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Highlights
e Plasmodium falciparum VARZCSA adheres to CSA on placenta causing placental
malaria
e Three-dimensional structure of CSA-VAR2CSA complex revealed 23 CSA binding
residues
e Analysis of VAR2CSA global field isolates shows polymorphisms in binding regions
e Structural mapping of mutations suggests major alterations in CSA binding surfaces

e The variants highlight concerns for vaccine development based-on VAR2CSA

Abstract

Placental malaria is a public health burden particularly in Africa as it causes severe symptoms
and results in stillbirths or maternal deaths. Plasmodium falciparum protein VAR2CSA
drives placental malaria (PM) in pregnant women by adhering to chondroitin sulfate A (CSA)

on the placenta. VAR2CSA is a primary vaccine candidate for PM with two vaccines based
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on it already under clinical trials. The first cryo-EM three-dimensional structure of Pf CSA-
VAR2CSA complex revealed crucial interacting residues considered to be highly conserved
across P. falciparum strains. In the current study, we have conducted a global sequence
analysis of 1,114 VAR2CSA field isolate sequences from more than nine countries across
three continents revealing numerous mutations in CSA-binding residues. Further, structural
mapping has revealed significant polymorphisms in the ligand binding surfaces. The variants
from this limited set of 1,114 sequences highlight the concerns that are vital in current

considerations for development of vaccines based-on VAR2CSA for placental malaria.

Keywords: Placental malaria; VAR2CSA; Placental malaria vaccine; field isolates, sequence

analysis, structural mapping

Placental malaria affects susceptible pregnant women and is a major health problem
especially in sub-Saharan Africa (World Health Organization, 2019). Among all Plasmodium
spp., Plasmodium falciparum possesses the exceptional ability to sequester in the placenta of
pregnant women wherein infected red blood cells bind to the syncytiotrophoblast (cells that
line the maternal blood spaces of the placenta) causing maternal anaemia, stillbirth or low
birth weight in offspring (Desai et al., 2007, Steketee et al., 2001). The parasite protein
VAR2CSA, a member of PFEMP1 family (erythrocyte membrane protein 1) mediates this
sequestration process by adhering to chondroitin sulfate A (CSA), a glycosaminoglycan

which is heavily expressed on syncytiotrophoblasts (Duffy & Fried 2003, Clausen et al.,



Journal Pre-proof

2012). As women acquire immunity against placental malaria in subsequent pregnancies,
VAR2CSA is a primary candidate for a vaccine for placental malaria (Duffy & Fried 2003,
Gamain et al., 2021). Structurally, VAR2CSA ectodomain is comprised of an N-terminal
sequence (NTD), six Duffy-binding-like (DBL) domains and variable interdomain (ID)
regions (Fig 1a-b) (Ma et al., 2021). Two vaccines derived from VAR2CSA - PRIMVAC and
PAMVAC that span the CSA-binding regions (DBL1X, ID1, DBL2X, 1D2a) are presently in
phase /11 clinical trials and their safety and immunogenicity has been reported (Gamain et al
2021). PRIMVAC, based on 3D7 strain, spans DBL1X, ID1 and DBL2X and PAMVAC,
based on FCR3 spans ID1, DBL2X and ID2a — making ID1 and DBL2X as the shared region

between them (Gamain et al., 2021).

The first cryo-EM structure of Pf VAR2CSA from N54 strain in complex with CSA has
revealed 22 residues that are involved in the receptor-ligand interactions (PDB ID 7JGH) (Ma
et al., 2021). Interestingly, these residues span across NTS, DBL2X and DBL4e domains, and
maximum interactions of CSA were observed with DBL2X (13 of 23), followed by DBL4¢
(7) and NTS (3). In earlier studies DBL2X, DBL3X and ID1 and ID2 have been considered
the major interacting domains (Clausen et al., 2012; Gamain et al., 2021) and also, DBL4¢
domain is not considered in the current VAR2CSA-based vaccines (Gamain et al., 2021).
Sequence comparison of 14 P. falciparum strains of VAR2CSA (including NF54) suggested
that CSA-binding residues spanning the binding region are highly conserved (Ma et al.,

2021).

