
 

 
advances.sciencemag.org/cgi/content/full/7/23/eabg0465/DC1 

 
Supplementary Materials for 

 
Structure of the merozoite surface protein 1 from Plasmodium falciparum 

 
Patricia M. Dijkman*, Tanja Marzluf, Yingyi Zhang, Shih-Ying Scott Chang, Dominic Helm, Michael Lanzer,  

Hermann Bujard, Mikhail Kudryashev* 

 
*Corresponding author. Email: dijkman@biochem.mpg.de (P.M.D.); misha.kudryashev@biophys.mpg.de (M.K.) 

 
Published 2 June 2021, Sci. Adv. 7, eabg0465 (2021) 

DOI: 10.1126/sciadv.abg0465 
 

The PDF file includes: 
 

Figs. S1 to S9 
Table S1 
Legend for movie S1 
References 

 
Other Supplementary Material for this manuscript includes the following: 
 
(available at advances.sciencemag.org/cgi/content/full/7/23/eabg0465/DC1) 
 

Movie S1 



 

 
Fig. S1. Characterisation of recombinant (hd)MSP-1. (A) The molecular weight (MW) of the 

(hd)MSP-1 complexes was estimated by size-exclusion chromatography (SEC); 

representative chromatograms are shown. The inset shows the estimated MW for different 

SEC runs. An average of 390±10 kDa (n=5) was found for hdMSP-1. Three chromatograms of 

fully processed MSP-1 resulted in more varying estimates: 160 (dotted red curve), 381 (not 

shown), and 382 (solid red curve) kDa. The first of these MSP-1 samples was used for cryo-

EM structure determination. (B) Coomassie-stained gel of hdMSP-1 before and after in vitro 

processing with SUB-1. The left gel shows the sample used for cryo-EM structure 

determination. The right gel shows a sample used for control 2D cryo-EM class averages (fig. 

S8B), nanoDSF, and MST. Double bands were previously observed for p83 and p42 and 

attributed to cleavage at non-canonical sites (40). (C) Melting curves for (hd)MSP-1 generated 
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by nanoDSF. Solid lines represent averages of various runs, while the transparent shading 

represents the standard deviation. The apparent melting temperature (Tm) was determined 

from the fluorescence, while the onset of aggregation temperature (Taggr) was determined from 

the scattering. The probability that the value found for hdMSP-1 differed from that for the fully 

processed sample (P(DT≠0)) was estimated using a Bayesian t-test (69); probabilities >0.9 

indicate a very likely difference, while probabilities in the range of 0.66-0.9 indicate a likely 

difference. (D,E) Negative stain 2D class averages of MSP-1 (D) and hdMSP-1 (E) generated 

in cryoSPARC (42). The samples were diluted to 50 nM prior to grid preparation. Similar 

classes were obtained for both samples corresponding mainly to the monomeric complex.   



 



 

 
Fig. S2. Processing of (hd)MSP-1 EM data. Graphical representation of processing strategy 

used for (A) the MSP-1 data set, and (B) the hdMSP-1 data sets. A typical micrograph is shown 

in the top right corner of each panel (scale bars correspond to 50 nm). Data were processed 

using RELION 3.0 (43) or different software where indicated (SPHIRE (49) and cryoSPARC 

(42, 51)). The reconstructed maps had the wrong handedness (as shown here) and were 

flipped for atomic model building.   



 

 
Fig. S3. Resolution of EM maps. (A) Fourier shell correlation (FSC) curves for the 

reconstruction of the main conformation of MSP-1 with or without applying a mask (top) and 



 

corrected FSC curves for all alternative conformations generated using an auto-tightened 

mask (bottom) in cryoSPARC (42). (B) FSC curves for the hdMSP-1 reconstructions (left: 

conformation 1; right: conformation 2) for the C2 symmetric reconstructions generated in 

cryoSPARC (42) (top) and for the symmetry expansion-derived maps generated in RELION 

3.0 (43) (bottom). (C,D) Angular distribution of particles that contributed to the final MSP-1 (C) 

and hdMSP-1 (D) maps. The height of the cylinders is proportional to the number of particles 

assigned to each view (coloured blue to red for least to most populated views, respectively). 

