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Abstract 
Pregnancy Associated Malaria (PAM) threatens more than one million pregnant women 

and their infants in endemic regions due to poor outcomes. VAR2CSA plays a vital role in 

the cytoadherence of infected erythrocytes (IEs) to placenta against immuno-clearance via 

binding to Chondroitin sulfate A (CSA), which is displayed mostly on the surface of 

placental or tumor cells. In this study, we determined the cryo-EM structures of VAR2CSA 

ectodomain and its complex with CSA at a resolution of 3.6 Å and 3.4 Å, respectively and 

revealed that CSA binding induces significant conformational change for ligand 

accommodation. Beyond structural studies, we generated VAR2CSA fragments and 
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mutation and evaluated their binding activity to either isolated CSA or placental and tumor 

cell line using multi-disciplinary techniques. The results showed that 9-site mutation in 

DBL2X abolished the CSA binding activity and also disrupted its binding to both placental 

and tumor cells. Overall, our work clearly elucidated the molecular mechanism of 

cytoadherence to placental or tumor cells through VAR2CSA. Which may facilitate new 

PAM vaccine development and improve the drug delivery systems targeting both placenta 

and tumors. 
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Introduction 

Malaria, a mosquito-borne infectious disease, is caused by a single-cell protozoan named 

as Plasmodium, of which P.falciparum is the most virulent species1. Since women in 

pregnancy are more vulnerable to Plasmodium infection, PAM attracts more attention due 

to the poor outcomes including maternal anemia, stillbirth, preterm delivery, infant death, 

etc2,3. The World Health Organization (WHO) reported that there are more than one million 

women suffering from PAM in endemic regions in 20194.  

In the pathogenesis of PAM, IEs could be sequestated in the intervillous space of the 

placenta to avoid immune clearance. VAR2CSA, a P. falciparum encoded protein 

expressed on the suface of IEs, plays a vital role in cytoadherence and sequestration 5,6. 

VAR2CSA belonging to P. falciparum erythrocyte membrane protein 1 (PfEMP1) family 

is a 350 kDa transmembrane protein comprising of  N-terminal etcodomain (~306 kDa), 

transmembrane domain, and C-terminal cytoplasmic domain7,8. In terms of composition, 

the ectodomain can be divided into six Duffy-binding-like (DBL) domains (DBL1X, 

DBL2X, DBL3X, DBL4ε, DBL5ε, DBL6ε), N-terminal sequence (NTS), and multiple 

inter-domains (IDs) (ID1, ID2a, ID2b, ID3)9-11. It was proposed that the ectodomain is 

responsible for specifically binding to the CSA displayed mainly in placenta. Chondroitin 

sulfate (CS), a sulfated glycosaminoglycan, is mostly found attached to proteins as a type 

of glycosylation with complex saccharides sulfated in various positions and quantities. 

Additionally, CSA is a specific glycosaminoglycan with the C4 of the N-acetyl-D-

galactosamine (GalNAc) sulfated. Moreover, a dodecasaccharide with six disaccharide 

repeats (GalNAc and glucuronic acid (GlcA)) in low sulfated form has been considered as 

the minimal structure motif in CSA for IEs’ adherence10,11. It has been reported that CSA 
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presented in the syncytiotrophoblast layer of pregnant women is considered different from 

those found in other normal tissues. In addition, CSA has been widely identified in solid 

tumors mostly due to the similar phenotype between tumors and placenta12.  

VAR2CSA initiates the pathogenesis of PAM through recognizing and binding CSA, thus 

is widely considered as a leading potential vaccine antigen to elicit protective immune 

response or a perspective drug target against PAM. The preparation of VAR2CSA full 

length or ectodomain with high stability and yield is a sustained challenge due to the large 

size and complex architecture in spite of a couple of successful reports13-15. This issue 

significantly hampers understanding its structure and function, then developing effective 

vaccine candidates as well. Surprisingly, almost all individual DBL domains with different 

borders have been shown to induce inhibitory antibodies to the cytoadherence of IEs16-21. 

Moreover, naturally acquired antibodies showing high inhibitory activity other than those 

elicited by individual recombinant VAR2CSA fragment suggests that ideal antigens might 

be the combination of different VAR2CSA fragments22. Currently, two vaccine candidates 

derived from VAR2CSA (PRIMVAC and PAMVAC) showed reasonable safety and 

immunogenicity in Phase 1 clinical trials23,24. Additionally, CSA binding peptide derived 

from VAR2CSA can be applied to placenta targeted drug delivery system25. Due to the 

wide distribution of CSA in various tumors, either recombinant fragment or 28-residue 

polypeptide from VAR2CSA has been showed to have the potential for effective delivery 

of specific chemicals targeting various tumors12,26. Meanwhile, recombinant VAR2CSA 

shows promising clinic application in pre-diagnosis of malignant tumors through specific 

binding to circulated tumor cells27,28.  
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So far, a few structures of VAR2CSA fragments (i.e., DBL3X, DBL3X-DBL4ε, DBL6ε) 

have been solved29-34. Additionally, the structure model from the reconstruction of 

VAR2CSA ectodomain using negative staining electron microscopy proposed an overall 

domain arrangement35. We are still lack of sufficient structure information to understand 

the architecture and ligand binding mechanism of VAR2CSA.  

