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Abstract
Malaria remains a significant global health burden. The development of an effective malaria

vaccine remains as a major challenge with the potential to significantly reduce morbidity

and mortality. While Plasmodium spp. have been shown to contain a large number of intrin-

sically disordered proteins (IDPs) or disordered protein regions, the relationship of protein

structure to subcellular localisation and adaptive immune responses remains unclear. In

this study, we employed several computational prediction algorithms to identify IDPs at the

proteome level of six Plasmodium spp. and to investigate the potential impact of protein dis-

order on adaptive immunity against P. falciparum parasites. IDPs were shown to be particu-

larly enriched within nuclear proteins, apical proteins, exported proteins and proteins

localised to the parasitophorous vacuole. Furthermore, several leading vaccine candidates,

and proteins with known roles in host-cell invasion, have extensive regions of disorder.

Presentation of peptides by MHCmolecules plays an important role in adaptive immune

responses, and we show that IDP regions are predicted to contain relatively few MHC class

I and II binding peptides owing to inherent differences in amino acid composition compared

to structured domains. In contrast, linear B-cell epitopes were predicted to be enriched in

IDPs. Tandem repeat regions and non-synonymous single nucleotide polymorphisms were

found to be strongly associated with regions of disorder. In summary, immune responses

against IDPs appear to have characteristics distinct from those against structured protein

domains, with increased antibody recognition of linear epitopes but some constraints for

MHC presentation and issues of polymorphisms. These findings have major implications for

vaccine design, and understanding immunity to malaria.
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Introduction
Intrinsically disordered proteins (IDPs) are an important class of proteins characterised by a
high degree of flexibility and lack of a well-defined three-dimensional structure [1]. They have
been shown to play significant roles in many cellular processes, including protein-ligand bind-
ing, DNA and RNA binding, and as flexible linkers [2–5]. Other roles for IDPs relate directly
to their entropic properties, such as their proposed functions as molecular springs or in the
timing of molecular processes (entropic clocks) [6–9]. Whilst many studies have examined the
functional roles of disordered proteins, their immunogenic and antigenic properties have
received relatively little attention.

Computational studies have shown a higher proportion of IDPs in the proteomes of eukary-
otic species as compared to prokaryotes [10–12], with the proteomes of apicomplexan parasites
being particularly enriched in IDPs [13]. Of the apicomplexan parasites that infect human
hosts, Plasmodium falciparum is responsible for the highest number of deaths worldwide,
although other species including P. vivax also contribute significantly to the global malaria dis-
ease burden [14]. There is an urgent need for an effective malaria vaccine, and a major chal-
lenge is to identify key antigens that are targeted by protective immune responses and to design
vaccine constructs that generate highly effective and long-lasting immunity. Several current
vaccine candidates for P. falciparummalaria such as CSP, MSP2, MSP3, EBA-175 RIII-V and
SERA5 are targets of functional antibody responses [15–20] and are composed partly or almost
entirely of disordered regions [16,21–27].

IDPs contain a number of features that may affect adaptive immune responses against Plas-
modium spp. Firstly, the reduced proportion of bulky, hydrophobic residues in IDPs [12,28]
has potential implications for peptide binding to MHC class I and II molecules, as highlighted
by recent work suggesting that disordered regions across a number of species contain a paucity
of MHC-binding peptides [29]. Secondly, tandem repeat regions are thought to be prevalent
within IDPs, with evidence suggesting that evolution of IDPs is sometimes driven by expansion
of tandem repeat regions [30,31]. Tandem repeat regions have the potential to be immunodo-
minant [32–34] (e.g. in the sequence of the RTS, S vaccine), with certain repeat motifs capable
of inducing both T-cell-dependent and T-cell-independent B-cell responses [35–37]. Finally,
the occurrence of non-synonymous single nucleotide polymorphisms (SNPs) in some P. falcip-
arum genes has been linked to immune selection pressure [38–40], with evidence from other
organisms suggesting that positive selection of non-synonymous SNPs occurs at a higher rate
within IDPs [41].

We hypothesised that IDPs are likely to represent major immune targets in P. falciparum
and are likely to be important vaccine candidates. We sought to determine if characteristics
that have been observed for IDPs of other organisms were also found in IDPs of P. falciparum
and to ascertain the relevance of these characteristics in vaccine construct design. Using a vari-
ety of computational techniques, we established that IDPs within the P. falciparum proteome
are abundant in immunologically-exposed subcellular locations and contain a high proportion
of linear B-cell epitopes. We also determined that IDPs have a reduced proportion of MHC-
binding peptides compared with ordered domains, which may adversely affect T-cell help.
They also have a higher proportion of tandem repeats and polymorphisms, creating additional,
but not insurmountable challenges for vaccine construct design. This study has significant
implications for understanding the generation of adaptive immune responses, either through
natural exposure or vaccination against IDPs, and the development of bioinformatics tools to
assist in the development of future vaccine constructs.
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Results
Sequences from the entire P. falciparum proteome were interrogated using established predic-
tors of protein disorder, MHC class I and II binding, linear B-cell epitopes and tandem repeat
regions. Information on protein localisation for P. falciparum was obtained from ApiLoc [42]
and single nucleotide polymorphisms (SNPs) were obtained from PlasmoDB. Protein
sequences for other Plasmodium spp. capable of infecting humans (P. vivax and P. knowlesi)
and mice (P. berghei, P. chabaudi, and P. yoelii) were also assessed using these predictors to
enable comparison across Plasmodium spp. Results from these predictors were stored in a
local PostgreSQL database and subjected to further analysis using custom Python and R scripts
(Fig 1).

High proportions of the Plasmodium proteome are intrinsically
disordered
We considered disorder at both a per-proteome level (i.e. the number of residues across the
proteome that fall within disordered regions; expressed as a proportion of residues for the
entire proteome) and at a per-protein level (the percentage of predicted disordered residues for
each protein). IDPs constituted a significant proportion of the proteomes of the six Plasmo-
dium species assessed. On a per-proteome basis, the proportions of the proteomes predicted to
be disordered were as follows: P. falciparum 32.7%, P. vivax 33.2%, P. knowlesi 30.6%, P. ber-
ghei 26.7%, P. chabaudi 27.6% and P. yoelii 27.5%. The median degree of disorder per-protein
for P. falciparum was 15.5% (IQR = 6.7–31.6%; Fig 2A). No significant differences between the
proportion of disorder per-protein were observed among any of the Plasmodium spp. tested
(p> 0.05, Kruskal-Wallis rank sum test). After combining the results for the six Plasmodium
spp. tested, the median disorder per-protein was 15.1% (IQR = 7.0–29.7%). Several leading P.
falciparum vaccine candidates were also assessed to determine the proportion of these proteins
that are disordered. There was a significant proportion of disorder among many of these pro-
teins including: 1) pre-erythrocytic antigens: CSP (75.1%), LSA1 (40.6%), TRAP (47.7%); 2)
erythrocytic stage antigens: MSP1 (59.1%), MSP2 (72.4%), MSP3 (52.3%), EBA175 (46.6%),
AMA1 (21.5%), RESA (50.5%), Rh5 (8.0%), GLURP (95.4%), SERA5 (29.1%); and 3) sexual
stage antigens: Pfs25 (5.5%) and Pfs230 (21.3%). The distribution of this disorder is shown for
some selected examples, highlighting the heterogeneity of disorder amongst leading vaccine
candidates, and demonstrating that vast regions of some these proteins may be almost entirely
disordered (Fig 3).

Disordered proteins are abundant within apical organelles,
parasitophorous vacuole, exported proteins and the nucleus
Protein localisation data for 451 P. falciparum proteins were obtained from the curated ApiLoc
database [42], but there was very limited protein localisation data for other Plasmodium spp.
The prevalence of per-protein disorder in various subcellular locations was highest in nuclear
proteins (median = 28.0%), parasitophorous vacuole (PV) proteins (median = 27.7%), exported
proteins (median = 27.7%) and apical proteins (median = 23.4%). Median protein disorder was
lowest in the endoplasmic reticulum proteins (median = 8.9%) and mitochondrial proteins
(median = 8.8%). (Fig 2B, S1 Table). All of these values were significantly different from the
median degree of disorder across the whole proteome (p<0.001 for each, Wilcoxon rank-sum
test).
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Disordered proteins contain a biased amino acid composition
It has been shown previously that the amino acid composition of IDPs is distinct from that of
structured proteins [12,28]. An assessment of the amino acid composition of ordered and dis-
ordered regions in the P. falciparum proteome revealed a marked reduction in aromatic resi-
dues tryptophan (W), tyrosine (Y) and phenylalanine (F), with a 76%, 45% and 64% reduction
respectively. There was also a reduction in hydrophobic residues proline (P), alanine (A), valine
(V), leucine (L), and isoleucine (I) in IDPs. Cysteine (C) was also significantly under-repre-
sented within disordered domains, with a 53% reduction relative to ordered regions. There was
a corresponding increase within disordered regions in the proportion of charged or hydrophilic
residues including aspartic acid (D), glutamic acid (E), lysine (K), asparagine (N) and gluta-
mine (Q), with D, E and N being increased at least 50% relative to ordered regions (Fig 4).