Top panel of (D) shows the C2 symmetric reconstructions and the bottom panel the symmetry 

expansion-derived maps. (E-H) Local map resolution of (E) the main conformation of MSP-1, 

(F) conformation 1 of hdMSP-1 (dimer map and symmetry expansion-derived map), (G) locally 

refined map of the wing domain and (H) of the rest of the main conformation of MSP-1. Local 

resolution was estimated using cryoSPARC (42) or RELION 3.0 (43) for the symmetry 

expansion-derived map. Due to imperfect signal subtraction, some residual density from the 

opposing monomer or other domains is still present in the final symmetry expansion-derived 

monomer map and the locally refined maps, respectively.  

 

  



 

 
Fig. S4. Map and model quality. (A,B) Representative regions of the built models for (A) 

MSP-1 and (B) hdMSP-1 and corresponding EM map densities (mesh) auto-sharpened after 

non-uniform refinement in cryoSPARC (42) or by post-processing in RELION 3.0 (43) with 



 

automatic B-factor determination for the symmetry expansion-derived map. Models are 

coloured according to MSP-1 subunit (p83, p30, p38, and p42, in yellow, orange, light blue, 

and darker blue, respectively). (C) Model B-factor (a measure of the uncertainty in the location 

of each atom) plot of the main MSP-1 (left) and hdMSP-1 (right, only one protomer shown) 

conformations. The relatively high B-factor of helices H8-11 reflects the flexibility of this region, 

and the resulting uncertainty in the model. (D) Cross-linking mass spectrometry (XL-MS) 

identified 269 cross-links of which 161 could be mapped onto our atomic model; the other 

cross-links involved lysines in unresolved (loop) regions. Most of the resolved cross-links 

(88%) fall within the expected <29 Å distance for the cross-linking agent used (70); of the 19 

other cross-links, eight involve flexible loop domains, while the other 11 unexplained cross-

links (7% of the total cross-links) involve lysines that also take part in (several) other sub-29-Å 

cross-links. (E) Map-model FSC curves of the refined models of MSP-1 (main conformation) 

and hdMSP-1 (conformation 1). FSC curves are shown for each model versus the full map that 

it was refined against (black); for the model refined against the first of the two half maps versus 

that same half map (blue); and of the model refined against the first of the two half maps versus 

the second of the half maps (red). 

  



 

 
Fig. S5. Flexible structure alignment. Flexible structure alignment (31) of the main 

conformation of MSP-1 against the SCOPe (structural classification of proteins - extended) 

database identified several hits for the coiled-coil domain, although sequence identity (seq. id.) 

and similarity (seq. sim.) were low. Identified folds are shown in grey superimposed onto the 

main MSP-1 conformation. The top hit (lowest p-value) was a BAR/IMD domain-like fold, which 

is associated with membrane and cytoskeleton interactions. Other top-10 hits (for folds of >100 

residues with three or fewer twists introduced) include STAT-like folds, and a spectrin repeat-

like fold. A STAT-like fold was also identified for the coiled-coil H14-18 of p83 (bottom right 

panel). The root-mean-square deviation of the Cα atoms of the aligned structures (opt-rmsd) 

is listed, as well as the number of twists introduced in the flexible alignment, and aligned 

number of residues excluding gaps (31).   
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Fig. S6. Sequence alignment P. falciparum MSP-1. Alignment of the sequences of MSP-1 

from various P. falciparum isolates (verified full-length sequences from Uniprot) and the MSP-

1D sequence used in this study. Secondary structure as resolved for the main conformation of 
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the fully processed MSP-1 is shown in black; α- and 310-helices are displayed as large and 

small squiggles, respectively; β-strands as arrows; strict β-turns and α-turns as TT and TTT, 

respectively; and black lines indicate resolved loops. Light dotted lines indicated unresolved 

stretches without predicted secondary structure. Light grey squiggles above the dotted lines 

indicate predicted unresolved helical secondary structure. The secondary structure of P. 

falciparum p19 (PDB accession code 1CEJ (29)) is shown underneath the alignment in grey. 

