
Supplementary Information – Additional Discussion 

Phosphorylation of RBC proteins upon invasion by P. falciparum has been documented previously using 

a combination of immunoblotting and mass spectrometry techniques1-3. We provide a quantitative 

comparison between uRBC and iRBC cultured under the same conditions. Our analysis verified some 

previously observed changes in phosphorylation, but also identified many additional changes to 

phosphosites which may influence RBC characteristics (see supplementary table T3E). As expected, 

using MS2 and MS3 mass spectrometry methods on two different instruments increased the coverage 

of the parasite phosphoproteome, with 54.4% of confidently assigned sites on P. falciparum proteins 

previously undocumented (PlasmoDB). We observed good correlation between phosphorylation sites 

identified by both methods, increasing the confidence in our data (supplemental figure 6).  

Very few RBC sites were phosphorylated upon infection with P. knowlesi, however phosphosites were 

detected on several parasite proteins predicted to be exported. These may be substrates of host 

kinases or unknown exported kinases and may be involved in P. knowlesi-specific RBC adaptions such 

as the presentation of the antigenically variant SICAvars or the formation of cavaeolae. While P. 

knowlesi-infected RBC can also adhere to host receptors to cause severe disease4, this process is not 

dependent on FIKKs and likely evolved after the divergence of the Laverania. Most sites which were 

specifically phosphorylated upon infection with P. falciparum were subsequently shown to be either 

direct or indirect substrates of the FIKK kinases, indicating that this family is the main driver of host cell 

phosphorylation for this species. While no other kinase in P. falciparum contains a PEXEL motif that 

would predict export, P. falciparum casein kinase I has been shown to be exported into the host cell, 

despite its lack of a signal peptide or transmembrane domain5,6. As this kinase is conserved in P. 

knowlesi, it could play a species-independent role. 

Disruption of the kinase-substrate relationship is the most likely explanation for the reduction in 

phosphorylation observed upon deletion of most FIKKs. However, depletion or mislocalisation of 

proteins, as well as small differences in growth between RAP and DMSO-treated parasites may also 

play a part. For most substrates, however, the unenriched proteome data or the presence of other 

unchanging phosphosites on the same protein suggests such examples are likely a minority. For 

example, phosphorylation of residues on the megadalton protein Pf332 is affected on some, but not all 

phosphorylation sites. The increase in phosphorylation on several proteins upon deletion of some FIKKs 



indicates that some indirect effects do occur, which is not unexpected. These FIKKs may regulate other 

kinases or phosphatases or FIKK deletion may result in protein mis-localisation allowing 

phosphorylation by other kinases. Using recombinant FIKK4.1, we showed that it is able to 

phosphorylate peptides corresponding to three of its predicted substrates, suggesting that in this case 

these are direct targets of the kinase.  

While some FIKKs are predicted to be important for parasite propagation 7, a striking growth defect was 

observed only upon deletion of FIKK8, the non-exported kinase, which exhibited a 43% reduction in 

parasitemia compared to wild type after 120h. The function of FIKK8 and the underlying cause of the 

growth defect are not known, and we have not further pursued it here as FIKK8 is not exported. While 

small differences were observed in our growth curves for the other lines, for example FIKK10.1, this 

was not consistent between biological replicates and may be due to experimental factors such as 

differences in starting parasitemia. By using the stage specific expression of a subset of proteins 

between parasite lines as a molecular clock, we conclude that differences in growth between conditions 

for each parasite line unlikely explain any differences in phosphorylation state or phenotype. However, 

a small delay in growth may occur over longer time scales or under conditions not tested here.   

While it is not currently possible to test the survival of genetically modified parasites in humans, the 

export of most FIKKs into the RBC suggests they are likely important for adapting to conditions within 

the host. The divergence of the Laverania clade is believed to have occurred approximately one million 

years ago 8, yet most FIKKs remain highly conserved between species, predicting distinct and  important 

functions for each kinase9.  Guided by our phosphoproteomic data, we chose to investigate the detailed 

mechanism of FIKK4.1 for this study, demonstrating its role in modulating both erythrocyte rigidity and 

PfEMP1-mediated cytoadhesion. The data also provides insights into the function of other FIKKs. For 

example, phosphorylation of PfEMP1 trafficking proteins was dependent on a number of other FIKKs 

in addition to FIKK4.1, suggesting that several FIKKs may act together to support this pathway. Indeed, 

deletion of FIKK4.2 was previously shown to reduce cytoadhesion through a defect in knob morphology 