Disordered proteins contain fewer predicted MHC binding peptides
To assess the effect of protein disorder on the predicted presentation of P. falciparum peptides
via MHC class I and MHC class II, we employed in silico prediction of peptide binding to
MHC. For each HLA allele, we defined the proteome coverage as the percentage of residues
across the P. falciparum proteome that are part of a predicted high-affinity peptide (IC50<

50nM). The median coverage of high-affinity peptides across all HLA alleles was then calcu-
lated. For MHC class I, the median coverage was 3.3% and 1.4% within ordered and disordered
regions, respectively (p<0.0001, Wilcoxon rank sum test), equating to a ~2.3-fold decrease
within disordered regions (Fig 5). For MHC class II, which is especially important for effective
antibody responses, the median coverage was 12.1% and 3.5% within ordered and disordered
regions, respectively (p<0.0001, Wilcoxon rank sum test), equating to a ~3.5-fold decrease
within disordered regions (Fig 5). When lowering the positive threshold to include predictions
for both high and low MHC affinity (predicted IC50< 500nM), the median coverage for MHC

Fig 1. Computational workflow used for analysis of the proteome of Plasmodium spp. Protein coding sequences were obtained from PlasmoDB, and
submitted to predictors of protein disorder, MHC binding, linear B-cell epitopes and tandem repeats. Protein localisation data for P. falciparumwas obtained
from ApiLoc and non-synonymous single nucleotide polymorphisms (SNPs) were obtained from PlasmoDB. All data were stored in a local PostgreSQL
database and queried using custom Python scripts. Statistical analysis and data visualisation were performed using the R statistical computing package.

doi:10.1371/journal.pone.0141729.g001
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class I was 17.5% within ordered regions and 6.1% within disordered regions (p<0.0001, Wil-
coxon rank sum test), while the median coverage for MHC class II was 42.3% within ordered
regions and 15.1% within disordered regions (p<0.0001, Wilcoxon rank sum test). When indi-
vidual HLA haplotypes were assessed, decreased MHC class I and MHC class II epitopes in

Fig 2. Prediction of protein disorder for various Plasmodium spp. and within subcellular locations for P. falciparum. A) Distribution of protein
disorder within the proteome of each Plasmodium spp. at the level of individual proteins.B) Prediction of protein disorder for P. falciparum proteins according
to subcellular localisation. Protein localisation was classified using the ApiLoc resource. A total of 451 proteins were assigned a location. Percentage
disorder was calculated as the proportion of residues predicted to be disordered at the level of individual proteins. Prediction of disorder was performed using
DISOPRED3.

doi:10.1371/journal.pone.0141729.g002
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disordered proteins were consistently observed compared with ordered proteins for each hap-
lotype (S1 Fig). These findings presumably reflect the reduced proportion of hydrophobic and
aromatic residues within disordered domains, resulting in a reduced ability to bind MHCmol-
ecules with high affinity. There was also considerable heterogeneity observed in predicted affin-
ities between different haplotypes, which may have implications for immunity in genetically
diverse populations.

To assess the possibility of biased MHC binding within different subcellular compartments,
we examined the proportion of MHC class I and MHC class II binding peptides within the sub-
set of proteins described in the ApiLoc database (S2 Fig). Peptides were grouped according to
protein disorder and subcellular protein location. No significant difference in MHC class I or
MHC class II binding was observed between subcellular locations for high-binding peptides
(p>0.05, Kruskal-Wallis rank sum test).

Fig 3. Predicted protein disorder for a number of leading P. falciparum vaccine candidates. Disorder predictions were performed using DISOPRED3.
A disorder score above 0.5 is indicative of a disordered region (dashed line). All sequences used were from the P. falciparum 3D7 strain.

doi:10.1371/journal.pone.0141729.g003
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Reduced MHC binding reflects biased amino acid composition at key
peptide anchor points
To identify potential sequence determinants that affect binding to MHC class I and MHC class
II molecules, we analysed the position-dependent sequence composition of predicted high-
affinity peptides (Fig 6). Peptides were classified as being part of an ordered region, a disor-
dered region, or on the boundary of the two. Inherent differences in sequence composition
between ordered and disordered regions (Fig 4) were taken into account when calculating the
proportional enrichment of each residue in MHC-binding peptides (see Methods), with data
presented as a weighted average across all regions (disordered/ordered/mixed). For MHC class
I binding peptides, it was observed that sequence composition differed most from background
levels at positions 2 and 9 of all predicted binding peptides (Fig 6A). Importantly, greater than
100% enrichment was observed for methionine (M) and leucine (L) at position 2, and arginine
(R), valine (V) and leucine (L) at position 9. There was also a tendency for aromatic residues
(W, Y and F) to be enriched at most other peptide positions. For MHC class II binding pep-
tides, we considered only the predicted central core-binding region (as defined by the NetMH-
CII algorithm [43,44]). It was observed that sequence composition differed most from
background levels at position 1 of predicted core-binding regions (Fig 6B). Phenylalanine (F)

Fig 4. Intrinsically disordered protein domains contain a biased amino acid composition. The relative
proportional change in amino acid frequency within disordered regions was calculated for the entire P.
falciparum proteome, with comparison made to all predicted ordered regions within the proteome.

doi:10.1371/journal.pone.0141729.g004
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and tyrosine (Y) were particularly enriched at this position, with enrichment of leucine (L), iso-
leucine (I) and tryptophan (W) observed to a lesser extent. Residues that are enriched within
MHC binding peptides are generally found at lower frequency within disordered regions (S3
Fig); for example, aromatic residues such as F and Y are found at much lower frequency within
disordered regions, while being present at much higher frequency in position 1 of predicted
MHC class II binding peptides. Similarly, hydrophilic residues are found very rarely at position
1 of MHC class II binding peptides, yet are generally enriched within disordered regions.

To determine if the position of amino acid residues within the MHC binding regions or the
amino acid residue characteristics themselves biased these results, we scrambled sequences
from within disordered and ordered regions, and submitted scrambled sequences to predic-
tors of MHCI and MHCII binding. There was a small but statistically significant difference
between observed MHC binding for the actual sequences, and that of the scrambled sequences
(with the exception of MHCII binding within ordered regions) (S4 Fig). These shifts were

Fig 5. ReducedMHCI and MHCII binding in disordered proteins for P. falciparum. The proportion of peptides with predicted high affinity to MHCI and
MHCII is significantly higher for peptides within an ordered protein domain. Boxplots represent the distribution of MHC-binding peptides across all MHC
alleles tested.

doi:10.1371/journal.pone.0141729.g005
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small compared to the large bias in MHC binding between ordered and disordered regions,
suggesting that this bias in MHC binding between regions is predominantly due to sequence
composition alone, rather than the result of selective pressure or other functional/structural
requirements of MHC-peptide interactions.

Linear B-cell epitopes are more abundant in disordered proteins
The occurrence of linear B-cell epitopes was predicted across the P. falciparum proteome and
compared to the occurrence of predicted disorder, with comparison made at a per-residue
level. The proportion of residues predicted to contain linear B-cell epitopes was assessed with
the BepiPred algorithm using a range of different output thresholds that reflect the sensitivity
and specificity of detecting a linear B-cell epitope (i.e. lower output threshold has high sensitiv-
ity but low specificity, and high output thresholds have low sensitivity but high specificity).
Across all these output thresholds, linear B-cell epitopes were predicted to be more common
in regions of disorder than in structurally ordered regions (Fig 7; solid line and dashed lines
respectively). A comparison with other Plasmodium spp. showed that P. vivax contained the
highest proportion of predicted linear B-cell epitopes, for both ordered and disordered regions,
whereas P. falciparum contained the second lowest proportion.

When examining the distribution of predicted linear B-cell epitopes within various subcellu-
lar compartments, proteins localised to the PV, parasite plasma membrane proteins, exported
proteins, apical proteins and nuclear proteins all had a significantly higher percentage of pre-
dicted linear B-cell epitopes compared to the background proteome (p< 0.001 for all except

Fig 6. Position-specific enhancement or depletion of residues in MHC binding peptides. Residue abundance in MHC class I (A) and MHC class II (B)
binding peptides was calculated relative to the abundance in the background proteome. This calculation was performed for residues at each position in an
MHC binding peptide. Adjustment was made for differing sequence composition in disordered versus ordered regions, with results presented as a weighted
average across all regions. Amino acid residue labels are omitted for visual clarity—refer to Fig 4 for residue order and colouring.

doi:10.1371/journal.pone.0141729.g006
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parasite plasma membrane, p = 0.005; Wilcoxon rank sum test). Residues were then grouped
according to predicted protein disorder, as predicted linear B-cell epitopes were correlated with
predicted disorder. Levels of predicted linear B-cell epitopes remained significantly higher in
PV proteins, exported proteins and nuclear proteins after accounting for protein disorder (S5
Fig and S2 Table).

Tandem repeat regions are more common in disordered proteins
The occurrence of tandem repeat sequences within the P. falciparum proteome and the rela-
tionship to regions of structural disorder was examined to assess the potential role of IDPs in
the generation of immunodominant antibody responses. Tandem repeat sequences were iden-
tified using T-REKS [45] with a Psim cut-off of 0.8. When grouped according to protein disor-
der, tandem repeats make up 1.7% of ordered regions, compared to 12.9% of disordered
regions. Of all the identified tandem repeat regions, 79% fell within predicted disordered
regions. To assess potential bias in the occurrence of tandem-repeat domains within different
subcellular compartments, we analysed the occurrence of tandem repeats for the subset of pro-
teins in the ApiLoc database (Fig 8A). Compared to the total P. falciparum proteome, exported
proteins (p = 0.004) and proteins localised to the PV (p = 0.02) had a significantly higher

Fig 7. The proportion of predicted linear B-cell epitopes was higher in IDPs for all Plasmodium spp. Classification of disorder was achieved using
DISOPRED3. BepiPred was used for prediction of linear B-cell epitopes. The number of predicted linear B-cell epitopes as a percentage of all residues is
shown across a range of BepiPred output thresholds. The corresponding sensitivity/specificity for each output threshold is given at http://www.cbs.dtu.dk/
services/BepiPred/output.php. Thresholds range from -0.2 (sensitivity = 0.75, specificity = 0.5) to 1.3 (sensitivity = 0.13, specificity = 0.96).

doi:10.1371/journal.pone.0141729.g007
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percentage of tandem repeats (Wilcoxon rank-sum test). Lower levels of tandem repeats were
observed in proteins in the cytoplasm (p = 0.01), endoplasmic reticulum (p = 0.03), apicoplast
(p = 0.001) and mitochondria (p< 0.001) (S3 Table).

