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The proteome of Plasmodium falciparum (Pf) is abundant in intrinsically disordered
proteins (IDPs). Their important roles in the malaria life cycle and the limitations of experimental
and computational methods to study this class of proteins hinder the development of antimalarial
drugs. At the same time, the growing interest in IDPs and theoretical tools suggest a path for their
classification and functional understanding: searching databases with experimental notes and
predictions of protein disorder, developing force fields to describe protein flexibility, and using
molecular dynamics enhanced sampling techniques to properly sample the IDP conformational
diversity. This review discusses possibilities of exploration of Pf’s IDPs and their availability in
disordered-protein databases to foster molecular modeling studies. The large percentage of intrinsic
disorder present in many antigens and their ability to interact with different targets, make these
proteins a major class of interest in the area of drug and vaccine development.
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1. Introduction

The growing interest in the so-called intrinsically
disordered proteins (IDPs) stems from their participation
in various diseases, such as cardiovascular and
neurodegenerative diseases, and cancer.! Abundant in
nature, IDPs are also found in large proportions in viruses
and parasites, having important roles in adhesion, invasion,
and membrane localization in the human body.? This is the
case of the proteins of the Plasmodium falciparum (Pf), the
main agent causative of malaria worldwide.

By definition, IDPs are structurally heterogeneous and
do not have a stable and well-defined secondary and tertiary
structural elements under physiological conditions.!*
Their roles in cellular environments and dysfunction in
liquid-liquid phase separation is related to debilitating
diseases, as this class of proteins are in many biological
processes, including heterochromatin formation, nucleus
cytoplasmic transport, formation of membrane-free
compartments and biomolecular condensates.>® This class
of proteins also have functions that are complementary to
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the roles performed by ordered proteins, such as entropic
chains, molecular recognition, display sites and chaperones,
which play a part in the folding mechanism of proteins and
ribonucleic acids (RNAs).’

Significant proportions of Plasmodium spp. proteomes
are filled with IDPs and disordered regions (IDRs).
Computational studies indicate that Pf proteins have about
32.7% of disorder, the highest percentage compared to other
Plasmodium species. This percentage is, on average, the
same proportion found in key proteins in the host life cycle.>®

Pfhas alimited amino acid repertoire. Above 90% of all
proteins on chromosomes 2 and 3 and half of all proteins of
Pfare more than 60% composed of low complexity regions.
The majority of these regions (ca. 90%) are composed of
hydrophilic residues. Of these, 20% consist of iterated short
oligonucleotides, also called tandem repeat regions (TRR),
with areas of poly-asparagine single repeats. These
characteristics are much more common in these organisms
than in other eukaryotes.” Almost 80% of TRRs correspond
to regions of disorder.'” The abundance of IDRs in the Pf
proteome is correlated with the enrichment of TRRs, since
the expansion of these regions can drive the evolution of
IDPs and vice versa.'"'?

Feng et al.® analyzed the proteomes of 20 eukaryotes,
20 archaea, 22 bacteria, and four Pf in four life stages.
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The apicomplexan phylum is unusual among eukaryotes
as their proteins contain longer disordered regions. The Pf
proteome at the sporozoite stage appears to be distinctive
in the amount of long repeating regions compared to the
other species and life stages of the malarial cycle. Among
apicomplexan parasites, greater amounts of disordered
regions are observed in mammalian Plasmodium. The
intrinsic disorder in this species seems to be related to
evolutionary mechanisms of immunological evasion and
host interaction, ' thus increasing the challenge of having
these proteins as targets for vaccine development.

Despite the many challenges posed by the malaria
lifecycle,'*!¢ Pf-IDPs/IDRs’ potential as targets for
developing effective treatments and immune responses
should not be overlooked.!"” However, understanding IDPs
mechanism of interactions with antibodies is necessary. The
promiscuous binding of many IDPs to other physiological
macromolecules allows them to participate in interactions
investigated as potential targets for pharmacological
development, as protein-protein (PPI) and protein-
deoxyribonucleic acid (DNA) interactions,'®!* formation
of fuzzy complexes or amyloid fibers.