In this study, using cryo-electron microscopy single-particle analysis, we determined the 

three-dimensional structures of P. falciparum VAR2CSA ectodomain and its complex with 

CSA at a resolution of 3.6Å and 3.4 Å, respectively. Structural analysis identified that a 

dodecasaccharide with six sulfated disaccharide repeats from CSA is located at the binding 

pocket formed by N-terminal sequence (NTS), DBL1X, DBL2X, and DBL4ɛ. Intriguingly, 

it was revealed that CSA binding induces obvious conformational change to close the 

binding pocket by turning DBL2X and DBL1X closer to DBL4ɛ, and meanwhile enlarge 

the inner binding pocket via slightly moving a CSA-binding helix of DBL2X outward. In 

addition, the structural analysis indicated that 9 key residues with positive charge in 

DBL2X might be mainly responsible for CSA binding, which is further validated by 

sequence alignment, site mutagenesis, and CSA binding tests. Most importantly, we tested 

the binding activity of various VAR2CSA fragments and mutants to both placental cells 

and tumor cells using confocal microscopy. The result regarding the CSA binding 

mechanism is fully in line with our biochemistry results above. In summary, we elucidated 

the detailed molecular mechanism of VAR2CSA recognizing and binding CSA displayed 

on the surface of both placental cells and tumor cells using multi-disciplinary techniques.     
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Results 

Cryo-EM structure of VAR2CSA ectodomain 

Due to the large complexity of VAR2CSA, the preparation of full length or ectodomain 

protein with high quality is a major issue for understanding the structure and function. In 

this study, VAR2CSA ectodomain (residue1-2630, Fig.1A) coding DNA fragment was 

inserted into a secretory vector gp67-438-B modified based on 438-B vector. Sf9 insect 

cells infected by recombinant baculovirus harboring interest gene were cultured in 

suspension serum free system to express VAR2CSA ectodomain, which was purified 

through ammonium sulfate precipitation and sequential column chromatography.  

The analysis using size exclusion chromatography along with reduced and non-reduced 

SDS-PAGE showed that VAR2CSA ectodomain was mostly monomer, however there was 

still a small fraction of dimer stabilized by intermolecular disulfate bond (Fig. S1A). Since 

there are 114 cysteine residues in the VAR2CSA ectodomain, the inter or intra molecular 

disulfate bonds may affect the conformation and stability. So, we tried to stabilize 

VAR2CSA ectodomain at certain conformation using glutaraldehyde Gradient Fixation 

(Grafix). The presence of both monomer and dimer in above crosslinked VAR2CSA 

ectodomain was further confirmed by SDS-PAGE (Fig. S1B). Both monomer and dimer 

were imaged using negative staining and transmission electron microscopy（TEM）. It 

was shown that the monomer seems like a revolver in 2D classification with a solid center 

and flexible ends(Fig. S2A), which was mostly in agreement with the previous report35. 

Intriguingly, the dimer looks like a butterfly in 2D classification and low-resolution model 

(Fig. S2B).  
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Next, the monomer was applied to single particle analysis using cryo-EM. The structure of 

VAR2CSA ectodomain was determined at an overall resolution of 3.6 Å (Fig. 1B, Fig. 

S3/S4). Intriguingly, a part of clear density connected to core region could be visualized in 

the cryo-EM map under low threshold and thus named as wing region (Fig. S3C/S4A). Due 

to the high flexibility of wing region (Fig.S3C), we cannot get high resolution map to build 

atomic model, so we focused on the core region for model building and structural analysis. 

We started model building using Phenix.map_to_model to generate an initial model with 

helixes fitting well in density36. Then we tried de novo model building using the published 

structure of DBL4ε (PDB ID: 4P1T) as a reference32, because the center of core region has 

higher resolution up to 3.1 Å, where the side chains are clearly tracible. As resolution 

decreases, structural model was built from the center to the periphery. In line with the 

proposed domain arrangement35, our structure showed that the core region covers NTS, 

DBL1X, DBL2X, ID2a, ID2b, DBL3X, ID3, and DBL4ε (Fig. 1B/1C). Meanwhile, DBL5ε 

and DBL6ε form wing region, which is too flexible to be clearly interpreted currently. As 

for the core region, DBL2X and DBL4ε stacking closely with ID2a, ID2b, and ID3 form 

the most stable core center, which serves as a base for anchoring DBL3X and DBL1X at 

top or bottom site, respectively (Fig. 1B).  

 

Cryo-EM structure of VAR2CSA ectodomain complex with CSA 

We next want to know how VAR2CSA ectodomain recognizes and binds to CSA from the 

structural perspective. Firstly, three potential VAR2CSA interacting glycoproteins 

(Podocalyxin-like protein 2 (PODXL2), Cluster of Differentiation 44 (CD44), and 

Decorin)12 recombinantly expressed in HEK 293 cells and CSA37 from bovine trachea 
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(bought from Sigma) were prepared to interact with VAR2CSA ectodomain. We incubated 

VAR2CSA ectodomain with the substrates above and evaluated the interaction using gel 

filtration column, individually. The results showed that only CSA can form a stable 

complex with VAR2CSA ectodomain (Fig. 2A). However, the affinity of those three 

glycoproteins expressed in vitro is generally low, so there are no obvious complex peaks 

detected in chromatography (Fig. S5).  

The purified VAR2CSA ectodomain complex with CSA (VAR2CSA-CSA) was used to 

prepare cryo-sample for screening and data collection via both 200kV and 300kV TEM. 