This work expands on the sequence analysis from 14 strains to 1,114 field isolates and
reveals that the inherent sequence variations in CSA binding residues of VAR2CSA may be

significant. Field isolates collected worldwide from pregnant woman and placental samples
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are a valuable resource to further elucidate and validate the conservation of CSA-binding
residues. We searched the National Centre for Biotechnology Information (NCBI;
www.ncbi.nlm.nih.gov/protein) using the keyword ‘VAR2CSA’ and this resulted in 2,255
VAR2CSA sequences of field isolates from studies conducted worldwide in the past. The
final dataset consists of 1,114 DBL2X partial sequences with or without NTS domain
containing at least one or more CSA interacting residues, from independent studies conducted
in more than nine countries across three continents in the past two decades (Doritchamou et
al., 2015, Rajwani et al., 2017, Verity et al., 2018, Salanti et al., 2003, Patel et al., 2017,
Doritchamou et al, 2019; Bockhorst et al., 2007, Rovira-Vallbona et al., 2013, Sander et al.,
2009, Fried et al., 2018, Huynh et al., 2011, Madanitsa et al., 2011, Magistrado et al., Tuikue
et al., 2008). The blood samples were collected from pregnant women and placental isolates
during delivery and from children up to 5 years of age. It is noticeable that no sequences were
available for DBLA4e; also, both the current VAR2CSA-based vaccines under development do
not include DBL4e (Gamain et al., 2021). An earlier study had analysed data of field isolate
gene sequences from Malaria. Genomic Epidemiology Network (MalariaGEN,;
www.malariagen.net) and displayed sequences clusters into clades, with differing
representation of populations and geographical regions (Benavente et al., 2018). The
objective of the present study is to focus on understanding the CSA-binding potential of

VAR2CSA with respect to amino acid mutations that are found in field isolates.

Sequence analysis of CSA-binding residues [16 residues across NTS and DBL2X confirmed
by PISA (www.ebi.ac.uk/pdbe/pisa/), PLIP (www.plip-tool.biotec.tu-dresden.de/plip-
web/plip/index) and PDBsum (http://www.ebi.ac.uk/pdbsum/)] was done using Clustal
Omega (www.ebi.ac.uk/Tools/msa/clustalo/) and structural analysis was depicted using

Pymol (www.pymol.org). Sequence analysis results clearly show that 4 residues (K48, N557,
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K835 and K561) out of these 16 undergo variation in both field isolate(s) and parasite strains
(NF54, FCR3, 7G8, HB3, CDO01, Dd2, GA01, GB4, KEO1, KH01, MLO01, SNO1, TGO01 and
GNO1) (Ma et al., 2021) (Fig 1-3) Additionally, 7 out of 16 residues exhibit unique variation
exclusively in field isolate(s) (Fig. 1-3). Furthermore, structural mapping of these mutations
revealed that four crucial DBL2X residues and their mutations which are seen only in field
isolates (R846Q, K828M, K562Q, Q832K) can significantly alter interaction with CSA by
disrupting H-bonds and salt bridges (Fig. 2a-d) as well as by changing the electrostatic
surfaces of the binding site (Fig. 2e). Thus these four mutations (Fig. 2a-e) may potentially
effect the binding affinity. The binding site is further altered by other mutations present
either both in the above 14 strains and field isolate(s) — K48D, N5571/K/Y, K835M, K561G
(Fig 1-3) or a different mutation in field isolate(s) — Y44S, A822P (Fig la, 3). Further, with
reference to Benavente et al 2018, variant analysis of data from MalariaGEN Pf3k project
(www.malariagen.net/parasite/pf3k) and MalariaGEN Plasmodium falciparum Community
Project (www.malariagen.net/apps/pi/4.0/) revealed two mutations in DBL4¢ - H1782R/N in
the East Africa region. Since H1782 makes a h-bond with CSA, the mutation of H-to-N has

the potential also to affect binding affinity.