Non-synonymous single nucleotide polymorphisms are more common in
disordered proteins
The occurrence of non-synonymous SNPs in the P. falciparum proteome was analysed, with
residues grouped according to predicted protein disorder. The percentage of disordered regions
that are polymorphic was 2.5%, compared to 1.0% of ordered regions (p< 0.001, Pearson’s
chi-squared test). When proteins were grouped according to subcellular location, an increased
proportion of SNPs (as compared to the P. falciparum proteome) was observed in exported
proteins (p = 0.001, Wilcoxon rank sum test), proteins localised to the PV (p = 0.001, Wilcoxon
rank sum test) and apical proteins (p< 0.0001, Wilcoxon rank sum test) (Fig 8B, S4 Table).

Fig 8. Distribution of tandem repeats and non-synonymous SNPs within different subcellular compartments for P. falciparum. (A) Prediction of
tandem repeats was performed using T-REKS. Percentage tandem repeats was defined as the percentage of each protein that contains tandem repeat
sequences. (B) Percentage SNPs was calculated as the percentage of residues within each protein that contain identified SNPs with a minimumminor allele
frequency of 5%. Protein localisation was classified using the ApiLoc resource. A total of 451 proteins were assigned a location.

doi:10.1371/journal.pone.0141729.g008
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Discussion
The last few decades have seen an increased understanding of the role of IDPs in various bio-
logical systems and an appreciation of their functional importance. Numerous experimental
techniques have been employed to identify and characterise IDPs [46], and these have been
complemented by a number of computational algorithms developed to predict the occurrence
of protein disorder using protein sequence data [47]. Little work has been performed examin-
ing the immunological properties of this class of protein, perhaps due to the relative scarcity of
IDPs in most bacteria and viruses [10,11]. Eukaryotic organisms, however, are known to con-
tain a relative abundance of IDPs, with apicomplexan parasites including Plasmodium and
Toxoplasma spp. being particularly enriched in IDPs [13]. It is therefore important to under-
stand the potential differences in immune recognition of IDPs compared to ordered protein
domains. In this study, we applied a number of computational prediction algorithms at a prote-
omic level to gain further insight into the role of IDPs as potential antigenic targets.

A high proportion of the P. falciparum proteome was predicted to be disordered and this
was also the case for other Plasmodium spp. IDPs appear to be especially enhanced in apical
and exported proteins, suggesting that they may play functional roles in parasite invasion and
sequestration, and that they are also likely to be accessible to antibody recognition on intact
parasites. Almost nothing is known about the actual functional role of IDPs in Plasmodium
spp. It is possible that they may play a role as flexible linkers between ordered domains,
enabling rapid molecular recognition of host ligands during parasite invasion. This is poten-
tially the case for the erythrocyte binding-like (EBL) family of proteins, which contain a disor-
dered domain termed region III-V (RIII-V) [48]. The EBL family of proteins are found in P.
falciparum, P. vivax and P. knowlesi, and includes proteins such as the Erythrocyte Binding
Antigens (e.g. EBA-140, EBA-175, EBA-181) and Duffy Binding Protein (DBP). Molecular rec-
ognition of erythrocyte receptors by the EBL family of proteins occurs via an N-terminal struc-
tured domain termed region II (RII) [39,49,50]. We hypothesise that recognition and binding
of erythrocyte receptors via RII is expedited by the flexibility of the adjacent RIII-V domain. Of
note, antibodies to the disordered RIII-V of EBA175 can inhibit erythrocyte invasion [18,51].
Similarly, antibodies to the repeat region of CSP can inhibit sporozoite infection of hepatocytes
[52], while antibodies against MSP2 can fix complement components to inhibit erythrocyte
invasion [53]. These findings indicate the importance of IDPs in host cell invasion and as
immune targets.

We observed a general enrichment of charged and hydrophilic residues within disordered
regions of P. falciparum, with a corresponding decrease in the proportion of aromatic and
hydrophobic residues. These observations are consistent with previous studies of IDPs [12,28],
although enrichment of D and N was not observed in the study by Dunker et al. [12], while
enrichment in N was not observed by Radivojac et al. [28]. It is important to note that neither
of these studies accounted for potential biases in amino acid usage between species, which may
explain the observed differences between studies. Our observed reduction in aromatic and
hydrophobic residues in IDPs was noted to affect key peptide anchor points for MHC class I
and class II binding, supporting recent findings by Mitic et al. [29]. Both MHC class I and II
presentation require peptides to be anchored in the MHC binding groove through interactions
with hydrophobic binding pockets and additional interactions with the floor and walls of the
binding channel [54–57]. Reduced MHC class II binding is likely to reduce antigen presenta-
tion to helper CD4+ T-cells and the acquisition of effective antibody responses, while reduced
MHC class I binding is likely to reduce antigen presentation to CD8+ T-cells which are
required for immune responses against the liver stage infection [58,59]. MHC class I and class
II epitopes were identified within IDPs, however, indicating that these potential limitations
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may be overcome by careful design of vaccine constructs and a detailed knowledge of the HLA
haplotypes of target populations.

Using a sequence-based linear B-cell epitope prediction method [60], it was noted that pre-
dicted linear B-cell epitopes were significantly enriched within IDPs. This is not surprising con-
sidering that most of the polypeptide chain within an IDP is accessible to antibody binding.
Several studies have characterised linear epitopes within IDPs [24,61–64], although there is a
notable report describing the existence of a discontinuous epitope with an IDP [65]. We do
note that current sequence-based prediction algorithms for linear B-cell epitopes should be
used with caution as there is some concern that they perform relatively poorly compared to
similar predictors for MHC binding [66]. While this could be due to inherent structural differ-
ences between antibody-antigen and MHC-peptide complexes, it has been suggested that cur-
rent training datasets and classification methods for B-cell epitope predictors are inadequate
[67]. Indeed, our recent study of P. falciparumMSP2 found that B-cell epitope predictors were
poor predictors of individual immunogenic epitopes within this largely disordered protein
[68].

It has been previously postulated that IDPs, and tandem repeat regions in particular, may
play an important role in the immune evasion of various parasites including Plasmodium
[37,69,70], Trypanosoma [32], Leishmania [33,71] and Ehrlichia [34]. Tandem repeat regions
may induce immunodominant responses that act as immunological decoys, masking responses
against functionally important epitopes. This hypothesis is consistent with our finding that a
high proportion of IDPs are located in immunologically-exposed subcellular compartments
and the observation that tandem repeat regions are predominantly located within IDPs. Repeat
protein sequences bear some similarity to the repeated structural motifs found on bacterial
polysaccharides that are known to elicit T-cell-independent type 2 B-cell responses. Although
such responses have been described against polysaccharide antigens, there is evidence suggest-
ing that some protozoan proteins contain tandem repeats that can act as T-cell-independent
type 2 antigens [35–37], negating the need for CD4+ T-cell help. Perhaps more importantly,
immunodominant responses against protein tandem repeats may develop due to the increased
avidity of an antibody to a region in which identical epitopes are located at several adjacent
regions of the polypeptide, increasing the apparent epitope concentration within the vicinity of
bound antibody. This is likely to lead to rapid antibody re-binding upon dissociation, resulting
in high antibody avidity, despite a relatively lower affinity for a single epitope site. In this way,
selection of B-cells from the naïve B-cell repertoire is likely to be biased towards cells with reac-
tivity to such tandem repeat domains.

Within P. falciparum, there is mixed evidence for the immunodominant nature of tandem
repeats. For example, strong antibody responses are acquired naturally against the immunodo-
minant NANP repeat region of CSP [72–74] that is predicted to adopt a coiled-coil structure
[75] and antibodies against SERA-5 predominantly target a disordered N-terminal octamer
repeat [19]. In contrast, some disordered tandem-repeats within MSP2 (3D7 allele) are poorly
immunogenic, which has been attributed to a high degree of conformational flexibility com-
pared to the rest of the sequence [68]. Taken together, protein tandem repeats appear to be
immunodominant in some cases, but may be poorly immunogenic in others, possibly due to
high flexibility and a large loss of conformational entropy upon antibody binding.

Our observation that IDPs contain a higher proportion of amino acid polymorphisms as a
result of non-synonymous SNPs is consistent with previous studies and has important implica-
tions for vaccine design. Recent work in Saccharomyces cerevisiae showed that IDPs contained
a higher proportion of non-synonymous SNPs, with disordered regions shown to be under
weaker negative selection than ordered domains [76]. This was attributed to reduced structural
constraints for disordered regions, being more tolerant to amino acid changes, especially
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changes to amino acids with similar characteristics. Many non-synonymous SNPs within P.
falciparum appear to be maintained as a result of immune selection pressure, with many of the
resulting polymorphisms located on the protein surface and hence accessible to antibody bind-
ing [77]. IDPs have a higher proportion of residues accessible for antibody binding which may
contribute to the observed increase in non-synonymous SNPs to some degree. Interestingly,
only a small number of genes (~100) within the P. falciparum proteome have been observed to
be under balancing selection [78], and hence it is unlikely that immune pressure alone is
responsible for the observed increase in polymorphic residues within IDPs [79].