The structure of VAR2CSA-CSA was solved at an overall resolution of 3.4 Å (Fig. 2B/C, 

Fig. S6/S7). Compared with the apo structure, densities of the wing region have been 

significantly improved, which makes it feasible for the flexible fitting of both DBL5ε and 

DBL6ε. (Fig. 2B). As for the core region, the overall domain architecture is similar to that 

of apo structure. Briefly, DBL2X and DBL4ε along with ID2a, ID2b, and ID3 form the 

stable core center serving as a base for anchoring DBL3X and DBL1X at either site. Most 

importantly, a highly basic pocket formed by DBL2X, DBL1X, NTS, and DBL4ɛ has been 

identified to accommodate a dodecasaccharide with six sulfated disaccharide repeats from 

CSA, which could be well fitted into the density map (Fig. 2C, Fig. S8B). Intriguingly, 16 

residues were identified to be responsible for the direct interaction with 10 of 12 

monosaccharides except the 6th and 11th unit of CSA dodecasaccharide. Among them, there 

are 9, 4, or 3 residues derived from DBL2X, DBL4ɛ, or NTS, respectively. Moreover, the 

9 residues of DBL2X were shown to interact directly with 7 monosaccharide units (Fig. 

2D, Table S1). 
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Significant conformational change observed upon CSA binding 

When we compared the density maps of VAR2CSA ectodomain in the presence or absence 

of CSA using either 200 kV or 300 kV cryo-EM datasets, it was shown that there is a 

significant conformational change induced by CSA binding in the VAR2CSA core region, 

especially for the DBL1X domain (Fig. S9). Moreover, when we tried to build the model 

of VAR2CSA-CSA using our apo structure as a start reference, rigid body refinement did 

not work quite well. That also indicated that the conformational change might be induced 

upon CSA binding. Due to the high resolution and potential high stability in the core center, 

DBL4ɛ was used as immobilized reference for the structure alignment between 

VAR2CSA-CSA and VAR2CSA ectodomain (Fig. 3). Interestingly, conformational 

change in core areas has been further confirmed as following (Video 1). Firstly, there is 

1.8 Å outward bent for the key CSA binding helix of DBL2X in deep pocket to make 

enough space to accommodate the ligand (Fig. 3A). Meanwhile, the rest part of DBL2X 

move about 2 Å toward the pocket (Fig. 3B). Most significantly, the DBL1X moves closer 

to DBL4ɛ at more than 3.2 Å (range from 3.2 Å to 4.4 Å) for multi-helixes to facilitate 

NTS interacting with CSA and close the pocket as well (Fig. 3C). Additionally, DBL3X 

also has a big conformational change outward mostly due to high flexibility (Fig. 3D). 

 

DBL2X plays an essential role in binding CSA 

Although the CSA binding pocket has been clearly revealed in our complex structure, the 

identification of the minimal structural elements for CSA binding is of importance for 

rational design of PAM vaccine antigens and tumor targeted application as well. The 

structural analysis showed that compared with NTS or DBL4ɛ, DBL2X has the most 
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residues (9 aa) directly interacting with 7 out of 10 VAR2CSA-associated monosaccharides. 

Subsequently, we evaluated whether DBL2X plays an essential role for binding CSA. At a 

first glance, the individual structures of four DBL domains (DBL1X, DBL2X, DBL3X, 

and DBL4ɛ) are quite similar to each other, with the typical “3+2” helix bundle mode 

shared (Fig.4A). However, the sequence alignment of 6 individual DBL domains showed 

that the 9 key residues in DBL2X are rarely conserved, which indicates that DBL2X might 

be mainly responsible for CSA binding other than the rest DBL domains (Fig. 4B, Fig. 

S10). In addition, when we aligned the DBL2X sequences of VAR2CSA across various P. 

falciparum strains, those 9 residues are highly conserved, which also suggests a common 

CSA recognition mechanism dominated by DBL2X (Fig.4B, Fig. S11). Next, we generated 

two VAR2CSA truncations: VAR2CSA-50-962 (DBL1X and DBL2X) and VAR2CSA-

550-962 (DBL2X alone). Then the CSA binding activity of both truncations was evaluated 

using gel filtration chromatography. The results showed that similar with VAR2CSA 

ectodomain, both truncated proteins could form stable complex with CSA (Fig. 5A), which 

is in line with the previous report that DBL2X might be the minimal requirement for 

binding CSA38. 

 

9-site mutagenesis in DBL2X abolished the CSA binding capacity  

Since VAR2CSA ectodomain, VAR2CSA-50-962, and VAR2CSA550-962 all could form 

stable complex with CSA in gel filtration chromatography (Fig. 2A, Fig. 5A), VAR2CSA-

50-962 was selected as a representative for the following experiments. The mutation with 

9 key residues mutated to D or E (N557D, K561E, K562E, N576D, K828E, R829E, Q832E, 

K835E, R846E) was named as VAR2CSA-50-962-9-mutation. Then both the wild type 
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and mutant of VAR2CSA-50-962 in the presence or absence of CSA were subject to the 

analysis using gel filtration chromatography on a Superose 6 increase 10/300 GL column. 

The chromatogram comparison showed that in the absence of CSA, the retention volume 

of VAR2CSA-50-962-9-mutation is almost the same as that of the wild type. More 

importantly, in the presence of CSA, the retention volume of the mutant remained 

unchanged, however the retention volume of wild type VAR2CSA-50-962 was 

significantly shifted due to the formation of stable super-complex (Fig. 5B). Additionally, 

VAR2CSA ectodomain, VAR2CSA-50-962, and VAR2CSA-50-962-9-mutation were 

used to test their affinity to CSA by Octet RED 96. In accordance with the results of 

chromatography above, VAR2CSA ectodomain and VAR2CSA-50-962 exhibited strong 

affinity to CSA, while VAR2CSA-50-962-9-mutation showed totally no binding activity 

to CSA under test conditions (Fig. 5C). The results above indicated that the 9-site mutation 

abolished the CSA binding activity of VAR2CSA-50-962 in vitro. 