This review investigates the use of computational
modeling, particularly molecular dynamics (MD)
simulations, to understand the antigen-antibody interactions
of Pf intrinsically disordered proteins. We review the
last 30 years of protein structures and manually curated
information available in databases as potential targets for
leading vaccines, to understand the impact of research
on these proteins on the understanding of the induction
of an effective immune response. Because IDPs exhibit
sets of loosely defined conformations, it is limitative for
experimental techniques to express, purify, and characterize
dynamic conformational ensembles, and to obtain
consistent conformations of order/disorder.?! Therefore,
MD simulations and other molecular modeling studies on
IDPs are reviewed, providing insights into the prediction of
disorder, structure, and behavior of IDPs,* to complement
and expand the scope of understanding of these proteins
relative to experimental studies.

2.Intrinsically Disordered Proteins-Historical
Background

Highly flexible proteins have been highlighted in the
literature for at least 80 years, but it took many years for
a consensus of terms and nomenclature to refer to these
proteins to be achieved.”*?* The lack of standardized
definitions by researchers imposed a barrier to describing
the structural properties of the proteins, grouping
information and understand IDPs as a class of interest.?
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As far as we could investigate, publications on Google
Scholar adopting the “Intrinsically Disordered Proteins”
terminology began to permeate the literature around
1990-1992.5 At the end of the last century, however, it
was well established that protein disorder was common
and functionally relevant.’® The “Intrinsic disorder”
terminology was then consolidated for the understanding
of protein function.”*

A search on Google Scholar platform suggests that
the IDP terminology has been increasingly adopted by
researchers in the last 30 years. This bibliographic review
considered articles published between 1990 and 2022 with
the filters: (intrinsically OR natively OR inherently) AND
(disordered OR unfolded OR unstructured OR flexible)
AND (protein OR proteins), and among these papers, we
discriminated those with the words ‘“Molecular Dynamics
Simulations” AND “malaria” in their scope. These were
the choices of terms to avoid ambiguous results where
molecular dynamics is used as a literal term and not to
refer to a computational method.

Figure 1 indicates a growing interest in the scientific
community in understanding the behavior of these proteins,
and the contribution of computational works using MD
to this field. Each year, the number of papers using IDP
terminology grows. This may be due to factors such as
the identification of these proteins as a class, improved
analysis techniques and amount of high-resolution data on
the structure and dynamics of disordered regions available.

The orange line in Figure 1 corresponding to MD related
articles indicates around 15% of IDPs articles that also at
least discuss MD simulations. The contribution to this field
can be greater considering that not all papers adopt exactly
the search term “Molecular Dynamics Simulations” in their
scope, and that other computational methods can also be
considered, showing the relevance of theoretical works for
describing and studying these proteins. On average during
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Figure 1. Number of publications from 1990 to 2022 using the
“intrinsically disordered proteins” terminology in blue, and related to
molecular dynamics, in orange, or malaria, in green.
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this 30 years recap, the proportion of articles citing malaria
and IDPs was approximately between 1.5 and 2.5% of all
IDPs publications. Simulation studies on malaria IDPs, on
the other hand, are still relatively poorly represented in this
field, with only about 100 articles of the total set satisfying
all search criteria in 2022.