Sequence blocks (1-17) with various levels of homology as defined by Tanabe et al. (32) and 

Miller et al. (71) are indicated in yellow. Figure generated using Clustal Omega 1.2.4 (64) and 

ESPript 3.0 (72). 
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Fig. S7. Sequence alignment MSP-1 from different Plasmodium species. Alignment of the 

sequences of MSP-1 from isolates of various Plasmodium spp. (selected sequences as 
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available from PlasmoDB (63)) and the MSP-1D sequence used in this study. Secondary 

structure as resolved for the main conformation of the fully processed MSP-1 is shown in black; 

α- and 310-helices are displayed as large and small squiggles, respectively; β-strands as 

arrows; strict β-turns and α-turns as TT and TTT, respectively; and black lines indicate resolved 

loops. Light dotted lines indicated unresolved stretches without predicted secondary structure. 

Light grey squiggles above the dotted line indicate unresolved predicted helical secondary 

structure. Secondary structure of P. falciparum p19 (PDB accession code 1CEJ (29)) is shown 

underneath the alignment in grey. Sequence blocks (1-17) with various levels of homology as 

defined by Tanabe et al. (32) and Miller et al. (71) are indicated in yellow. Figure generated 

using Clustal Omega 1.2.4 (64) and ESPript 3.0 (72).  



 

 
Fig. S8. Differences between MSP-1 and hdMSP-1 cryo-EM data. (A) Portion of the maps 

of the main conformations of MSP-1 (monomer, left) and hdMSP-1 (dimer, right) showing 

density in the pocket between H30 and H35 (indicated by the red oval) corresponding to the 

loop following H34 (part of p38) which was only resolved for the hdMSP-1 map where the 

connection between H34 and H35 is not cleaved by SUB-1 (the corresponding density is 

shown in red in Fig. 1B). The map colour indicates the corresponding MSP-1 subunit (p83, 

p38, and p42, in yellow, light blue, and darker blue, respectively). (B,C) 2D class averages of 

various data sets collected for (B) MSP-1 and (C) hdMSP-1 generated using cryoSPARC (42) 

(excluding classes corresponding to false-positive picks). Data sets were collected on grids 

prepared with or without the addition of 0.125% (w/v) CHAPS to the sample just prior to 

freezing. Red and blue boxes and percentages indicate classes and percentage of particles 

corresponding to dimeric or monomeric forms of the (hd)MSP-1 complex, respectively. The 

data set used to reconstruct the maps of the fully processed MSP-1 (B, top) showed mainly 

monomeric classes; a second control data set not used for reconstruction (B, bottom) showed 

more dimeric classes as seen for hdMSP-1 (C).   



 

 
Fig. S9. Missing domains. Immunogenic B-cell epitopes recently identified in an MSP-1 

vaccine trial by Blank et al. (9) are mapped onto the main conformation derived for MSP-1. In 

the study by Blank et al. (9), B-cell epitopes which elicited an IgG antibody response were 

identified in sera from vaccinees, using an MSP-1 peptide microarray chip consisting of 1,706 

15-mer oligopeptides with a neighbour-to-neighbour overlap of 14 amino acids. Sera from 



 

MSP-1-immunised rabbits and from malaria semi-immune Burkinian adults were also 

investigated. Based on correlation between IgG responses and parasite growth inhibition 

assay (GIA) activity of the various investigated sera, epitopes putatively associated with GIA 

activity were identified (9); blue: no role; red: possible role in inhibiting parasite growth. Epitope 

sequences putatively associated with GIA activity are shown and labelled according to 

sequence conservation: dark purple, light purple, white, and green labels correspond to 

conserved, semi-conserved (>50% conserved residues, rest dimorphic), mostly dimorphic 

(<50% conserved residues, rest dimorphic) and non-conserved epitopes. SUB-1 processing 

sites are marked by scissors. Same as Fig. 7, but with unresolved loops (dotted lines) drawn 

to scale relative to the rest of the protein in cartoon representation, and including the structure 

of the P. falciparum C-terminal EGF-like domain previously solved by nuclear magnetic 

resonance (PDB accession code 1CEJ (29)).  