Conclusions
The role of IDPs as antigenic targets is poorly understood, despite their relative abundance in
major human pathogens such as P. falciparum. We have shown here that the biased amino
acid composition of IDPs can limit their presentation via MHCmolecules and may influence
the generation of antibody responses and B-cell memory. Furthermore, we have demonstrated
that immunologically-exposed subcellular compartments within P. falciparum have a higher
proportion of IDPs, a greater number of tandem repeat regions, and a higher incidence of non-
synonymous SNPs. This indicates that IDPs can be involved in generating immunodominant
antibody responses, and that some may play a role in immune evasion. Despite these apparent
limitations, it is clear that some IDPs are targeted by functional immune responses and that
some of these antigens are realistic vaccine candidates. Indeed, we have shown that a number
of leading candidates contain a significant proportion of disordered regions. These findings
have major implications for vaccine design, and understanding immunity to malaria.

Methods

Protein sequences
Protein sequences for P. falciparum (3D7), P. vivax (Sal-1) [80], P. chabaudi (chabaudi) [81],
P. berghei (ANKA) [81] and P. knowlesi (Strain H) [82] were obtained from PlasmoDB [83]
(http://plasmodb.org). All protein-coding sequences were selected for each organism with
pseudo-genes excluded, and protein sequences downloaded in FASTA format.

Disorder prediction
DISOPRED3 software was used for prediction of protein disorder [84], and was chosen due to
its high ranking in independent benchmarking [85]. The DISOPRED3 algorithm utilises a
combination of a support vector machine (SVM), artificial neural network (ANN) and nearest-
neighbour classifier to classify residues as disordered/ordered. An initial PSI-BLAST search is
also used to create a sequence profile that is then passed to the SVM. Generation of sequence
profiles using PSI-BLAST was performed using the UniRef90 protein database and blast-2.2.26
software package from NCBI. PSI-BLAST was run with 3 passes, with an e-value threshold of
0.001 for inclusion in the multi-pass model. PSI-BLAST checkpoint file was saved and used as
an input to the DISOPRED2 SVM algorithm (part of the DISOPRED3 prediction workflow).
The default threshold was used for DISOPRED3, with a disorder score above 0.5 indicating
predicted disorder. DISOPRED3 software is freely available and was obtained from http://
bioinfadmin.cs.ucl.ac.uk/downloads/DISOPRED/ (last accessed 25/06/2015). For analysis of
protein disorder, we considered disorder at both a per-proteome level (i.e. the number of resi-
dues across the proteome that fall within disordered regions; with no adjustment for protein
length) and at a per-protein level (the percentage of residues within each protein predicted to
be disordered). A similar approach was taken with all other predictors.
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MHC binding prediction
NetMHC 3.0 [86,87] and NetMHCII 2.2 [43,44] were used for prediction of MHC class I and
II binding peptides, respectively. Peptide lengths of 9 (NetMHC) and 15 (NetMHCII) residues
were used for all predictions. Peptides were grouped according to their predicted binding affin-
ity (IC50): High-affinity, IC50 < 50nM; Low-affinity, 50 nM< IC50 < 500 nM; No-binding,
IC50 >500 nM. Predictions were performed for all human HLA alleles available in each predic-
tor. Both prediction algorithms were downloaded from http://www.cbs.dtu.dk/services/
NetMHCII/ and http://www.cbs.dtu.dk/services/NetMHC/ (last accessed on 25/06/2015).

For prediction of MHC binding within scrambled sequences from P. falciparum, we
obtained the predicted disorder scores for each protein, and scrambled sequences within
ordered and disordered regions separately, retaining the overall disorder profile for each pro-
tein. These scrambled sequences were then submitted to predictors of MHC binding as above.
This procedure was repeated four times with the scrambled proteome of P. falciparum, with
results averaged between repeats.

B-cell epitope prediction
BepiPred 1.0 was used for prediction of linear B-cell epitopes [60]. An output threshold of 0.9
was used (sensitivity = 0.25, specificity = 0.91) for identification of B-cell epitopes (unless stated
otherwise). This threshold was chosen to provide a high level of certainty for predicted B-cell
epitopes. For comparison of linear B-cell epitopes across Plasmodium spp., and between
ordered and disordered regions, we used a range of output thresholds, from -0.2 (sensitiv-
ity = 0.75, specificity = 0.5) to 1.3 (sensitivity = 0.13, specificity = 0.96). Any residue with an
output score above the threshold was considered to be part of a linear B-cell epitope. BepiPred
software was obtained from http://www.cbs.dtu.dk/services/BepiPred/ (last accessed on 25/06/
2015).

Protein localisation
Protein localisation data were obtained from the ApiLoc database (http://apiloc.biochem.
unimelb.edu.au/apiloc/apiloc) for P. falciparum sequences only (451 proteins) (last accessed on
25/06/2015). While ApiLoc also contains curated localisations for other Plasmodium spp., the
number of proteins available for other species was too low to enable proper comparison among
subcellular localisations (P. berghei, 61 proteins; P. vivax, 18 proteins; P. knowlesi, 6 proteins; P.
chabaudi, 4 proteins).

Identification of tandem repeat sequences
Tandem repeat sequences were identified using T-REKS, a program for the detection of repeat
sequences based on a K-means algorithm [45]. T-REKS software was obtained from http://
bioinfo.montp.cnrs.fr/?r = t-reks/ (last accessed 25/06/2015), and was run as a standalone Java
program. The percentage similarity (Psim) threshold was set to 0.8 for all predictions, with fil-
tering of overlapping repeats disabled. For residues that were part of overlapping repeats, only
the repeat with the highest Psim value was considered.

Analysis of amino acid substitutions due to non-synonymous point
mutations
Data for single nucleotide polymorphisms from P. falciparum were downloaded from Plas-
moDB. Within PlasmoDB, SNPs were identified based on differences within a group of isolates,
with 3D7 chosen as the reference strain. SNPs were selected from isolates obtained from all
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available geographic locations. An 80% read frequency threshold was used, with a minimum
minor allele frequency of 5%. To examine amino acid substitutions, only non-synonymous
SNPs within coding regions of DNA were used.

Workflow and database integration
Protein sequences in FASTA format were submitted to predictors of protein disorder, MHC
binding, B-cell epitopes, and tandem repeats. Output files were collated and reduced to a for-
mat amenable to storage in an SQL database. Results were stored in a local SQL database (Post-
greSQL 9.3.6). Protein localisation data from ApiLoc and SNP data were also stored in the SQL
database. Sequence input to various prediction algorithms, output data processing and SQL
queries were handled using in-house custom Perl and Python scripts (S1 File). The computa-
tional workflow is depicted in Fig 1.

Sequence analysis of MHC binding peptides
As disordered and ordered regions tend to have a different amino acid composition, we
accounted for the background amino acid frequency of ordered and disordered regions when
examining the enrichment of particular residues within MHC-binding peptides. Peptides that
fell on the boundary of disordered and ordered regions were considered to be part of a mixed
region. To do this, we defined the proportional enrichment f’ijk (Eq 1) for any particular residue
i found at position j within all MHC binding peptides in a region k (disordered, ordered or
mixed), such that residues that are neither enriched nor depleted were assigned a value of 0,
while residues with a 100% increase/decrease in frequency were assigned a value of +/-1:

f 0 ijk ¼
nijk=Si nijk

Nijk=Si Nijk

� 1 ð1Þ

where:
nijk = number of times residue i is found at position j within a predicted MHC binding pep-

tide within region k.
Nijk number of times residue i is found at position j within any peptide within region k.
Sinijk indicates a sum over all residues i at position j for residues found within an MHC

binding peptide within region k.
SiNijk indicates a sum over all residues i at position j for residues found within region k.
To determine the average enrichment across the entire proteome for residues in MHC-

binding peptides, we defined an average enrichment value fij (Eq 2) with correction for
sequence composition in each region k as:

fij ¼ ð
X

k

nijk

Nijk=SiNijk

Þ=ð
X

k

X

i

nijkÞ � 1 ð2Þ

This represents a weighted average of MHC binding residue enrichment across all regions k,
with adjustment for amino acid frequency within each region k.

Statistical analysis
All plots and statistical analysis were produced with the R statistical computing package (R
Project for Statistical Computing, http://www.r-project.org/), with RStudio IDE v. 0.97.551
used for code development. R package ggplot2 was utilised for most plots [88].
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Supporting Information
S1 Fig. Predicted MHCI and MHCII binding for the P. falciparum proteome, grouped by
protein disorder. The proportion of peptides with predicted binding to MHCI (A) and
MHCII (B) is significantly higher for peptides that are contained within a structured protein
domain. Prediction of protein disorder was performed using DISOPRED3, while predictions of
MHC class I and MHC class II binding were performed with NetMHC 3.0 and NetMHCII 2.2
Peptides were grouped according to their predicted binding affinity (IC50): High-affinity,
IC50<50nM; Low-affinity, 50nM<IC50<500nM; No-binding, IC50>500nM.
(PDF)

S2 Fig. Distribution of high-affinity MHC-binding peptides from P. falciparum across a
range of HLA alleles, grouped according to predicted protein disorder and known protein
localisation. No significant difference in the proportion of MHCI (A) or MHCII (B) binding
peptides was observed between different subcellular locations (p> 0.05, kruskal-wallis rank
sum test). Boxplots represent the distribution of MHC-binding peptides across all MHC alleles
tested. Prediction of protein disorder was performed using DISOPRED3, while prediction of
MHC class I and MHC class II binding was performed with NetMHC 3.0 and NetMHCII 2.2.
Peptides with predicted high binding affinity are shown (IC50<50nM).
(PDF)