 

9-site mutagenesis in DBL2X disrupted cytoadherence to placental and tumor cells 

Next, whether the 9-site mutation could influence the binding activity of VAR2CSA to 

placental cells or tumor cells was further verified using confocal fluorescence microscopy, 

respectively. We firstly tested the binding activity of VAR2CSA ectodomain, VAR2CSA-

50-962, and VAR2CSA-50-962-9-site-mutation to JEG-3 cells as a representative of 

placental cells. Briefly, 500 nM individual protein was incubated with JEG-3 cells pre-

seeded on a slide sufficiently. The slides were then washed by three times and unbound 

proteins were thus removed thoroughly. The fluorescence labeled anti-His monoclonal 

antibody was supplemented to stain the recombinant proteins above, while DAPI was 
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applied to stain the cell nuclei. Then, the slides were subjected to analysis using Olympus 

FV1200 Laser scanning confocal microscope to test the binding activities of VAR2CSA 

fragments and mutant to JEG-3 cells. Interestingly, it was shown that compared with mock 

(No proteins added), VAR2CSA-50-962 and VAR2CSA ectodomain all could specifically 

bind to JEG-3 cells (Fig. 6A). Moreover, no obvious difference of the binding affinity was 

observed among these two proteins. Strikingly, the cell binding activity of VAR2CSA-50-

962-9-site-mutation was mostly abolished (Fig. 6A). Meanwhile, HepG2 as a 

representative of tumor cells has also been used to test the cytoadherence of VAR2CSA 

fragments above via confocal fluorescence microscopy. Roughly, HepG2 cell samples for 

confocal fluorescence microscopy were prepared following the same procedures as 

described above for JEG-3 cells. The results showed that both VAR2CSA-50-962 and 

VAR2CSA ectodomain have strong cytoadherence to HepG2 cells (Fig. 6B). However, 

VAR2CSA-50-962-9-site-mutation is almost lack of the ability of cytoadherence to HepG2 

cells (Fig. 6B). That is fully in line with the biochemistry results above. 

Taken together, the 9-site mutation in DBL2 can abolish the binding activity of VAR2CSA 

to either placental cells or tumor cells under test conditions.  

 

Work model clarifying the mechanism of cytoadherence to placenta or tumor cells 

through VAR2CSA 

Based on the above information acquired from structure, site mutagenesis, gel filtration 

chromatography, and confocal fluorescence microscopy, we made a cartoon model to 

simply clarify the functional mechanism of VAR2CSA. In terms of CSA binding, 

VAR2CSA designed as a cannibal plant recognizes and binds to CSA drawn as tiny zombie 
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through a giant mouth formed by DBL2X, DBL1X, NTS, and DBL4ɛ. Upon zombie 

entering, the big jaw standing for DBL1X will close to tightly catch the quarry (Fig. 7A). 

In the cell environment, distinguished from specific CSA modification, other 

glycosylations were drawn as sunflowers. Meanwhile tumor cells, placental cells, and other 

cells were shown as balloons in salmon, pale yellow, and pale green, respectively. 

According to the same mechanism proposed above, the cartoon further shows VAR2CSA 

characteristically recognizing and binding either tumor cells or placental cells instead of 

other normal cells (Fig. 7B).  

 

Discussion 

VAR2CSA acts as one of the most important factors in the pathogenesis of PAM5,6. 

Determination of the architecture of VAR2CSA is essential to understand how it functions. 

Sequence analysis showed that 6 DBL domains sharing high conservation constitute the 

skeleton of VAR2CSA. Although a few crystal structures of DBL domains have been 

solved29-34, there is little knowledge about the detailed architecture and the functional 

mechanism of VAR2CSA, except one proposed model35. In our opinion, the most 

challenging part is that it is hard to obtain functional VAR2CSA with high yield and quality 

due to the large size and complexity. Even though, a couple of groups reported that 

VAR2CSA ectodomain wild type or mutant with potential N-glycosylation sites 

substituted with alanine have been expressed in either mammalian or insect cells13-15. In 

this study, we modified the expression and purification strategy to gain VAR2CSA 

ectodomain with high yield (up to 3 mg/L) and quality, which significantly speeds up the 

structural and functional study. In the long run, it also facilitates the large-scale preparation 
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of VAR2CSA ectodomain as effective antigen candidates with higher immunogenicity 

compared with shorter fragmented antigens previously reported14,15. 

Most importantly, significant conformational change in VAR2CSA upon CSA binding has 

been firstly described in this study. We compared the structures of both VAR2CSA 

ectodomain and VAR2CSA-CSA through overlaying the most stable DBL4ε domain. The 

result showed that CSA binding pushes the interacting motif of DBL2X outward in the 

deeper binding pocket by 1.8 Å to get more space for accommodation. Meanwhile, the 

surficial part of DBL2X moves inward around 2.0 Å to slightly shrink the pocket. Most 

strikingly, DBL1X moves closer to DBL4ε by more than 3.2 Å to close the binding pocket 

and assist NTS to interact with CSA. The conformational change above is mostly in line 

with the so-called “induced-fit model”39, commonly accepted for certain enzymes binding 

ligands. It may also help to interpret the sequestration of infected IEs through this special 

tight binding mechanism. 