 

Table S1. Details of data collection and model validation. 
 hdMSP-1 MSP-1 

Data collection and processing 

Microscope  Titan Krios Titan Krios 

Magnification 130,000 130,000 

Voltage (kV) 300 300 

Detector GIF Quantum K2 GIF Quantum K2 

Exposure (e-/Å2) 60 64 

Number of frames/movie 40 40 

Defocus range (µm) -0.5 to -3.0 -0.5 to -3.0 

Pixel size (Å) 1.077 1.073 

Symmetry imposed C2 C1 

Number of images 

(used/collected) 

12,501/15,061* 3,735/3,978 

Total particles extracted 2,422,429 

(1,404,062)** 

1,631,862 

(956,925)** 

Conformation 1 2 main Alt 1 Alt 2 Alt 3 Alt 4 Alt 5 

Particles refined (final) 271,763 182,515 141,838 112,939 118,878 124,774 116,037 75,620 

Resolution unmasked (Å) 4.0 4.3 4.2 4.3 4.3 4.3 4.3 7.0*** 

Resolution masked (Å) 3.3 3.6 3.1 3.3 3.2 3.2 3.2 3.6 

FSC threshold 0.143 

Sharpening B-factor (Å2) -108 -101 -77 -65 -69 -72 -70 -72 

Refinement and map validation  

Residues built 2334 2326 1160 1160 1159 1156 1160 1159 

ADP (B-factor, mean, Å2) 138 203 94 145 128 131 130 232 

Model vs half map (work) 3.8 4.3 3.7 4.0 3.8 4.0 3.9 6.9**** 

Model vs half map (free) 3.8 4.2 3.8 4.1 3.9 4.0 3.9 6.9**** 

Model vs whole map 3.8 4.2 3.6 3.8 3.7 3.8 3.7 4.1 

FSC threshold 0.5 

Model vs map CC(mask) 0.79 0.78 0.80 0.76 0.78 0.75 0.77 0.81 

Ramachandran Plot         

Favoured (%) 99.30 99.30 98.68 99.21 99.12 99.21 98.95 99.03 

Disallowed (%) 0 0 0 0 0 0 0 0 

Molprobity score 0.87 0.90 0.79 0.82 0.77 0.84 0.82 0.78 

Molprobity clashscore 1.38 1.54 0.97 1.13 0.87 1.23 1.13 0.92 

Favoured rotamers (%) 98.11 98.28 98.91 98.55 98.55 98.64 98.73 98.46 

Poor rotamers (%) 0 0 0  0 0 0 0 0 

EMRinger score 1.56 1.33 2.18 1.66 1.75 1.36 2.21 1.31 

(*Four data sets were collected on different dates for hdMSP-1 on different grids with the same 

settings, and subsequently merged (see fig. S2B). **Number of particles after initial 2D or 3D 

classification to remove false positives. ***First 0.143 threshold crossing, second at 4.0 Å. 

****First 0.5 threshold crossing, second at 4.3 Å.) 



 

Movie S1. 3D variability analysis of (hd)MSP-1 cryo-EM data showing flexibility of MSP-

1. 3D variability analysis (also known as principal component analysis) was performed in 

cryoSPARC (51) using all particles after initial cleaning in 2D and 3D to investigate the 

heterogeneity in the cryo-EM MSP-1 and hdMSP-1 data sets. The movie shows a morph 

between the three main modes (components/eigenvectors) resolved for MSP-1 and hdMSP-

1.  
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