Geographical distribution of mutations shows that at least two or more of these NTS and
DBL2X mutations are prominent in three continents including eight in Africa (Benin, Congo,
Ghana, Malawi, Mali, Mozambique, Senegal and Tanzania) (Doritchamou et al., 2015, Verity
et al., 2018, Salanti et al., 2003, Patel et al., 2017, Doritchamou et al., 2019, Rovira-Vallbona
et al., 2013, Sander et al., 2009, Fried et al., 2018, Huynh et al., 2011, Madanitsa et al., 2011,
Magistrado et al., Tuikue et al., 2008), northern tip of South America (Colombia) (Rajwani et
al., 2017) and from undisclosed Asian location (from South Asia) (Bockhorst et al., 2007)

(Fig 3a-b). Concurrent presence of at least two or more of these mutations in a single field



Journal Pre-proof

isolate(s) suggests a wider disruption of the CSA-binding site. High frequency variation,
defined as a mutation seen overall in more than 5% of the total field isolates in the dataset,
was observed in 9 out of total 11 mutations within NTS and DBL 2X CSA-binding residues
in field isolate(s)._In addition, a higher rate of mutation was observed in interacting residues
NTS Y44, K48 and DBL2X N557, K828, K835, R846 and K561 (Fig. 3a-b). Mutations in
K828, Q832 and R846 were observed exclusively in Benin, a malaria endemic country with
high mortality in children under 5 years of age (WHO, 2018); while K562Q mutation was
observed in Senegal and Tanzania (Sander et al., 2009, Tuikue et al., 2008, Magistrado et al.,
2008). It is interesting to note that three out of four important mutations co-exist in field
isolate(s) from Benin reaffirming that the CSA-binding site may be significantly altered (Fig

2a-e) (Doritchamou et al., 2015).

VAR2CSA DBL2X contains five cysteine disulphide bonds which are highly conserved in Pf
strains and play an important structural role (Higgins 2008, Singh et al., 2006, Chitnis and
Sharma 2008, Gill et al., 2009, Yogavel et al., 2018). Further analysis of field isolate(s)
showed variation in C643, C745 and C769 (Fig 4), thus 2 out of 5 disulphides — C643-C745
and C769-C901 are not conserved exclusively in field isolate(s) (Fig. 4). Interestingly, C745S
was a common mutation from the seven locations in six studies (Benin, Congo, Malawi and
Benin, Mozambique, Senegal and Tanzania) where mutations in cysteines were identified
(Fig. 4). Benin and Mozambique showed mutation in at least 2 cysteines (C745 and
C643/C769) thus altering both 2 disulphides — C643-C745 and C769-C901. Further, in
reference to the Benavente et al 2018, variant data analysed from MalariaGEN Plasmodium
falciparum Community Project (www.malariagen.net/apps/pf/4.0/) revealed mutations in
cysteines in DBL4e - C1902Y, C1670R, C1614Y/R — which can alter three disulfides

(C1891-C1902, C1670-C1777 and C1558). Variability in disulphides in DBL2X and DBL4¢
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core structure suggests a possibility of conformational flexibility which could then have
implications on the full-length structure. It is reasoned that “major conformational change is
not prerogative for CSA-binding” as overall structural similarity has been shown between at
least two strains - NF54 and FCR3 (Ma et al., 2021). However, given the mutations in
structure-stabilizing cysteine residues, conformational changes may indeed be at play in some
variants. Earlier studies have shown that DBL1X to ID2a is sufficient for binding to CSA,
although full-length VAR2CSA (ectodomain) binds to CSA with higher affinity (Clausen et
al., 2012, Srivastava et al., 2010). The current vaccine candidates for placental malaria are
based on 3D7 and FCR3 strains. The FCR3 strain has shown to have structural similarity with
NF54 strain which is isogenic with 3D7 (Ma et al., 2021, Gamain et al., 2021). However,
inherent sequence polymorphisms in VAR2CSA raise concern in regards to selecting any one

strain as a vaccine candidate.