Intriguingly, all key interacting residues within 3.5 Å relative to CSA were divided into 3 

groups according to their domain affiliation, among which DBL2X with 9 key residues 

accounts for the most contribution to CSA binding. The 9 key residues in DBL2X are less 

conserved between 6 DBL domains but highly conserved across different P.falciparum 

strains. In agreement with previous reports38,40,41, VAR2CSA truncations (50-962 and 550-

962) containing DBL2X were shown to form stable complexes with CSA, similar as  

VAR2CSA ectodomain. However, 9-site mutation in VAR2CSA-50-962 abolished the 

formation of stable complex with CSA compared with wild type. Most improtantly,  the 

confocal fluorescence microscopy further showed that VAR2CSA ectodomain, 

VAR2CSA-50-962 can specifically bind not only to JEG-3 cells as a representative of 
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placental cells but also to HepG2 cells as a representative of tumor cells with comparable 

affinity, however, 9-site mutation in VAR2CSA-50-962 abolished its binding activity to 

both cells. Altogether, our biochemistry and cell biology experiments showed for the first 

time that 9 key residues in DBL2X mainly account for the CSA binding and the 

seqestration of both placental cells and tumor cells.  

Specific glycosylation in proteoglycans is the decisive factor recognized by VAR2CSA. 

As reported previously, CSA from placental or tumor cells is optimal for binding 

VAR2CSA12. We measured the interaction between VAR2CSA ectodomain and a few 

potentially interacting glycoproteins (i.e., PODXL2, CD44, and Decorin) recombinantly 

expressed in HEK293 expression system or CSA commercially available from Sigma37, 

respectively. The results showed that only CSA can interact with VAR2CSA ectodomain 

to form a stable complex, however, the affinity of the glycoproteins expressed in vitro is 

generally low. That indicated the glycosylated modification type of proteoglycans plays a 

decisive role in its ability to interact with VAR2CSA. Meanwhile it suggests that tissue-

specific glycosylation-related enzymes might be responsible for CSA synthesis in either 

placental cells or tumor cells.  

Interestingly, there are more than 100 cysteines capable of forming inter or intra molecular 

disulfate bonds in the VAR2CSA ectodomain, which could stabilize individual proteins, 

or maintain the complexity in vivo under various reduced or oxidized environments. Our 

result showed that the recombinant VAR2CSA ectodomain behaves mainly as a monomer, 

however a portion of homodimer has also been detected and further confirmed using Grafix. 

Most intriguingly, the homodimer of VAR2CSA ectodomain looks like a butterfly in 2D 

classification and low-resolution model. However, the monomer seems like a revolver with 
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a solid center and two flexible ends as reported35. Model comparation showed that two 

subunits in homodimer are conformationally different from each other, furthermore only 

one of them adopts similar conformation as the monomer. Unfortunately, we could not 

solve the high resolution cryo-EM structure of homodimer for deeper analysis mostly due 

to the high flexibility of one subunit relative to the other one. Even though it has been 

proposed that dimerization is conserved in DBL domain receptor engagement for another 

DBL domain protein (RII-PvDBP) in Plasmodium vivax42. Whether the homodimer of 

VAR2CSA is physiologically relevant or just artificial due to overexpression needs to be 

further addressed.  

Although the map density of the wing region can be clearly visualized in both our apo and 

complex structures, the low resolution and poor map quality due to the high flexibility 

make it hard to be interpreted. Compared with the map of the wing region in VAR2CSA 

ectodomain, the counterpart of the complex has been significantly improved, which makes 

it feasible for the flexible fitting of both DBL5ε and DBL6ε. According to our current 

biochemistry and cell biology experiments, there is no clear relevance observed between 

the wing region and the recognition of CSA by VAR2CSA at this stage. The 

conformational diversity adopted by the wing region could be speculated based on the 3D 

classification, which has shown multiple orientations relative to the core region (Fig. S3). 

However, the high flexibility of the wing region derived from the truncated VAR2CSA 

might be an artifact, because in terms of the full length VAR2CSA in vivo, DBL5ε and 

DBL6ε are physically connected to the transmembrane domain, which might restrict their 

movement to reduce their flexibility.  
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Over the past two decades since VAR2CSA was identified as a key virulent factor in PAM, 

the functional mechanism of VAR2CSA remains elusive due to its huge size and 

complexity until this year. Recently, two related works have been published in Nature 

Microbiology (NM) and Nature Communication (NC). Briefly, the cryo-EM structures of 

VAR2CSA ectodomain from P. falciparum strain FCR3 and VAR2CSA-CSA from P. 

falciparum strain NF54 were reported with CSA observed in NM paper. Meanwhile, the 

cryo-EM structures of VAR2CSA ectodomain from P. falciparum strain FCR3 and its 

complex with placental chondroitin sulfate were reported with no obvious ligand density 

in NC paper. Uniquely, our structural study showed that CSA binding induced significant 

conformational change to secure the ligand binding as described above, which was not 

reported in both papers. As for NM paper, one possible explanation is that they might catch 

a different conformation of the complex from ours. Another possibility is that VAR2CSA 

proteins in apo structure and complex structure are from two different P. falciparum strains 

with a sequence identity of 79%. As for NC paper, FCR3 VAR2CSA used share a sequence 

identity of 79% with 3D7 VAR2CSA used in our study, while no ligand density was 

reported in their complex structure. Most impressively, our work provided solid biological 

proofs to verify that 9 key residues in DBL2X were mainly responsible for CSA binding 

and cytoadherence. 