S3 Fig. Residues that are enriched within MHC binding peptides are generally found at
lower frequency within disordered regions. The position specific enhancement of each resi-
due in both MHC class I (A) and MHC class II (B) binding peptides (IC50< 50nM) was plot-
ted against the proportional enrichment of that residue in disordered regions. Prediction of
protein disorder was performed using DISOPRED3, while prediction of MHC class I and
MHC class II binding was performed with NetMHC 3.0 and NetMHCII 2.2.
(PDF)

S4 Fig. Predicted MHC binding for scrambled sequences from P. falciparum, compared to
predicted MHC binding of native sequence. Sequences within disordered and ordered
regions of each P. falciparum protein were scrambled, and the resultant scrambled proteome
was submitted to predictors of MHC class I (A) and MHC class II (B) binding. Sequence
scrambling was performed 4x, with results fromMHC predictors averaged across all repeats.
Prediction of disorder was performed with DISOPRED3.
(PDF)

S5 Fig. Distribution of linear B-cell epitopes within P. falciparum proteins, grouped
according to subcellular localisation and predicted protein disorder. Classification of disor-
der was achieved using DISOPRED3. BepiPred was used for prediction of linear B-cell epi-
topes. A threshold of 0.9 was used for BepiPred predictions. Protein localisation was classified
using the ApiLoc resource. A total of 451 proteins were assigned a location.
(PDF)

S1 File. Computational scripts used to generate data, perform analysis and generate fig-
ures.
(ZIP)

S1 Table. Summary statistics for predicted protein disorder of P. falciparum proteins,
grouped according to subcellular localisation. Protein localisation was classified using the
ApiLoc resource. Prediction of disorder was performed using DISOPRED3. A total of 451 pro-
teins were assigned a location. Percentage disorder was calculated as the proportion of residues
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predicted to be disordered at the level of individual proteins.
(DOCX)

S2 Table. Summary statistics for percentage linear B-cell epitopes within P. falciparum pro-
teins, grouped according to subcellular localisation. Protein localisation was classified using
the ApiLoc resource. A total of 451 proteins were assigned a location. AWilcoxon Rank-Sum
test was performed on proteins from each subcellular location, comparing the percentage of
residues predicted to be part of a linear B-cell epitope for each protein in that location, to the
distribution within the entire P. falciparum proteome. Residues were grouped according to pre-
dicted protein disorder, and statistical analysis applied to each group (ordered/disordered).
(DOCX)

S3 Table. Summary statistics for predicted tandem repeats within P. falciparum proteins,
grouped according to subcellular localisation. Protein localisation was classified using the
ApiLoc resource. Prediction of tandem repeats was performed using TREKS, with a PSIM cut-
off of 0.8. A total of 451 proteins were assigned a location. Percentage tandem repeats was cal-
culated as the proportion of residues predicted to be part of a tandem repeat at the level of
individual proteins. A Wilcoxon Rank-Sum test was performed on proteins from each subcel-
lular location, comparing the percentage tandem repeats for proteins within each respective
location to the distribution of percentage tandem repeats within the entire P. falciparum prote-
ome.
(DOCX)

S4 Table. Summary statistics for SNPs within P. falciparum proteins, grouped according to
subcellular localisation. Protein localisation was classified using the ApiLoc resource. A total
of 451 proteins were assigned a location. AWilcoxon Rank-Sum test was performed on pro-
teins from each subcellular location, comparing the percentage of residues targeted by non-
synonymous SNPs for each protein in that location, to the distribution of SNPs within the
entire P. falciparum proteome.
(DOCX)

Author Contributions
Conceived and designed the experiments: AJG JSR PAR. Performed the experiments: AJG.
Analyzed the data: AJG. Wrote the paper: AJG JSR PAR. Provided critical analysis of the data
and the manuscript: VI CAM RFA RSN JGB JSR PAR.

References
1. van der Lee R, Buljan M, Lang B, Weatheritt RJ, Daughdrill GW, Dunker AK, et al. (2014) Classification

of intrinsically disordered regions and proteins. Chem Rev 114: 6589–6631. doi: 10.1021/cr400525m
PMID: 24773235

2. Asano N, Atsuumi H, Nakamura A, Tanaka Y, Tanaka I, Yao M (2014) Direct interaction between EFL1
and SBDS is mediated by an intrinsically disordered insertion domain. Biochem Biophys Res Commun
443: 1251–1256. doi: 10.1016/j.bbrc.2013.12.143 PMID: 24406167

3. Hisaoka M, Nagata K, Okuwaki M (2014) Intrinsically disordered regions of nucleophosmin/B23 regu-
late its RNA binding activity through their inter- and intra-molecular association. Nucleic Acids Res 42:
1180–1195. doi: 10.1093/nar/gkt897 PMID: 24106084

4. Ramos I, Fernandez-Rivero N, Arranz R, Aloria K, Finn R, Arizmendi JM, et al. (2014) The intrinsically
disordered distal face of nucleoplasmin recognizes distinct oligomerization states of histones. Nucleic
Acids Res 42: 1311–1325. doi: 10.1093/nar/gkt899 PMID: 24121686

5. van Leeuwen HC, Strating MJ, Rensen M, de Laat W, van der Vliet PC (1997) Linker length and compo-
sition influence the flexibility of Oct-1 DNA binding. The EMBO journal 16: 2043–2053. PMID: 9155030

Immunity Against Disordered Malaria Proteins

PLOS ONE | DOI:10.1371/journal.pone.0141729 October 29, 2015 18 / 22

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141729.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141729.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141729.s010
http://dx.doi.org/10.1021/cr400525m
http://www.ncbi.nlm.nih.gov/pubmed/24773235
http://dx.doi.org/10.1016/j.bbrc.2013.12.143
http://www.ncbi.nlm.nih.gov/pubmed/24406167
http://dx.doi.org/10.1093/nar/gkt897
http://www.ncbi.nlm.nih.gov/pubmed/24106084
http://dx.doi.org/10.1093/nar/gkt899
http://www.ncbi.nlm.nih.gov/pubmed/24121686
http://www.ncbi.nlm.nih.gov/pubmed/9155030


6. Magidovich E, Fleishman SJ, Yifrach O (2006) Intrinsically disordered C-terminal segments of voltage-
activated potassium channels: a possible fishing rod-like mechanism for channel binding to scaffold
proteins. Bioinformatics 22: 1546–1550. PMID: 16601002

7. Dunker AK, Brown CJ, Lawson JD, Iakoucheva LM, Obradovic Z (2002) Intrinsic disorder and protein
function. Biochemistry 41: 6573–6582. PMID: 12022860

8. Zandany N, Marciano S, Magidovich E, Frimerman T, Yehezkel R, Shem-Ad T, et al. (2015) Alternative
splicing modulates Kv channel clustering through a molecular ball and chain mechanism. Nat Commun
6: 6488. doi: 10.1038/ncomms7488 PMID: 25813388

9. Zandany N, Lewin L, Nirenberg V, Orr I, Yifrach O (2015) Entropic clocks in the service of electrical sig-
naling: 'Ball and chain' mechanisms for ion channel inactivation and clustering. FEBS Lett doi: 10.1016/
j.febslet.2015.06.010

10. Xue B, Dunker AK, Uversky VN (2012) Orderly order in protein intrinsic disorder distribution: disorder in
3500 proteomes from viruses and the three domains of life. J Biomol Struct Dyn 30: 137–149. doi: 10.
1080/07391102.2012.675145 PMID: 22702725

11. Ward JJ, Sodhi JS, McGuffin LJ, Buxton BF, Jones DT (2004) Prediction and functional analysis of
native disorder in proteins from the three kingdoms of life. J Mol Biol 337: 635–645. PMID: 15019783

12. Dunker AK, Lawson JD, Brown CJ, Williams RM, Romero P, Oh JS, et al. (2001) Intrinsically disordered
protein. J Mol Graph Model 19: 26–59. PMID: 11381529

13. Feng ZP, Zhang X, Han P, Arora N, Anders RF, Norton RS (2006) Abundance of intrinsically unstruc-
tured proteins in P. falciparum and other apicomplexan parasite proteomes. Mol Biochem Parasitol
150: 256–267. PMID: 17010454

14. WHO (2014) World Malaria Report. Geneva, Switzerland.

15. McCarthy JS, Marjason J, Elliott S, Fahey P, Bang G, Malkin E, et al. (2011) A phase 1 trial of MSP2-
C1, a blood-stage malaria vaccine containing 2 isoforms of MSP2 formulated with Montanide(R) ISA
720. PLoS One 6: e24413. doi: 10.1371/journal.pone.0024413 PMID: 21949716

16. Singh S, Soe S, Mejia J- P, Roussilhon C, Theisen M, Corradin M, et al. (2004) Identification of a con-
served region of Plasmodium falciparumMSP3 targeted by biologically active antibodies to improve
vaccine design. J Infect Dis 190: 1010–1018. PMID: 15295710

17. Oeuvray C, Bouharoun-Tayoun H, Grass-Masse H, Lepers JP, Ralamboranto L, Tartar A, et al. (1994)
A novel merozoite surface antigen of Plasmodium falciparum (MSP-3) identified by cellular-antibody
cooperative mechanism antigenicity and biological activity of antibodies. Mem Inst Oswaldo Cruz 89
Suppl 2: 77–80. PMID: 7565137

18. Healer J, Thompson JK, Riglar DT, Wilson DW, Chiu YH, Miura K, et al. (2013) Vaccination with Con-
served Regions of Erythrocyte-Binding Antigens Induces Neutralizing Antibodies against Multiple
Strains of Plasmodium falciparum. PLoS ONE 8: e72504. doi: 10.1371/journal.pone.0072504 PMID:
24039774