Conclusions

We have conducted the global sequence analysis of VAR2CSA based on 1,114 field isolates
from more than nine countries across three continents. Although Benavente et al 2018,
analysed the global diversity of VAR2CSA but with different objectives, the present study
focusses on CSA binding domain and its interactions with CSA based on structure of the
receptor-ligand complex. We show that 7 out of 16 CSA-binding residues of NTS and
DBL2X for which field isolate sequences were available undergo unique mutations
exclusively and these mutations are not seen in 14 parasite strains (NF54, FCR3, 7G8, HB3,
CDO01, Dd2, GAO1, GB4, KEO1, KH01, MLO01, SNO1, TG01, GNO1) (Ma et al., 2021). Total
of 4 out of 16 residues show similar mutations in both domains. Structural mapping of these
mutations on the CSA-VAR2CSA complex further indicates that at least 4 of these mutations

(R846Q, K828M, K562Q and Q832K) may alter the binding surfaces (R-to-Q, K-to-M, K-to-
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Q and Q-to-K) and have the potential to effect CSA binding/affinity. VAR2CSA-based
antigens are leading vaccine candidates for placental malaria and mutations in crucial CSA-
interacting residues may have an impact on vaccine development. Similar concerns are also
being addressed for COVID-19 vaccines whose efficacy may be altered against new variants
having SNPs (Harvey et al., 2021). Similarly, a recent study on Plasmodium vivax DBL
(Duffy-binding like) protein that binds to DARC (Duffy antigen receptor for chemokines)
receptor for invasion into red blood cells showed inherent variability in its sequences
worldwide, which may act as a limitation for the development of an effective, universal
vaccine (Mittal et al., 2020). Thus, it is clear that region-wise or country-wise polymorphism
analysis in the ligand-binding domain of VAR2CSA must be covered for vaccine
development. The ultimate goal is to provide an effective vaccine for placental malaria based
upon VAR2CSA that can tackle the public health burden of placental malaria in endemic
countries. Our sequence and structural analysis have implications for the development of a

universal VAR2CSA vaccine for combating placental malaria.

Ethical approval: Not required.

Declaration of interests: The authors declare that they have no competing interests.

Author Contributions: AS designed the study. JG collected and analyzed the data and wrote the
paper. SC, PB and AS helped with the manuscript. All authors read and approved the final form of the
manuscript.

Acknowledgments: We are thankful to National Institute of Malaria Research, New Delhi for

providing infrastructure.



Journal Pre-proof

Funding source: SC is recipient of Ramalingaswami Fellowship (BT/RLF/Re-entry/09/2019)
received from the Department of Biotechnology, India. AS is recipient of JC Bose National

fellowship.

References

1. Benavente, E.D., Oresegun, D.R., de Sessions, P.F. et al. Global genetic diversity
of var2csa in Plasmodium falciparum with implications for malaria in pregnancy and vaccine
development. Sci Rep 2018; 8:15429

2. Bockhorst J., Lu F., Janes J.H., Keebler J., Gamain B., Awadalla P., Su X.Z., Samudrala R.,
Jojic N., Smith J.D. Structural polymorphism and diversifying selection on the pregnancy
malaria vaccine candidate VAR2CSA. Mol Biochem Parasitol. 2007; 155(2): 103-12

3. Chitnis C.E., Sharma A. Targeting the Plasmodium vivax Duffy-binding protein. Trends
Parasitol. 2008; 24(1): 29-34

4. Clausen, T. M. et al. Structural and functional insight into how the Plasmodium
falciparum VAR2CSA protein mediates binding to chondroitin sulfate A in placental
malaria. J. Biol. Chem. 2012; 287: 23332-23345