In summary, the architecture and detailed molecular mechanism of cytoadherence to 

placenta or tumor cells through VAR2CSA were revealed using multi-disciplinary methods， 

which may facilitate PAM vaccine design and improve the delivery systems targeting both 

placenta and tumors.     
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Methods 

VAR2CSA fragments expression and purification 

VAR2CSA ectodomain coding sequence (residues 1-2630 from P.falciparum 3D7, 

GenBank ID: 811060) was synthesized with optimized codons for mammalian cell, and 

inserted into gp67-438-B vector with a N-terminal 6xHis Tag to prepare the bacmid and 

following recombinant baculovirus. The gp67-438-B modified from 438-B (Addgene) was 

used to express recombinant secretory proteins. 

Sf9 cells were cultured in serum-free medium (SF900 II, Thermo Fisher) at 27°C with a 

speed of 130 rpm in a shaker (Yonglian). One liter of Sf9 cells (2 × 106/mL confluence) 

was infected with 5 mL P3 baculoviral stock obtained following the manufacturer’s 

instructions (Invitrogen). The medium containing secreted protein was collected on the 4th 

day (about 72-hour post-infection) and centrifuged for 20 min at 6,700 g to remove cell 

pellets. The supernatant was precipitated by saturated ammonium sulfate. And the 

precipitate was acquired by centrifugation for 40 min at 12,000 g, and resuspended in 

buffer A (20mM MES, pH6.5). The sample was mixed with pre-equilibrated Ni-NTA 

Agarose beads (GE Healthcare) at a ratio of 2 mL beads per liter medium and stirred for 2 

hours at 4°C. The slurry was loaded onto a 15-mL gravity column (Bio-Rad) and washed 

with wash buffer (20 mM MES pH 6.5, 500 mM NaCl, and 5% v/v glycerol) for ~30 

column volumes. The beads were further washed using wash buffer supplemented with 10 

mM imidazole until no trace of protein was detected in the flowthrough. VAR2CSA was 

eluted by wash buffer supplemented with 200 mM imidazole. It was then concentrated 

(Amicon Ultra-15 30,000 MWCO, Millipore) to ~500 μL and loaded onto a Superose6 

increase 10/300 GL (GE Healthcare) equilibrated with buffer B (20 mM MES pH 6.5, 250 
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mM NaCl). The peak fractions containing final pure protein were collected, pooled, and 

concentrated to 3 mg/mL for the following experiments. 

VAR2CSA-50-962 and VAR2CSA-550-962 were amplified and subcloned into the 

pET20b vector between NdeI and XhoI restriction sites with a C-terminal 6xHis tag. 

VAR2CSA-50-962-9-site-mutation was generated via the substitution of the synthesized 

fragment with 9 key residues mutated (N557D, K561E, K562E, N576D, K828E, R829E, 

Q832E, K835E, R846E). The above proteins	were expressed in Rosetta-gamiB (DE3) of E. 

coli. (WEIDI Biotechnology). Briefly, when the recombinant bacteria grow to the OD 

value around 0.6 at 37℃, the temperature was lowered to 16℃ for about half an hour. 

IPTG was then added to the culture at a final concentration of 0.2 mM. Cells were collected 

after 20-hour incubation. Cell pellet were resuspended in wash buffer and lysed using 

Emulsiflex homogeniser (YongLian). The proteins were purified by sequential 

chromatography using Ni-NTA affinity, HiTrap S, gel filtration columns (GE Healthcare). 

According to the separation efficiency, Superose6 increase 10/300 GL was used for 

VAR2CSA-50-962 and VAR2CSA-50-962-9-site-mutation, and Superdex 75 10/300 GL 

for VAR2CSA-550-962. 

CSA extracted from bovine trachea (Sigma, C9819) was used as the ligand for VAR2CSA. 

Various VAR2CSA proteins were incubated with CSA solution (10 mg/mL) overnight on 

ice and further separated by Superose6 increase 10/300 GL. The complex fractions were 

collected, pooled and concentrated to 3 mg/mL for the following experiments. 
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Cryo-samples preparation of VAR2CSA ectodomain 

The VAR2CSA ectodomain was cross-linked and purified using Grafix43. Briefly, the 

glycerol gradient was prepared using light buffer (20 mM MES pH 6.5, 250 mM NaCl，

15% (v/v) glycerol) and heavy buffer (20 mM MES pH 6.5, 250 mM NaCl, 0.05% 

glutaraldehyde，35% (v/v) glycerol). The samples were centrifuged at 38,000 rpm for 16 

hours at 4°C using a Beckman SW41 Ti rotor. Subsequently, 200 µL per fraction were 

harvested and the cross-linking reaction was terminated by adding quench buffer (1 M Tris 

pH 6.5, 250 mM NaCl) to a final concentration of 40 mM Tris. Fractions containing cross-

linked VAR2CSA monomer were pooled, concentrated, and dialyzed in buffer B. The 

cross-linked VAR2CSA monomer about 0.4 mg/mL was applied to the preparation of cryo-

EM grids.  

For negative staining EM analysis, carbon-coated copper grids were processed using a 

PELCO easiGlow (TED PELLA) cleaning system with a power of 30 W and a plasma 

current of 30 mA in the air for 30 s. Subsequently, samples (8 µL at a concentration of 

~0.02 mg/mL) were applied onto the grids above and stained twice using 2% (w/v) uranyl 

acetate solution at room temperature for the following examination via 200kV TEM (TF20, 

FEI). 