10. Here we show that FIKK4.2 controls phosphorylation of KAHRP and the lysine-rich membrane-

associated PHISTb protein (LYMP) which binds PfEMP1, providing a possible molecular mechanism 

for this phenotype 11,12. While deletion of FIKK4.1 also alters the phosphorylation of KAHRP, we 

observed no striking differences in knob formation. As both FIKK4.1 and FIKK4.2 appear to be involved 



in different aspects of PfEMP1 trafficking and presentation, deletion of several kinases simultaneously 

may result in a complete block in adhesion.  

In addition to FIKK4.1, other FIKKs are also predicted to modulate erythrocyte rigidity. Previous deletion 

of FIKK4.2, FIKK7.1, and FIKK12 resulted in significantly more deformable RBCs. However, these 

FIKKs were not deleted conditionally and our rigidity experiments raise concerns regarding the variation 

in rigidity between individual cloned lines. By both flickering and microsphiltration analysis, the FIKK4.1 

line was substantially more rigid than the parental NF54 line despite tight synchronisation. This may be 

explained by small differences in growth rates between parasite lines, which is supported by our 

molecular clock of stage specific proteins (Extended Data 6). In addition, differential expression of other 

rigidity-modulating genes such as STEVORs could play a role in the observed differences in rigidity 

between parasite lines13. The variation in retention rates between the replicate microsphiltration 

experiments further demonstrates that even a small difference in time post infection can have a large 

effect on RBC rigidity. This emphasises the strength of our conditional approach where the deletion of 

a FIKK kinase domain is tested in an otherwise isogenic parasite line; as all experiments were 

conducted within 72h of splitting samples for either RAP or DMSO treatments, differences between 

these lines are very likely to be due to FIKK4.1 deletion rather than lack of synchronisation between 

samples. The effect of FIKK4.1 on cell rigidity is likely due to phosphorylation of cytoskeletal 

components. For example, phosphorylation of dematin and protein 4.1, two of its predicted targets, is 

known to affect cytoskeletal rigidity 14,15. Phosphorylation of dematin by recombinant FIKK4.1 in vitro 

was previously documented at position 11016. Here we observed no changes at this position and instead 

observed increased phosphorylation at positions 81, 85, and 87. This difference may be due to changes 

in the accessibility of the protein in in vitro assays with a recombinant kinase which lacks the N-terminal 

targeting region. 

Phosphosites affected by deletion of FIKK10.2 and FIKK9s were predominantly located on proteins 

known to localise to Maurer’s clefts. Deletion of several of these proteins, such as Pf332, REX1, 

MAHRP2, VCAP1, and SBP1 was previously shown to affect Maurer’s cleft morphology17, stacking18,19, 

tethering to the cytoskeleton20, and ability to traffic PfEMP1 to the RBC surface21-23. Interestingly, de-

phosphorylation of the N-terminus of SBP1 was shown to be important for merozoite egress24. The 

FIKKs may therefore be involved in some of these processes. We episomally expressed the Maurer’s 

cleft protein REX2 fused to mCherry to investigate the size and movement of the clefts in FIKK10.2 and 



FIKK9s KO lines. None of the experiments yielded a clear phenotype, indicating that the function of 

these kinases is either more subtle, occurs at a specific time point, or lies elsewhere.  

Some of the FIKK-dependent RBC phosphosites we identified were previously shown to be important 

for parasite invasion 25,26. The interaction of P. falciparum proteins with their RBC ligands can trigger 

phosphorylation of the RBC cytoskeleton. Binding of EBA175 to Glycophorin A, or RH5 to Basigin 

induces phosphorylation of several sites on Glycophorin A and an increase in RBC deformability26,270. 

We observe changes in phosphorylation of several of these sites upon deletion of FIKK11 (either 

increasing or decreasing in intensity). FIKK11 may therefore control phosphorylation of these proteins 

after parasites have entered the cell, perhaps to prevent subsequent invasion or signalling events. 