5. Desai, M. et al. Epidemiology and burden of malaria in pregnancy. Lancet Infect. Dis. 2007
7,93-104

6. Doritchamou J., Sabbagh A., Jespersen J.S., Renard E., Salanti A., Nielsen M.A., Deloron P.,
Tuikue Ndam N. Identification of a Major Dimorphic Region in the Functionally Critical N-
Terminal ID1 Domain of VAR2CSA. PLoS One. 2015; 22: 10(9)

7. Doritchamou J.Y.A, Morrison R., Renn J.P., Ribeiro J., Duan J., Fried M., Duffy P.E.
Placental malaria vaccine candidate antigen VAR2CSA displays atypical domain architecture
in some Plasmodium falciparum strains. Commun Biol. 2019; 6: 2:457.

8. Duffy, P. E. & Fried, M. Plasmodium falciparum adhesion in the placenta. Curr. Opin.

Microbiol. 2003; 6: 371-376



Journal Pre-proof

9. Fried, M. et al. Antibody levels to recombinant VAR2CSA domains vary with Plasmodium
falciparum parasitaemia, gestational age, and gravidity, but do not predict pregnancy
outcomes. Malar. J. 2018; 17, 106

10. Gamain B., Chéne A., Viebig N.K., Tuikue Ndam N., Nielsen M.A. Progress and Insights
Toward an Effective Placental Malaria Vaccine. Front Immunol. 2021 25; 12: 634508

11. Gill J., Chitnis C.E., Sharma A. Structural insights into chondroitin sulphate A binding Duffy-
binding-like domains from Plasmodium falciparum: implications for intervention strategies
against placental malaria. Malar J. 2009; 17: 8:67.

12. Harvey, W.T., Carabelli, A.M., Jackson, B. et al. SARS-CoV-2 variants, spike mutations and
immune escape. Nat Rev Microbiol 2021; 19: 409424

13. Higgins M.K. The structure of a chondroitin sulfate-binding domain important in placental
malaria. J Biol Chem. 2008; 283: 21842—21846.

14. Huynh, B. T. et al. Influence of the timing of malaria infection during pregnancy on birth
weight and on maternal anemia in Benin. Am J Trop Med Hyg. 2011; 85: 214-220

15. Ma, R, Lian, T., Huang, R. et al. Structural basis for placental malaria mediated
by Plasmodium falciparum VAR2CSA. Nat Microbiol 2021; 6: 380-391

16. Madanitsa, M. et al. Scheduled Intermittent Screening with Rapid Diagnostic Tests and
Treatment with Dihydroartemisinin-Piperaquine versus Intermittent Preventive Therapy with
Sulfadoxine-Pyrimethamine for Malaria in Pregnancy in Malawi: An Open-Label
Randomized Controlled Trial. PLoS Med. 2016; 13: €1002124,

17. Magistrado P, Salanti A, Tuikue Ndam NG, Mwakalinga SB, Resende M, et al. VAR2CSA
expression on the surface of placenta-derived Plasmodium falciparum-infected erythrocytes. J
Infect Dis 2008; 198: 1071-1074

18. Mittal P., Mishra S., Kar S., Pande V., Sinha A. and Sharma A. Global distribution of single
amino acid polymorphisms in Plasmodium vivax Duffy-binding-like domain and implications
for vaccine development efforts. Open Biol. 2020; DOI: https://doi.org/10.1098/rsob.200180

19. Patel J.C., Hathaway N.J., Parobek C.M., Thwai K.L., Madanitsa M., Khairallah C., Kalilani-

Phiri L., Mwapasa V., Massougbodji A., Fievet N., Bailey J.A., Ter Kuile F.O., Deloron P.,

10



Journal Pre-proof

Engel S.M., Taylor S.M., Juliano J.J., Tuikue Ndam N., Meshnick S.R. Increased risk of low
birth weight in women with placental malaria associated with P. falciparum VAR2CSA clade.
Sci Rep. 2017; 7(1): 7768

20. Rajwani J., Klinger C.M., Arango E., Arroyo M.l., Sabbagh A., Maestre A., Dacks J.B.,
Gnidehou S., Yanow S.K. Genetic analysis of ID1-DBL2X predicts its validity as a vaccine
candidate in Colombia and supports at least two independently introduced Plasmodium
falciparum populations in the region. Infect Genet Evol. 2017; 55: 175-185.

