTTACTGGTTTCACA
TTCACCACCCTGAATTGACTCTCTTCCGGGCGCTATCATGCCATACCGCGAAAGGTTTTGCGCC
ATTCGATGGTGTCCGGGATCTCGACGCTCTCCCTTATGCGACTCCTGCATTAGGAAATTAATACG
ACTCACTATA
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DEFINITIONS: 
R-FACTOR 
observed = (SUM(ABS(I(h,i)-I(h))))/(SUM(I(h,i))) 
expected = expected R-FACTOR derived from Sigma(I) 

COMPARED = number of reflections used for calculating R-FACTOR 
I/SIGMA  = mean of intensity/Sigma(I) of unique reflections 

            (after merging symmetry-related observations) 
Sigma(I) = standard deviation of reflection intensity I 

            estimated from sample statistics 

R-meas   = redundancy independent R-factor (intensities) 
            Diederichs & Karplus (1997), Nature Struct. Biol. 4, 269-275. 

CC(1/2)  = percentage of correlation between intensities from 
            random half-datasets. Correlation significant at 
            the 0.1% level is marked by an asterisk. 
            Karplus & Diederichs (2012), Science 336, 1030-33 
Anomal   = percentage of correlation between random half-sets 

  Corr      of anomalous intensity differences. Correlation 
            significant at the 0.1% level is marked. 
SigAno   = mean anomalous difference in units of its estimated 

            standard deviation (|F(+)-F(-)|/Sigma). F(+), F(-) 
            are structure factor estimates obtained from the 
            merged intensity observations in each parity class. 
  Nano    = Number of unique reflections used to calculate 
            Anomal_Corr & SigAno. At least two observations 
            for each (+ and -) parity are required. 

SUBSET OF INTENSITY DATA WITH SIGNAL/NOISE >= -3.0 AS FUNCTION OF RESOLUTION 
RESOLUTION     NUMBER OF REFLECTIONS    COMPLETENESS R-FACTOR  R-FACTOR COMPARED I/SIGMA   R-meas  CC(1/2)  Anomal  SigAno   Nano 

   LIMIT     OBSERVED  UNIQUE  POSSIBLE     OF DATA   observed  expected                                      Corr 

    50.0000         0       0        16        0.0%     -99.9%    -99.9%        0  -99.00    -99.9%     0.0      0    0.000       0 
     2.0425    450853  124118    128416       96.7%       5.9%      6.0%   448851   16.17      6.9%    99.9*   -12    0.636   80256 
     2.0400      1773     479       488       98.2%      40.6%     44.7%     1766    3.40     47.4%    94.2*     0    0.642     321 
     2.0375      1632     430       440       97.7%      48.6%     53.7%     1631    2.88     56.5%    91.6*     6    0.637     315 
     2.0350      1715     463       470       98.5%      49.3%     54.3%     1708    2.92     57.5%    91.6*     1    0.635     326 
     2.0325      1823     488       496       98.4%      43.8%     48.1%     1817    3.28     51.0%    92.1*    -1    0.609     341 
     2.0300      1667     447       461       97.0%      50.0%     54.7%     1663    2.96     58.3%    94.0*    -1    0.617     309 
     2.0275      1879     497       513       96.9%      43.9%     45.8%     1873    3.39     51.1%    93.9*    -2    0.676     357 
     2.0250      1755     472       484       97.5%      44.8%     49.4%     1752    3.18     52.5%    90.8*    -9    0.599     332 
     2.0225      1681     452       466       97.0%      44.2%     48.3%     1675    3.21     51.6%    92.5*     3    0.638     314 
     2.0200      1795     482       495       97.4%      50.7%     54.7%     1785    2.92     59.1%    90.6*    -4    0.592     330 
     2.0175      1785     476       485       98.1%      52.5%     56.3%     1779    2.89     61.1%    90.2*     2    0.622     328 
     2.0150      1694     445       456       97.6%      50.7%     54.4%     1689    2.90     58.9%    91.5*    -2    0.645     333 
     2.0125      1857     495       504       98.2%      51.7%     54.9%     1852    2.88     60.3%    90.2*    -6    0.605     341 
     2.0100      1843     494       503       98.2%      55.8%     59.1%     1836    2.73     65.0%    87.9*    -5    0.621     349 
     2.0075      1737     458       463       98.9%      49.0%     54.8%     1734    3.03     57.0%    90.8*    -6    0.589     334 
     2.0050      1876     497       509       97.6%      74.2%     79.6%     1870    2.18     86.2%    81.6*     5    0.629     352 
     2.0025      1903     513       531       96.6%      50.4%     54.5%     1895    2.97     58.8%    91.5*    -5    0.603     353 
     2.0000      1804     481       495       97.2%      61.0%     66.4%     1803    2.54     71.1%    90.5*    -6    0.576     340 
    total      481072  132187    136691       96.7%       6.2%      6.3%   478979   15.36      7.2%    99.9*   -11    0.635   85931 

Figure 1. XSCALE statistics of collected data with fine slicing of highest resolution 
refections
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Figure 2. ENDscript 2.0 secondary structure mapping of chain A of the TgAldolase 
structure.
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Figure 1. MMV library screening against MTRAP-aldolase interaction.
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Table 1. 24 compounds ordered from Chembridge Hit2Lead for further testing. 
Hit2Lead/
MMV ID

Structure Hit2Lead/
MMV ID

Structure

1 5180084
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N

H
N

O

H2N

NH

O
NH2
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Figure 6. Concentration-dependent response for 24 selected compounds against 
TRAP-Aldolase interaction.
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Figure 7. Concentration-dependent response for 24 selected compounds against 
MTRAP-Aldolase interaction.
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Figure 8. Coupled enzyme activity assay of rabbit muscle aldolase in the presence of 
compound. Activity is normalized to the control reaction Vmax. 
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Figure 9. Z-stack of DMSO control, first movie, second acquisition.
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Figure 10. Z-stack of DMSO control, second movie, first acquisition.
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Figure 11. Z-stack of DMSO control, second movie, second acquisition.
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Figure 12. Z-stack of compound 4 (3.9 µM) second acquisition movie.
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Figure 13. Z-stack of compound 4 (3.9 µM) third acquisition movie.
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Figure 14. Z-stack of compound 18 (62.5 µM) first batch, second movie, first 
acquisition.
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Figure 15. Z-stack of compound 18 (62.5 µM) first batch, second movie, second 
acquisition.
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Figure 16. Z-stack of compound 18 (62.5 µM) second batch, second movie, first 
acquisition.
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Figure 17. Z-stack of compound 18 (62.5 µM) second batch, second movie, third 
acquisition.
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Figure 18. Gating using IDEAS to analyze ImageStream data. (A) RMS gating to 
choose in focus population. (B) Length gating and (C) angle of orientation versus shape 
ratio to select for elongated shapes greater than 9 nm in length, with the longest axis 
oriented along the y-axis of the image. (D) Thickness versus area gating and (E) height of 
object versus mCherry signal to gate out small and large debris. (F) Ch01 gating to 
discard mosquito debris which stains brighter with violet dye than sporozoites. (G) 
Gating of live population on Ch05 (mCherry) and dead population on Ch01 (violet) 
intensities. (H) Object compactness versus H correlation to separate live sporozoites with 
or without extracellular vesicles.
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