As for the preparation of cryo-EM grids, Amorphous Alloy Film Au300 R1.2/1.3 grids 

(CryoMatrix) were processed in the H2/O2 mixture for 30 s using a Gatan 950 Solarus 

plasma cleaning system with a power of 5 W. Then cross-linked VAR2CSA ectodomain 

(3 μL at a concentration of ~0.4 mg/mL) was applied to the grids for instant incubation 

under a relative humidity of 100% at 4 °C. Next, the grids were blotted for 2 s with a blot 

force of 1 in a Vitrobot Mark IV (Thermo Fisher) and plunge-frozen in liquid ethane. 
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Similarly, VAR2CSA-CSA (3 μL at a concentration of ~0.5 mg/mL) was blotted for 3 s 

with a blot force of -2 and plunge-frozen in liquid ethane.  

 

Cryo-EM data collection and Image processing 

The cryo-EM grids of cross-linked VAR2CSA ectodomain and VAR2CSA-CSA were 

firstly evaluated using a 200kV Talos Arctica microscope (Thermo Fisher). Cryo-EM 

datasets were collected on 300 kV Titan Krios microscope (Thermo Fisher) equipped with 

a Gatan K2 Summit direct electron detector and a 20-eV slit GIF Quantum energy filter 

(Gatan). The cryo-EM images were automatically recorded in the super-resolution 

counting mode using Serial-EM44 software with a nominal magnification of 130,000 x (a 

super-resolution pixel size of 0.522 Å), and with a defocus ranging from -1.2 to -2.2 μm. 

Each micrograph stack was dose-fractionated into 36 frames with a total electron dose of 

~ 57.6 e-/ Å2 and a total exposure time of 7.2 s. Drift and beam-induced motion of the 

super-resolution movie stacks were corrected using MotionCor245 and binned twofold to a 

calibrated pixel size of 1.044 Å/pix, with both the dose weighted and non-dose weighted 

micrographs saved at the same time.  The defocus values were estimated by Gctf46 using 

the non-dose weighted micrographs. Other procedures of cryo-EM data processing were 

performed using RELION v3.047. 

A total of 1,965 movies were recorded for the cross-linked VAR2CSA ectodomain. Among 

them, 1,800 micrographs were selected for further processing due to appropriate range of 

rlnDefocusU (5000-30000) and rlnCtfMaxResolution (2-6). Selected 2D class averages 

from 200kV cryo-EM data were low-pass filtered to 20 Å and used as templates for auto-

picking. Then an initial set of 984,517 particles were extracted for 2D classification. After 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted July 8, 2021. ; https://doi.org/10.1101/2021.07.06.451098doi: bioRxiv preprint 

https://doi.org/10.1101/2021.07.06.451098


several rounds of 2D classification, the relatively good classes with 960,039 particles were 

selected for three-dimensional reconstruction. Initially, one major class (~62% particles) 

was separated after 3D classification. To further improve the resolution, a second round of 

3D classification with mask was carried out with 304,160 particles selected for 3D auto-

refinement and postprocessing (the B-factor automatically estimated). The final resolution 

was evaluated according the gold-standard Fourier shell correlation (threshold = 0.143)48. 

Although the overall resolution is up to 3.6 Å, the density of the wing region (DBL5ε and 

DBL6ε) is quite weak due to high flexibility. The local refinement strategy for focused 

classification and refinement was carried out for the whole structure divided into two half 

parts. Consequently, the resolution of the core region could be improved to 3.1 Å by 

merging two local-refined maps. However, the map quality of the wing region remained 

unimproved, which made it hardly interpreted by de novo model building. The local 

resolution was evaluated by ResMap49.  

For VAR2CSA-CSA, 3,058 out of 3,356 micrographs were selected for further processing 

using similar procedures as above. Briefly, 1,163,625 auto-picked particles were extracted 

for 2D classification. After several rounds of 2D and 3D classification, 241,954 particles 

were selected for 3D auto-refinement and postprocessing. The final map was reconstructed 

at a resolution of 3.4 Å. Compared with apo structure, the density of the wing region has 

been significantly improved, which makes it feasible for the flexible fitting of both DBL5ε 

and DBL6ε. The resolution of the core region could be improved to 3.1 Å by merging local-

refined maps.  
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Model building and refinement 

The density map of VAR2CSA ectodomain was firstly interpreted using 

Phenix.map_to_model50 to generate the initial model with the most helixes, which has been 

further improved by manual model building using COOT51. The structure of VAR2CSA-

CSA was determined using the apo structure as a reference and manual model building in 

COOT with various refinement strategies. The structures have been further validated by 

validation module in Phenix (Table S2). All structural figures were prepared using UCSF 

Chimera52, UCSF ChimeraX53 or PyMOL54. 

 

Evaluation of protein-protein interaction by Octet RED 96   

CSA were biotinylated and loaded onto SA sensor (Pall corporation). VAR2CSA 

fragments and mutant were then added for real-time association and dissociation analysis 

using Octet RED 96 (Fortebio) at room temperature. Data Analysis Octet was used for data 

processing. 

 

Confocal fluorescence microscopy 

Cells were pre-seeded on a slide, washed with PBS and fixed using 4% PFA/PBS on ice. 

After fixation, cells were blocked in 2.5% FBS for 30 min on ice and incubated with 

recombinant VAR2CSA proteins diluted in PBS with 0.25% FBS for 1 hour on ice. After 

washing with PBS by three times, the specimens were incubated with anti-His-FITC 

antibody (1:500) for 1 hour at room temperature in the dark and washed as described before. 