21. Rovira-Vallbona E., Monteiro I., Bardaji A., Serra-Casas E., Neafsey D.E., Quelhas D.,
Valim C., Alonso P., Dobafio C., Ordi J., Menéndez C., Mayor A. VAR2CSA signatures of
high Plasmodium falciparum parasitemia in the placenta. PLoS One. 2013; 25; 8(7): 69753

22. Salanti A, Staalsoe T, Lavstsen T, Jensen AT, Sowa MP, Arnot DE, Hviid L, Theander TG.
Selective upregulation of a single distinctly structured var gene in chondroitin sulphate A-
adhering Plasmodium falciparum involved in pregnancy-associated malaria. Mol Microbiol.
2003; 49(1): 179-91

23. Sander A.F., Salanti A., Lavstsen T., Nielsen M.A., Magistrado P., Lusingu J., Ndam N.T.,
Arnot D.E. Multiple var2csa-type PFEMP1 genes located at different chromosomal loci occur
in many Plasmodium falciparum isolates. PLoS One. 2009 19;4(8): e6667

24. Singh S.K., Hora R., Belrhali H., Chitnis C.E., Sharma A. Structural basis for Duffy
recognition. by the malaria parasite Duffy-binding-like domain. Nature. 2006 9;
439(7077):741-4

25. Srivastava, A. et al. Full-length extracellular region of the var2CSA variant of PFEMPL1 is
required for specific, high-affinity binding to CSA. Proc. Natl Acad. Sci. USA 2021; 107:
4884-4889

26. Steketee R.W., Nahlen B.L., Parise M.E., Menendez C. The burden of malaria in pregnancy
in malaria-endemic areas. Am J Trop Med Hyg. 2001; 64: 28-35

27. Tuikue N.N., Bischoff E., Proux C., Lavstsen T., Salanti A, et al. Plasmodium falciparum
transcriptome analysis reveals pregnancy malaria associated gene expression. PLoS ONE

2008; 3: e1855

11



Journal Pre-proof

28. Verity R., Hathaway N.J., Waltmann A., Doctor S.M., Watson 0O.J., Patel J.C,
Mwandagalirwa K., Tshefu A.K., Bailey J.A., Ghani A.C., Juliano J.J., Meshnick S.R.
Plasmodium falciparum genetic variation of var2csa in the Democratic Republic of the
Congo. Malar J. 2018; 17(1): 46

29. World Health Organization, Geneva. World Malaria Report 2019.

30. World Health Organisation, Geneva. 2018 https://www.who.int/malaria/publications/country-

profiles/profile _ben en.pdf?ua=1

31. Yogavel M., Chhibber-Goel J., Jamwal A., Gupta S., Sharma A. Engagement Rules That
Underpin DBL-DARC Interactions for Ingress of Plasmodium knowlesi and Plasmodium

vivax Into Human Erythrocytes. Front Mol Biosci. 2018; 5:78

Figure Captions

Figure 1. Sequence diversity in CSA-interacting residues of Plasmodium falciparum
VAR2CSA NTS, DBL2X and DBL4e¢ domains in field isolate(s). Domain diagram of
ectodomain of Plasmodium falciparum VAR2CSA NF54. The CSA-interacting domains
NTS, DBL2X and DBL4e¢ are coloured yellow, pink and blue, respectively. Non-interacting
domains are coloured grey. CSA-interacting residues from PISA, PLIP and PDBSum are
listed under NTS, DBL2X and DBL4e. Residues which are conserved in P. falciparum

VAR2CSA strains and field isolate(s) are coloured green. Residues which show sequence