Similarly, deletion of FIKK5 resulted in the loss of phosphorylation on beta spectrin at positions 1301 

and 1444, the former of which is significantly phosphorylated upon contact with P. falciparum 

merozoites. As phosphorylation occurs even when invasion is blocked with heparin or the R1 peptide, 

host cell kinases were hypothesised to be responsible. However, as FIKK5 is localised in merozoites it 

may be secreted into the host cell upstream of the invasion-blocking effect of heparin and R1 to mediate 

phosphorylation. Alternatively, FIKK5 may be secreted into the RBC post-invasion to sustain 

phosphorylation of these residues throughout infection. This would be the first observation of a 

Plasmodium kinase that is secreted into the host cell during or shortly after invasion, as observed for 

rhoptry kinases in the related Toxoplasma parasites 28. While most of the invasion-related sites on 

spectrin or Glycophorin A are not phosphorylated by P. knowlesi, position 130 on Glycophorin A is 

phosphorylated in cells infected by both species, possibly indicating a common requirement for 

invasion.  

Some phosphorylation sites on the RBC cytoskeleton are well-studied. We show that the increase in 

phosphorylation of adducin at position 726 is a consequence of FIKK1 activity. Phosphorylation of this 

site is predicted to affect the actin-capping activity of adducin 29,30, and actin is known to be remodelled 

by the parasite 31,32.  It is unclear whether adducin is a direct substrate of FIKK1 or if the kinase activates 

host PKC, which is known to phosphorylate this site29,30. Other host cell kinases may also be activated 

or deactivated by FIKKs to modulate RBC phosphorylation; indeed casein kinase II 33, PKA14,34, and 

PAK‐MEK35 are all implicated in modifying red blood cell properties.  



The unique fingerprints of the FIKKs supports the hypothesis that each plays a defined role. The 

specificity of the kinases is likely due to their localisation within the cell, substrate specificities and stage-

specific expression. Differences in localisation between the FIKKs is likely mediated by their divergent 

N-termini. The localisation of FIKK4.1 and FIKK4.2 at the RBC periphery is likely due to their basic 

repeats, as observed for similar sequences in other exported proteins 36. FIKK7.1 also contains basic 

repeats predicted to interact with the periphery but we were unable to observe it by IFA due to low 

expression. Specific antibodies against the lowly expressed kinases may facilitate their localisation in 

the future. FIKK4.1 and FIKK1 are also palmitoylated 37, which may allow them to interact with the RBC 

membrane. Unlike their N-termini, the kinase domains of the FIKKs are relatively well-conserved. 

Despite this, only FIKK4.1 showed a strong preference for the R/KxxS/T phosphorylation motif. FIKK8 

was shown to also phosphorylate a peptide containing a -3 arginine in vitro 38, however our recombinant 

FIKK4.1 was not able to phosphorylate the same peptide, indicating that subtle differences between the 

FIKKs may dictate their specificity for different substrates, allowing diversification of functions within this 

family of otherwise highly conserved kinases. Our analysis revealed no clear motif for the other FIKKs, 

potentially due to the lower number of differentially phosphorylated sites observed. Phosphosites 

containing an arginine at the -3 position are typical of PKA and PKC substrates and many proteins have 

therefore been predicted to be phosphorylated by these kinases 39, however the FIKKs may mimic these 

kinases in some cases. Recombinant kinases will help elucidate the distinct substrate preferences of 

the FIKKs in the future. 

Several signalling events in the infected RBC may be time-dependent. All samples were collected at 

the late schizont stage as this is when the majority of erythrocyte phosphorylation occurs and our 

western blot analysis indicates that most FIKKs are present at this time 1,40,41. We reasoned that this 

maximized the likelihood of identifying FIKK-specific targets, but as FIKKs display different expression 

patterns, several phosphorylation events may be missed 42. Some FIKKs may also be important in other 

life stages; RBC rigidity and morphology are both important for the sequestration of P. falciparum 

gametocytes in the bone marrow during maturation, which is also unique to Laverania parasites 34,43,44, 

and liver-stage parasites may also benefit from interference of host-cellular signalling pathways by 

parasite exported kinases. 