19. Yagi M, Bang G, Tougan T, Palacpac NM, Arisue N, Aoshi T, et al. (2014) Protective epitopes of the
Plasmodium falciparum SERA5malaria vaccine reside in intrinsically unstructured N-terminal repetitive
sequences. PLoS One 9: e98460. doi: 10.1371/journal.pone.0098460 PMID: 24886718

20. Foquet L, Hermsen CC, van Gemert GJ, Van Braeckel E, Weening KE, Sauerwein R, et al. (2014) Vac-
cine-inducedmonoclonal antibodies targeting circumsporozoite protein prevent Plasmodium falcipa-
rum infection. J Clin Invest 124: 140–144. PMID: 24292709

21. Burgess BR, Schuck P, Garboczi DN (2005) Dissection of merozoite surface protein 3, a representative
of a family of Plasmodium falciparum surface proteins, reveals an oligomeric and highly elongated mol-
ecule. J Biol Chem 280: 37236–37245. PMID: 16135515

22. Tsai CW, Duggan PF, Jin AJ, Macdonald NJ, Kotova S, Lebowitz J, et al. (2009) Characterization of a
protective Escherichia coli-expressed Plasmodium falciparummerozoite surface protein 3 indicates a
non-linear, multi-domain structure. Mol Biochem Parasitol 164: 45–56. doi: 10.1016/j.molbiopara.2008.
11.006 PMID: 19073223

23. Kulangara C, Luedin S, Dietz O, Rusch S, Frank G, Mueller D, et al. (2012) Cell biological characteriza-
tion of the malaria vaccine candidate trophozoite exported protein 1. PLoS ONE 7: e46112. doi: 10.
1371/journal.pone.0046112 PMID: 23056243

24. Adda CG, MacRaild CA, Reiling L, Wycherley K, Boyle MJ, Kienzle V, et al. (2012) Antigenic characteri-
zation of an intrinsically unstructured protein, Plasmodium falciparummerozoite surface protein 2.
Infect Immun 80: 4177–4185. doi: 10.1128/IAI.00665-12 PMID: 22966050

25. Adda CG, Murphy VJ, Sunde M, Waddington LJ, Schloegel J, Talbo GH, et al. (2009) Plasmodium fal-
ciparummerozoite surface protein 2 is unstructured and forms amyloid-like fibrils. Mol Biochem Parasi-
tol 166: 159–171. doi: 10.1016/j.molbiopara.2009.03.012 PMID: 19450733

Immunity Against Disordered Malaria Proteins

PLOS ONE | DOI:10.1371/journal.pone.0141729 October 29, 2015 19 / 22

http://www.ncbi.nlm.nih.gov/pubmed/16601002
http://www.ncbi.nlm.nih.gov/pubmed/12022860
http://dx.doi.org/10.1038/ncomms7488
http://www.ncbi.nlm.nih.gov/pubmed/25813388
http://dx.doi.org/10.1016/j.febslet.2015.06.010
http://dx.doi.org/10.1016/j.febslet.2015.06.010
http://dx.doi.org/10.1080/07391102.2012.675145
http://dx.doi.org/10.1080/07391102.2012.675145
http://www.ncbi.nlm.nih.gov/pubmed/22702725
http://www.ncbi.nlm.nih.gov/pubmed/15019783
http://www.ncbi.nlm.nih.gov/pubmed/11381529
http://www.ncbi.nlm.nih.gov/pubmed/17010454
http://dx.doi.org/10.1371/journal.pone.0024413
http://www.ncbi.nlm.nih.gov/pubmed/21949716
http://www.ncbi.nlm.nih.gov/pubmed/15295710
http://www.ncbi.nlm.nih.gov/pubmed/7565137
http://dx.doi.org/10.1371/journal.pone.0072504
http://www.ncbi.nlm.nih.gov/pubmed/24039774
http://dx.doi.org/10.1371/journal.pone.0098460
http://www.ncbi.nlm.nih.gov/pubmed/24886718
http://www.ncbi.nlm.nih.gov/pubmed/24292709
http://www.ncbi.nlm.nih.gov/pubmed/16135515
http://dx.doi.org/10.1016/j.molbiopara.2008.11.006
http://dx.doi.org/10.1016/j.molbiopara.2008.11.006
http://www.ncbi.nlm.nih.gov/pubmed/19073223
http://dx.doi.org/10.1371/journal.pone.0046112
http://dx.doi.org/10.1371/journal.pone.0046112
http://www.ncbi.nlm.nih.gov/pubmed/23056243
http://dx.doi.org/10.1128/IAI.00665-12
http://www.ncbi.nlm.nih.gov/pubmed/22966050
http://dx.doi.org/10.1016/j.molbiopara.2009.03.012
http://www.ncbi.nlm.nih.gov/pubmed/19450733


26. Olugbile S, Kulangara C, Bang G, Bertholet S, Suzarte E, Villard V, et al. (2009) Vaccine potentials of
an intrinsically unstructured fragment derived from the blood stage-associated Plasmodium falciparum
protein PFF0165c. Infect Immun 77: 5701–5709. doi: 10.1128/IAI.00652-09 PMID: 19786562

27. Zhang X, Perugini MA, Yao S, Adda CG, Murphy VJ, Low A, et al. (2008) Solution conformation, back-
bone dynamics and lipid interactions of the intrinsically unstructured malaria surface protein MSP2. J
Mol Biol 379: 105–121. doi: 10.1016/j.jmb.2008.03.039 PMID: 18440022

28. Radivojac P, Iakoucheva LM, Oldfield CJ, Obradovic Z, Uversky VN, Dunker AK (2007) Intrinsic disor-
der and functional proteomics. Biophys J 92: 1439–1456. PMID: 17158572

29. Mitic NS, Pavlovic MD, Jandrlic DR (2014) Epitope distribution in ordered and disordered protein
regions—part A. T-cell epitope frequency, affinity and hydropathy. J Immunol Methods 406: 83–103.
doi: 10.1016/j.jim.2014.02.012 PMID: 24614036

30. Jorda J, Xue B, Uversky VN, Kajava AV (2010) Protein tandem repeats—the more perfect, the less
structured. The FEBS journal 277: 2673–2682. doi: 10.1111/j.1742-464X.2010.07684.x PMID:
20553501

31. Tompa P (2003) Intrinsically unstructured proteins evolve by repeat expansion. Bioessays 25: 847–
855. PMID: 12938174

32. Goto Y, Carter D, Reed SG (2008) Immunological dominance of Trypanosoma cruzi tandem repeat pro-
teins. Infect Immun 76: 3967–3974. doi: 10.1128/IAI.00604-08 PMID: 18625739

33. Goto Y, Coler RN, Guderian J, Mohamath R, Reed SG (2006) Cloning, characterization, and serodiag-
nostic evaluation of Leishmania infantum tandem repeat proteins. Infect Immun 74: 3939–3945. PMID:
16790767

34. Luo T, Zhang X, McBride JW (2009) Major species-specific antibody epitopes of the Ehrlichia chaffeen-
sis p120 and E. canis p140 orthologs in surface-exposed tandem repeat regions. Clin Vaccine Immu-
nol: CVI 16: 982–990. doi: 10.1128/CVI.00048-09 PMID: 19420187

35. Kumar N, Zheng H (1998) Evidence for epitope-specific thymus-independent response against a
repeat sequence in a protein antigen. Immunology 94: 28–34. PMID: 9708183

36. Goto Y, Carter D, Guderian J, Inoue N, Kawazu S, Reed SG (2010) Upregulated expression of B-cell
antigen family tandem repeat proteins by Leishmania amastigotes. Infect Immun 78: 2138–2145. doi:
10.1128/IAI.01102-09 PMID: 20160013

37. Schofield L (1990) The circumsporozoite protein of Plasmodium: a mechanism of immune evasion by
the malaria parasite? Bulletin of the World Health Organization 68 Suppl: 66–73. PMID: 1709835

38. Ochola LI, Tetteh KK, Stewart LB, Riitho V, Marsh K, Conway DJ (2010) Allele frequency-based and
polymorphism-versus-divergence indices of balancing selection in a new filtered set of polymorphic
genes in Plasmodium falciparum. Mol Biol Evol 27: 2344–2351. doi: 10.1093/molbev/msq119 PMID:
20457586

39. Maier AG, Baum J, Smith B, Conway DJ, Cowman AF (2009) Polymorphisms in erythrocyte binding
antigens 140 and 181 affect function and binding but not receptor specificity in Plasmodium falciparum.
Infect Immun 77: 1689–1699. doi: 10.1128/IAI.01331-08 PMID: 19204093

40. Healer J, Murphy V, Hodder AN, Masciantonio R, Gemmill AW, Anders RF, et al. (2004) Allelic polymor-
phisms in apical membrane antigen-1 are responsible for evasion of antibody-mediated inhibition in
Plasmodium falciparum. Mol Microbiol 52: 159–168. PMID: 15049818

41. Nilsson J, Grahn M, Wright AP (2011) Proteome-wide evidence for enhanced positive Darwinian selec-
tion within intrinsically disordered regions in proteins. Genome Biol 12: R65. doi: 10.1186/gb-2011-12-
7-r65 PMID: 21771306

42. ApiLoc—A database of published protein sub-cellular localization in Apicomplexa.

43. Nielsen M, Lund O (2009) NN-align. An artificial neural network-based alignment algorithm for MHC
class II peptide binding prediction. BMC bioinformatics 10: 296. doi: 10.1186/1471-2105-10-296 PMID:
19765293

44. Nielsen M, Lundegaard C, Lund O (2007) Prediction of MHC class II binding affinity using SMM-align, a
novel stabilization matrix alignment method. BMC bioinformatics 8: 238. PMID: 17608956