12
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variation in both VAR2CSA 14 strains (Ma et al. 2021) and field isolate(s) are coloured
orange. Residues which show unique variation exclusively in field isolate(s) are coloured red.
DBL4¢ field isolate(s) were unavailable and are marked with * and coloured green based
upon their conservation in Pf strains. b. Three-dimensional cryo-EM structure of Pf
VAR2CSA NF54 in complex with CSA (PDB ID: 7JGH). The CSA-interacting domains
NTS, DBL2X and DBL4¢ are coloured yellow, pink and blue, respectively. Non-interacting
domains are coloured grey. DBL5¢ and DBL6e not available in the current structure. c.
Interaction of CSA with Pf VAR2CSA. The CSA-interacting residues of NTS, DBL2X and
DBL4¢ are coloured yellow, pink and blue respectively and shown as sticks with transparent

surface. CSA is shown as cyan-coloured stick.

a.
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Figure 2. Structural close-up of sequence variation in crucial CSA-interacting residues

of Pf VAR2CSA DBL2X in field isolate(s). a-d. Mutation in DBL2X - R846Q, K828M,

13
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K562Q, Q832K - shows disruption in interaction with CSA. e. Electrostatic surface showing

important basic residues on the binding surface before and after mutations.

» i g .

h . Kas

. o 1
CLNEA6  $Pys

. $ ¥ kaas.

Figure 3. Sequence diversity in CSA-interacting residues of Pf VAR2CSA NTS and
DBL2X domains in field isolate(s). a. Mutations in NTS residues (colored yellow) and
DBL2X residues (colored pink) are listed by country. Mutations seen in both VAR2CSA
strains and field isolate(s) are colored orange. Mutations seen exclusively in field isolate(s)
are colored red. The total frequency of mutations is shown in percentage. *Various indicates
location either from South America/South Asia/Africa. b. Bar graph representation of total
frequency of mutations in CSA-interacting residues of NTS and DBL2X seen in P.
falciparum field isolate(s). NTS and DBL2X residues are colored yellow and pink
respectively. Mutations seen in both VAR2CSA strains and field isolate(s) are shown as
orange bar. Mutations seen exclusively in field isolate(s) are shown as red bar. Total

frequency of mutations in each residue is shown in percentage.
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Figure 4. Sequence variation in cysteines of Pf VAR2CSA DBL2X in field isolate(s).
VAR2CSA DBL2X five cysteine disulphide bonds are listed. The bridges conserved across
P. falciparum field isolate(s) are coloured green, and those showing mutations are coloured

red. Total frequency of mutations in DBL2X residues C643, C745 and C769 in field

isolate(s) is shown in percentage.
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Figure 1
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Country (no. of sequences) N557 1559 K561  KS62 A822 K828 Q832 K835  R846

Benin (90) Y44D K4EH NSS5TI 15597 N%61 - AlZ28 KB2BM  QB32K - RE4GQ
Y44s NE5TK
RISTY
Congo (581) - - - - - - AH228 - - XOI5M -
ABZ2T
Colombla (45) - - NS57K - - - A8228 - = - =
Ghana (5) - - NS57K - - - - - - KB35M -
Mali (4) - KAHN NES5TR - - - AR228 - - KBISM -
Malawi & Benin (142) - - NH5Tr 15597 KS&1G - AB22S - - - -
NS57K
N557Y
Mozambique (201) = = = = = ! hazaT = = = =
AB229
Senegal & Tanzania (36) Y44D K4SN NSSTI 15597 - - - - - KBI5M -
NE5TX
Various* (10) - - NS571  I5597 - K562Q Andas - - KB83I5M -
NS5TK
NS5TY \
Total Frequency (in %) 281 76 79.9 136 7.7 2.7 271 253 24 29.6 84
a.
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Ki8pi———————— — ———————————————————————
DBL2X N557 e — 79 .9
1559 T 3.6
K561 === 77
K562 W27
ALZ?7 S 27 .1
KE20 meeese—— 5 3
Q832 W24
K8 35 mitessssmm—m 29.6
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b.

Figure 3
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