In summary we have shown that exported FIKK kinases are key players in the modification of the host 

cell. However, many questions remain on the mechanistic details of FIKK function, including their 



activation mechanism, interactions with other kinases, and the consequences of phosphorylation on the 

substrates. The advent of RBC genetics may help elucidate the effect of RBC protein phosphorylation 

on the properties of the cell45-47. Further investigation of the role of FIKKs in other life stages and in field 

isolates may help explain their expansion in the Laverania and their role in severe malaria. 
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NF54::DiCre uRBC 20hpi 24hpi 28hpi 32hpi 36hpi 

tension 39 48/50 49/49 46/46 45/48 46/46 

bending modulus 39 34/37 33/38 28/26 20/22 23/17 

viscosity 39 48/50 49/49 46/46 45/48 46/46 

radius 39 48/50 49/49 46/46 45/48 46/46 

FIKK4.1::DiCre       

tension 102 87/95 90/89 87/95 90/98 94/86 

bending modulus 102 65/71 71/53 47/52 42/51 41/50 

viscosity 126 76/100 94/84 88/100 104/102 100/96 

radius 102 87/96 90/89 88/95 91/98 94/87 
 

Supplementary Information Table 1: Sample size for flickering analysis (DMSO/RAP) - The number 

of cells counted for each condition, over each time point, for all the lines analysed by flickering analysis 

over two biological replicates. 

 

  P- value 

NF54 lines 0 hpi 24 hpi 48 hpi 72 hpi 96 hpi 120 hpi 

FIKK1 DMSO vs. FIKK1 RAP >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 

FIKK3 DMSO vs. FIKK3 RAP >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 

FIKK4.1 DMSO vs. FIKK4.1 RAP >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 

FIKK4.2 DMSO vs. FIKK4.2 RAP >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 0.0831 

FIKK5 DMSO vs. FIKK5 RAP >0.9999 >0.9999 >0.9999 0.9995 >0.9999 0.3781 

FIKK7 DMSO vs. FIKK7 RAP >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 

FIKK8 DMSO vs. FIKK8 RAP >0.9999 >0.9999 0.0782 <0.0001 <0.0001 <0.0001 

FIKK9.1-9.7 DMSO vs. FIKK9.1-9.7 RAP >0.9999 >0.9999 >0.9999 >0.9999 0.956 0.833 

FIKK10.1 DMSO vs. FIKK10.1 RAP >0.9999 >0.9999 >0.9999 >0.9999 0.3781 0.3781 

FIKK10.2 DMSO vs. FIKK10.2 RAP >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 

FIKK11 DMSO vs. FIKK11 RAP >0.9999 >0.9999 >0.9999 >0.9999 0.9943 0.5354 

FIKK12 DMSO vs. FIKK12 RAP >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 0.9977 

FIKK13 DMSO vs. FIKK13 RAP >0.9999 >0.9999 >0.9999 >0.9999 <0.0001 >0.9999 

NF54 DMSO vs. NF54 RAP >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 >0.9999 

1G5 lines             

FIKK4.1 DMSO vs. FIKK4.1 RAP >0.9999 >0.9999 NA 0.7733 0.8972 0.9938 

FIKK7.1 DMSO vs. FIKK7.1 RAP >0.9999 0.9988 NA >0.9999 0.8972 >0.9999 

FIKK10.1 DMSO vs. FIKK10.1 RAP >0.9999 >0.9999 NA >0.9999 0.3564 0.0153 

FIKK11 DMSO vs. FIKK11 RAP >0.9999 0.9994 NA 0.9964 0.9671 0.9845 

 

 

Supplementary Information Table 2: p- values for growth curves of FIKK knockout lines (see 

extended data 4). p - values were calculated by ANOVA using the Tukey method to correct for 

multiple comparisons. N=3 biological replicates. 



 

NF54::DiCre DMSO vs RAP 20hpi 24hpi 28hpi 32hpi 36hpi 

bending modulus 0.3962 0.8350 0.0349 0.8147 0.8856 

viscosity 0.0361 0.1895 0.5054 0.9514 0.2865 

radius 0.4814 0.9598 0.9842 0.8925 0.3567 

      

      

FIKK4.1::DiCre DMSO vs RAP 20hpi 24hpi 28hpi 32hpi 36hpi 

bending modulus 0.7934 0.2771 0.3016 0.7998 0.0552 

viscosity 0.1951 0.1209 0.9808 0.8897 0.2216 

radius 0.1900 0.7429 0.1196 0.3648 0.3065 
 

Supplementary Information Table 3: p- values for flickering analysis (see extended data 8) - P-

value over each time point, for all the lines analysed by flickering analysis. Statistical significance was 

determined by a two-tailed t-test. N= 2 biological replicates. The p-values for tension are in Figure 5 

legend. 

 