45. Jorda J, Kajava AV (2009) T-REKS: identification of TandemREpeats in sequences with a K-meanS
based algorithm. Bioinformatics 25: 2632–2638. doi: 10.1093/bioinformatics/btp482 PMID: 19671691

46. Receveur-Brechot V, Bourhis JM, Uversky VN, Canard B, Longhi S (2006) Assessing protein disorder
and induced folding. Proteins 62: 24–45. PMID: 16287116

47. ThamWH,Wilson DW, Reiling L, Chen L, Beeson JG, Cowman AF (2009) Antibodies to reticulocyte
binding protein-like homologue 4 inhibit invasion of Plasmodium falciparum into human erythrocytes.
Infect Immun 77: 2427–2435. doi: 10.1128/IAI.00048-09 PMID: 19307208

Immunity Against Disordered Malaria Proteins

PLOS ONE | DOI:10.1371/journal.pone.0141729 October 29, 2015 20 / 22

http://dx.doi.org/10.1128/IAI.00652-09
http://www.ncbi.nlm.nih.gov/pubmed/19786562
http://dx.doi.org/10.1016/j.jmb.2008.03.039
http://www.ncbi.nlm.nih.gov/pubmed/18440022
http://www.ncbi.nlm.nih.gov/pubmed/17158572
http://dx.doi.org/10.1016/j.jim.2014.02.012
http://www.ncbi.nlm.nih.gov/pubmed/24614036
http://dx.doi.org/10.1111/j.1742-464X.2010.07684.x
http://www.ncbi.nlm.nih.gov/pubmed/20553501
http://www.ncbi.nlm.nih.gov/pubmed/12938174
http://dx.doi.org/10.1128/IAI.00604-08
http://www.ncbi.nlm.nih.gov/pubmed/18625739
http://www.ncbi.nlm.nih.gov/pubmed/16790767
http://dx.doi.org/10.1128/CVI.00048-09
http://www.ncbi.nlm.nih.gov/pubmed/19420187
http://www.ncbi.nlm.nih.gov/pubmed/9708183
http://dx.doi.org/10.1128/IAI.01102-09
http://www.ncbi.nlm.nih.gov/pubmed/20160013
http://www.ncbi.nlm.nih.gov/pubmed/1709835
http://dx.doi.org/10.1093/molbev/msq119
http://www.ncbi.nlm.nih.gov/pubmed/20457586
http://dx.doi.org/10.1128/IAI.01331-08
http://www.ncbi.nlm.nih.gov/pubmed/19204093
http://www.ncbi.nlm.nih.gov/pubmed/15049818
http://dx.doi.org/10.1186/gb-2011-12-7-r65
http://dx.doi.org/10.1186/gb-2011-12-7-r65
http://www.ncbi.nlm.nih.gov/pubmed/21771306
http://dx.doi.org/10.1186/1471-2105-10-296
http://www.ncbi.nlm.nih.gov/pubmed/19765293
http://www.ncbi.nlm.nih.gov/pubmed/17608956
http://dx.doi.org/10.1093/bioinformatics/btp482
http://www.ncbi.nlm.nih.gov/pubmed/19671691
http://www.ncbi.nlm.nih.gov/pubmed/16287116
http://dx.doi.org/10.1128/IAI.00048-09
http://www.ncbi.nlm.nih.gov/pubmed/19307208


48. Blanc M, Coetzer TL, Blackledge M, Haertlein M, Mitchell EP, Forsyth VT, et al. (2014) Intrinsic disorder
within the erythrocyte binding-like proteins from Plasmodium falciparum. Biochim Biophys Acta doi: 10.
1016/j.bbapap.2014.09.023

49. Tolia NH, Enemark EJ, Sim BKL, Joshua-Tor L (2005) Structural basis for the EBA-175 erythrocyte
invasion pathway of the malaria parasite Plasmodium falciparum.[Erratum appears in Cell. 2005 Aug
12;122(3):485]. Cell 122: 183–193. PMID: 16051144

50. Sim BKL, Chitnis CE, Wasniowska K, Hadley TJ, Miller LH (1994) Receptor and ligand domains for
invasion of erythrocytes by Plasmodium falciparum. Science 264: 1941–1944. PMID: 8009226

51. Lopaticki S, Maier AG, Thompson J, Wilson DW, ThamW- H, Triglia T, et al. (2011) Reticulocyte and
erythrocyte binding-like proteins function cooperatively in invasion of human erythrocytes by malaria
parasites. Infect Immun 79: 1107–1117. doi: 10.1128/IAI.01021-10 PMID: 21149582

52. Hollingdale MR, Nardin EH, Tharavanij S, Schwartz AL, Nussenzweig RS (1984) Inhibition of entry of
Plasmodium falciparum and P. vivax sporozoites into cultured cells; an in vitro assay of protective anti-
bodies. J Immunol 132: 909–913. PMID: 6317752

53. Boyle MJ, Reiling L, Feng G, Langer C, Osier FH, Aspeling-Jones H, et al. (2015) Human antibodies fix
complement to inhibit Plasmodium falciparum invasion of erythrocytes and are associated with protec-
tion against malaria. Immunity 42: 580–590. doi: 10.1016/j.immuni.2015.02.012 PMID: 25786180

54. Rammensee HG (1995) Chemistry of peptides associated with MHC class I and class II molecules.
Curr Opin Immunol 7: 85–96. PMID: 7772286

55. Nelson CA, Fremont DH (1999) Structural principles of MHC class II antigen presentation. Rev Immu-
nogenet 1: 47–59. PMID: 11256572

56. Natarajan K, Li H, Mariuzza RA, Margulies DH (1999) MHC class I molecules, structure and function
Rev Immunogenet 1: 32–46. PMID: 11256571

57. Matsumura M, Fremont DH, Peterson PA, Wilson IA (1992) Emerging principles for the recognition of
peptide antigens by MHC class I molecules. Science 257: 927–934. PMID: 1323878

58. WeissWR, Sedegah M, Beaudoin RL, Miller LH, Good MF (1988) CD8+ T cells (cytotoxic/suppressors)
are required for protection in mice immunized with malaria sporozoites. Proc Natl Acad Sci U S A 85:
573–576. PMID: 2963334

59. Schofield L, Villaquiran J, Ferreira A, Schellekens H, Nussenzweig R, Nussenzweig V (1987) Gamma
interferon, CD8+ T cells and antibodies required for immunity to malaria sporozoites. Nature 330: 664–
666. PMID: 3120015

60. Larsen JE, Lund O, Nielsen M (2006) Improved method for predicting linear B-cell epitopes. Immunome
Res 2: 2. PMID: 16635264

61. De Genst EJ, Guilliams T, Wellens J, O'Day EM,Waudby CA, Meehan S, et al. (2010) Structure and
properties of a complex of alpha-synuclein and a single-domain camelid antibody. J Mol Biol 402: 326–
343. doi: 10.1016/j.jmb.2010.07.001 PMID: 20620148

62. Serriere J, Dugua JM, Bossus M, Verrier B, Haser R, Gouet P, et al. (2011) Fab'-induced folding of anti-
genic N-terminal peptides from intrinsically disordered HIV-1 Tat revealed by X-ray crystallography. J
Mol Biol 405: 33–42. doi: 10.1016/j.jmb.2010.10.033 PMID: 21035463

63. Fassolari M, Chemes LB, Gallo M, Smal C, Sanchez IE, de Prat-Gay G (2013) Minute time scale prolyl
isomerization governs antibody recognition of an intrinsically disordered immunodominant epitope. J
Biol Chem 288: 13110–13123. doi: 10.1074/jbc.M112.444554 PMID: 23504368

64. Chu HM, Wright J, Chan YH, Lin CJ, Chang TW, Lim C (2014) Two potential therapeutic antibodies
bind to a peptide segment of membrane-bound IgE in different conformations. Nat Commun 5: 3139.
doi: 10.1038/ncomms4139 PMID: 24457896

65. Saad B, Corradin G, Bosshard HR (1988) Monoclonal antibody recognizes a conformational epitope in
a random coil protein. Eur J Biochem 178: 219–224. PMID: 2462497

66. El-Manzalawy Y, Honavar V (2010) Recent advances in B-cell epitope prediction methods. Immunome
Res 6.

67. Kringelum JV, Lundegaard C, Lund O, Nielsen M (2012) Reliable B cell epitope predictions: impacts of
method development and improved benchmarking. PLoS Comput Biol 8: e1002829. doi: 10.1371/
journal.pcbi.1002829 PMID: 23300419

68. MacRaild CA, Zachrdla M, Andrew D, Krishnarjuna B, Novacek J, Zidek L (2015) Conformational
dynamics and antigenicity in the disordered malaria antigen merozoite surface protein 2. PLoS One
10: e0119899. doi: 10.1371/journal.pone.0119899 PMID: 25742002

69. Kemp DJ, Coppel RL, Anders RF (1987) Repetitive proteins and genes of malaria. Annu Rev Microbiol
41: 181–208. PMID: 3318667