DAPI was applied to stain and locate the cell nuclei. Slides were further analyzed using a 
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confocal microscope. Negative controls (Mock) were prepared with the same procedures 

except the incubation of recombinant VAR2CSA fragments.  
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Figures 
 

 
Fig.1 Overall structure of apo VAR2CSA ectodomain. A, Schematic sequence 

architecture of VAR2CSA of Plasmodium falciparum 3D7 strain. Domains reconstructed 

according to the cryo-EM density map are colored respectively. NTS, orange; DBL1X, 

aquamarine; DBL2X, pale green; ID2a, violet; ID2b, salmon; DBL3X, wheat; DBL4ɛ, 

light blue; ID3, pale yellow; DBL5ɛ, green; DBL6ɛ, red; ID1; grey. Color codes are used 

throughout this paper unless otherwise noted. B, The ribbon diagram of apo VAR2CSA 

ectodomain core region shown in two different views; The core center highlighted using 

red dashed oval. C, The topology of apo VAR2CSA ectodomain core region. α-Helixes 

shown as cylinders; β-strands shown as arrows. 
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Fig.2 Overall structure of VAR2CSA ectodomain complex with CSA. A, The 

comparison of gel filtration chromatography between apo VAR2CSA ectodomain and its 

complex with CSA (VAR2CSA-CSA) on a Superose 6 increase 10/300 GL column. B, 

Density map of VAR2CSA-CSA with final structure model represented by ribbon 

diagram. C, The ribbon diagram (Left) and surface electrostatic potential map (Right) of 

VAR2CSA-CSA core region. CSA drawn as sticks. D, Interactions between CSA and 

VAR2CSA were shown in the binding pocket. Interacting residues from NTS, DBL2X, 

and DBL4ɛ were highlighted individually. 
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Fig.3 Structural Comparison between VAR2CSA-CSA with apo VAR2CSA 

ectodomain by aligning DBL4ɛ domains. A, The helix associated with CSA in DBL2X 

domain exhibited an 1.8 Å bent outward at the binding site while the distal end remained 

fixed. B, The surficial helixes in DBL2X move about 2 Å toward the CSA binding 

pocket. C, The DBL1X domain went through a significant conformational change at a 

distance of more than 3.2 Å to close the CSA binding pocket. D, Conformational change 

was shown in DBL3X domain. 

 

  

4.4 Å 

3.6 Å 

3.5 Å 

3.2 Å 

3.6 Å 

A 

B 

D 

DBL3X 

DBL1X 

1.8 Å 
fixed end 

DBL2X 

C 

50° 

10° 

2.3 Å 

2.7 Å 

2.2 Å 

DBL2X 



 

Fig.4 The key residues in DBL2 are responsible for CSA binding in vitro. A, The 

overall structures of four individual DBL domains of the core region were shown. The 

nine CSA binding residues in DBL2X were highlighted. B, Sequence alignment of the 

DBL2X domain with the rest VAR2CSA DBL domains (Up) or with those DBL2X 

domains from different P. falciparum species (Down) as well. The nine CSA binding 

residues in DBL2X were indicated by magenta lines.   
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Fig. 5 The mutation of the 9 key residues in DBL2X can abolish the CSA binding 

activity of VAR2CSA in vitro.  A, Gel filtration chromatography comparison of 

VAR2CSA-50-962 (including DBL1X and DBL2X, left) and VAR2CSA-550-962 

(DBL2X, right) in the presence or absence of CSA. Left, Superose 6 Increase 10/300 GL 

column; Right, Superdex75 10/300 GL column. B, Gel filtration chromatography of 

VAR2CSA-50-962 and VAR2CSA-50-962-9-site-mutation (N557D, K561E, K562E, 

N576D, K828E, R829E, Q832E, K835E, R846E) in the presence or absence of CSA on a 

Superose 6 increase 10/300 GL column. C, The binding kinetics of VAR2CSA 

ectodomain, VAR2CSA-50-962, and VAR2CSA-50-962-9-site-mutation were further 

assessed by BLI assays, and equilibrium constant (KD) values were calculated 

accordingly. 

 

  



Fig. 6 The mutation of the 9 key residues in DBL2X can disrupt VAR2CSA binding 

to placental or tumor cells. The binding activities of VAR2CSA-50-962, VAR2CSA 

ectodomain, and VAR2CSA-50-962-9-site-mutation to JEG-3 cells (A) or HepG2 cells 

(B) were tested by immunofluorescence assay using confocal fluorescence microscopy, 

respectively. Green (stained with Anti-His-FITC antibody) indicates VAR2CSA proteins; 

blue (DAPI) represents cell nuclei. 
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Fig.7 Model of VAR2CSA recognizing both Placental cells and Tumor cells. A, The 

cartoon simply exhibits the mechanism of VAR2CSA capturing CSA ligand and reveals 

the conformational change upon CSA binding. B, The cartoon further shows the 

mechanisms of VAR2CSA characteristically recognizing either placental cells or tumor 

cells instead of other normal cells by recognizing the specific CSA displayed on the cell 

surface. VAR2CSA were designed as cannibal plants, with two states corresponding to 

CSA binding or not, respectively. CSA modification were drawn as cute zombies; other 

glycol-modifications as sunflowers. Cells were shown as balloons, indicated in different 

colors. Tumor cells, salmon; Placental cells, yellow; Other normal cells, light green. 
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