Immunity Against Disordered Malaria Proteins

PLOS ONE | DOI:10.1371/journal.pone.0141729 October 29, 2015 21 / 22

http://dx.doi.org/10.1016/j.bbapap.2014.09.023
http://dx.doi.org/10.1016/j.bbapap.2014.09.023
http://www.ncbi.nlm.nih.gov/pubmed/16051144
http://www.ncbi.nlm.nih.gov/pubmed/8009226
http://dx.doi.org/10.1128/IAI.01021-10
http://www.ncbi.nlm.nih.gov/pubmed/21149582
http://www.ncbi.nlm.nih.gov/pubmed/6317752
http://dx.doi.org/10.1016/j.immuni.2015.02.012
http://www.ncbi.nlm.nih.gov/pubmed/25786180
http://www.ncbi.nlm.nih.gov/pubmed/7772286
http://www.ncbi.nlm.nih.gov/pubmed/11256572
http://www.ncbi.nlm.nih.gov/pubmed/11256571
http://www.ncbi.nlm.nih.gov/pubmed/1323878
http://www.ncbi.nlm.nih.gov/pubmed/2963334
http://www.ncbi.nlm.nih.gov/pubmed/3120015
http://www.ncbi.nlm.nih.gov/pubmed/16635264
http://dx.doi.org/10.1016/j.jmb.2010.07.001
http://www.ncbi.nlm.nih.gov/pubmed/20620148
http://dx.doi.org/10.1016/j.jmb.2010.10.033
http://www.ncbi.nlm.nih.gov/pubmed/21035463
http://dx.doi.org/10.1074/jbc.M112.444554
http://www.ncbi.nlm.nih.gov/pubmed/23504368
http://dx.doi.org/10.1038/ncomms4139
http://www.ncbi.nlm.nih.gov/pubmed/24457896
http://www.ncbi.nlm.nih.gov/pubmed/2462497
http://dx.doi.org/10.1371/journal.pcbi.1002829
http://dx.doi.org/10.1371/journal.pcbi.1002829
http://www.ncbi.nlm.nih.gov/pubmed/23300419
http://dx.doi.org/10.1371/journal.pone.0119899
http://www.ncbi.nlm.nih.gov/pubmed/25742002
http://www.ncbi.nlm.nih.gov/pubmed/3318667


70. Hisaeda H, Yasutomo K, Himeno K (2005) Malaria: immune evasion by parasites. Int J Biochem Cell
Biol 37: 700–706. PMID: 15694829

71. Goto Y, Coler RN, Reed SG (2007) Bioinformatic identification of tandem repeat antigens of the Leish-
mania donovani complex. Infect Immun 75: 846–851. PMID: 17088350

72. Zavala F, Cochrane AH, Nardin EH, Nussenzweig RS, Nussenzweig V (1983) Circumsporozoite pro-
teins of malaria parasites contain a single immunodominant region with two or more identical epitopes.
J Exp Med 157: 1947–1957. PMID: 6189951

73. Dame JB, Williams JL, McCutchan TF, Weber JL, Wirtz RA, Hockmeyer WT, et al. (1984) Structure of
the gene encoding the immunodominant surface antigen on the sporozoite of the humanmalaria para-
site Plasmodium falciparum. Science 225: 593–599. PMID: 6204383

74. Enea V, Ellis J, Zavala F, Arnot DE, Asavanich A, Masuda A, et al. (1984) DNA cloning of Plasmodium
falciparum circumsporozoite gene: amino acid sequence of repetitive epitope. Science 225: 628–630.
PMID: 6204384

75. Plassmeyer ML, Reiter K, Shimp RL Jr, Kotova S, Smith PD, Hurt DE, et al. (2009) Structure of the Plas-
modium falciparum circumsporozoite protein, a leading malaria vaccine candidate. J Biol Chem 284:
26951–26963. doi: 10.1074/jbc.M109.013706 PMID: 19633296

76. Khan T, Douglas GM, Patel P, Nguyen Ba AN, Moses AM (2015) Polymorphism Analysis Reveals
Reduced Negative Selection and Elevated Rate of Insertions and Deletions in Intrinsically Disordered
Protein Regions. Genome Biol Evol doi: 10.1093/gbe/evv105

77. Bai T, Becker M, Gupta A, Strike P, Murphy VJ, Anders RF, et al. (2005) Structure of AMA1 from Plas-
modium falciparum reveals a clustering of polymorphisms that surround a conserved hydrophobic
pocket. Proc Natl Acad Sci U S A 102: 12736–12741. PMID: 16129835

78. Mobegi VA, Duffy CW, Amambua-Ngwa A, Loua KM, Laman E, Nwakanma DC, et al. (2014) Genome-
wide analysis of selection on the malaria parasite Plasmodium falciparum in West African populations
of differing infection endemicity. Mol Biol Evol 31: 1490–1499. doi: 10.1093/molbev/msu106 PMID:
24644299

79. Haerty W, Golding GB (2011) Increased polymorphism near low-complexity sequences across the
genomes of Plasmodium falciparum isolates. Genome Biol Evol 3: 539–550. doi: 10.1093/gbe/evr045
PMID: 21602572

80. Carlton JM, Adams JH, Silva JC, Bidwell SL, Lorenzi H, Caler E, et al. (2008) Comparative genomics of
the neglected humanmalaria parasite Plasmodium vivax. Nature 455: 757–763. doi: 10.1038/
nature07327 PMID: 18843361

81. Otto TD, Bohme U, Jackson AP, Hunt M, Franke-Fayard B, Hoeijmakers WA, et al. (2014) A compre-
hensive evaluation of rodent malaria parasite genomes and gene expression. BMC Biol 12: 86. doi: 10.
1186/s12915-014-0086-0 PMID: 25359557

82. Pain A, Bohme U, Berry AE, Mungall K, Finn RD, Jackson AP, et al. (2008) The genome of the simian
and human malaria parasite Plasmodium knowlesi. Nature 455: 799–803. doi: 10.1038/nature07306
PMID: 18843368

83. Aurrecoechea C, Brestelli J, Brunk BP, Dommer J, Fischer S, Gajria B, et al. (2009) PlasmoDB: a func-
tional genomic database for malaria parasites. Nucleic Acids Res 37: D539–543. doi: 10.1093/nar/
gkn814 PMID: 18957442

84. Jones DT, Cozzetto D (2015) DISOPRED3: precise disordered region predictions with annotated pro-
tein-binding activity. Bioinformatics 31: 857–863. doi: 10.1093/bioinformatics/btu744 PMID: 25391399

85. Monastyrskyy B, Kryshtafovych A, Moult J, Tramontano A, Fidelis K (2013) Assessment of protein dis-
order region predictions in CASP10. Proteins doi: 10.1002/prot.24391

86. Buus S, Lauemoller SL, Worning P, Kesmir C, Frimurer T, Corbet S, et al. (2003) Sensitive quantitative
predictions of peptide-MHC binding by a 'Query by Committee' artificial neural network approach. Tis-
sue antigens 62: 378–384. PMID: 14617044

87. Nielsen M, Lundegaard C, Worning P, Lauemoller SL, Lamberth K, Buus S, et al. (2003) Reliable pre-
diction of T-cell epitopes using neural networks with novel sequence representations. Protein Sci 12:
1007–1017. PMID: 12717023

88. Wickham H (2009) ggplot2: elegant graphics for data analysis: Springer New York.

Immunity Against Disordered Malaria Proteins

PLOS ONE | DOI:10.1371/journal.pone.0141729 October 29, 2015 22 / 22

http://www.ncbi.nlm.nih.gov/pubmed/15694829
http://www.ncbi.nlm.nih.gov/pubmed/17088350
http://www.ncbi.nlm.nih.gov/pubmed/6189951
http://www.ncbi.nlm.nih.gov/pubmed/6204383
http://www.ncbi.nlm.nih.gov/pubmed/6204384
http://dx.doi.org/10.1074/jbc.M109.013706
http://www.ncbi.nlm.nih.gov/pubmed/19633296
http://dx.doi.org/10.1093/gbe/evv105
http://www.ncbi.nlm.nih.gov/pubmed/16129835
http://dx.doi.org/10.1093/molbev/msu106
http://www.ncbi.nlm.nih.gov/pubmed/24644299
http://dx.doi.org/10.1093/gbe/evr045
http://www.ncbi.nlm.nih.gov/pubmed/21602572
http://dx.doi.org/10.1038/nature07327
http://dx.doi.org/10.1038/nature07327
http://www.ncbi.nlm.nih.gov/pubmed/18843361
http://dx.doi.org/10.1186/s12915-014-0086-0
http://dx.doi.org/10.1186/s12915-014-0086-0
http://www.ncbi.nlm.nih.gov/pubmed/25359557
http://dx.doi.org/10.1038/nature07306
http://www.ncbi.nlm.nih.gov/pubmed/18843368
http://dx.doi.org/10.1093/nar/gkn814
http://dx.doi.org/10.1093/nar/gkn814
http://www.ncbi.nlm.nih.gov/pubmed/18957442
http://dx.doi.org/10.1093/bioinformatics/btu744
http://www.ncbi.nlm.nih.gov/pubmed/25391399
http://dx.doi.org/10.1002/prot.24391
http://www.ncbi.nlm.nih.gov/pubmed/14617044
http://www.ncbi.nlm.nih.gov/pubmed/12717023


 

Minerva Access is the Institutional Repository of The University of Melbourne

 

 

Author/s: 

Guy, AJ; Irani, V; MacRaild, CA; Anders, RF; Norton, RS; Beeson, JG; Richards, JS;

Ramsland, PA

 

Title: 

Insights into the Immunological Properties of Intrinsically Disordered Malaria Proteins Using

Proteome Scale Predictions

 

Date: 

2015-10-29

 

Citation: 

Guy, A. J., Irani, V., MacRaild, C. A., Anders, R. F., Norton, R. S., Beeson, J. G., Richards, J.

S.  &  Ramsland, P. A. (2015). Insights into the Immunological Properties of Intrinsically

Disordered Malaria Proteins Using Proteome Scale Predictions. PLOS ONE, 10 (10),

https://doi.org/10.1371/journal.pone.0141729.

 

Persistent Link: 

http://hdl.handle.net/11343/262423

 

File Description:

Published version

License: 

CC BY