3.Databases and Disorder Structure Prediction

The most widespread experimental methods for
identifying and characterizing flexible or disordered structures
are nuclear magnetic resonance (NMR) spectroscopy,
circular dichroism spectroscopy, mass spectrometry, light
scattering, fluorescence-based methods like fluorescence
resonance energy transfer (FRET), and fluorescence
correlation spectroscopy (FCS). Other methods include size
exclusion chromatography, UV-Vis spectroscopy, atomic
force microscopy (AFM), electron spin resonance (ESR)
spectroscopy, fast relaxation imaging (FRel), and analytical
ultracentrifugation.” In these methods, regions of disorder
are observed by the absence of structure, missing signals
that impair structure resolution, as in NMR and X-ray, or
by the conformational dynamics of the IDPs identified by
the methods in light emission, absorption peaks, or even
hydrodynamics in chromatography. Also, more advanced
bioinformatic tools for the prediction of disorder and
function of IDPs are pointed out among the main motives
for the growth of interest in the era of unstructured biology.*
Molecular dynamics simulations can provide complementary
information and a comprehensive atomic description of the
structure and dynamics of the IDPs. These methods have
advanced over the years, and a path can be proposed to
guide the research on flexible structures and complement
the information inferred or obtained from experimental
methods.?!

As indicated by Piovesan et al.,’? there are two
types of biological databases: deposition bases, which
are repositories of primary data, such as Protein Data
Bank (PDB)*3 and UniProt,**¢ and knowledge bases,
which aggregate and visualize data for different kinds of
searches and information. Here we highlight the most cited
IDP databases (IDPD) that provide specific annotations for
IDPs and IDRs (Table 1). A large portion of the disorder
information found in primary and frequently used databases
has been inferred using experimental methods such as NMR
and X-ray crystallography. All IDPD fall under the category
of knowledge bases; they provide curated annotations of
the most flexible or disordered regions that can be inferred
from the absence of electronic density in crystallographic
data or from the structural diversity within a set of structures
obtained through NMR analysis.
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The databases considered in the literature were:
DisProt,*” IDEAL,*® MobiDB,* PED,* DIBS,* MFIB,*
DisBind,* IDPsBind,* FUzDB* and D?P2.* This last one is
fundamentally a structure prediction database. Here, we shall
categorize the types of information available in the IDPD,
such as (C): manually curated experimental annotations from
partner databases, derived (D): annotations automatically
derived from primary data, e.g., from PDB structures. There
is still information obtained by homology (H): annotations
propagated by aligning curated regions against ensemble and
gene trees; and finally, prediction (P): annotations provided
by running software tools from the sequence by evaluating
the local amino acid composition. We also considered the
type of data stored to understand the focus of the information
in the database: sequence, binding regions, and structure.
The input, which is a database or method used to cross-feed
information, the type of annotation, and the source: all the
tools available in the platform, which can be software, a
third-party database, or the type of consensus number of
entries. This comparison was performed in order to evaluate
structures and sequences available for further studies in the
context of malaria. IDPs of Pfs were searched in the IDPD
to determine which ones are the most widely focused by
researchers and which ones are less explored.

DisProt, MobiDB, and IDEAL are the three main
IDPDs with the greatest amount of available data and
scholarly relevance. The Protein Ensemble Database (PED)
is concentrated on representing IDPs heterogeneity and
dynamics. This is a database focused specifically on
conformation ensembles. The conformational sets are
produced using computational modeling techniques due
to the constraints of NMR, fluorescence resonance energy
transfer (FRET), and small-angle X-ray scattering (SAXS)
methods. These conformational sets are then manually
curated from the literature on disordered structures to
ensure their validation.

Database of Disordered Binding Site (DIBS) and MFIB
are complementary databases of interaction regions, with
DIBS representing the disorder regions that interact with
globular partners and MFIB the protein complexes formed
by IDPs. These databases consider the PDB structures as
evidence documentation.

The only structure of the Pf species available in DIBS
is Atg8 (PDB:4EQY). It is a disordered motif, from the
autophagy family protein, and its interacting peptide with a
well-defined tertiary structure; autophagy is also important
at the blood cycle since it is required in the transition
from sporozoite to erythrocyte and other functions. The
protein region involved in the interaction contains a known
functional linear disordered motif determined by inference,
and the Atg8 ordered domain involved in the interaction
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Table 1. Annotations in intrinsically disordered proteins databases

Intrinsically Disordered Malaria Antigens

Database Data stored Input Evidence Annotation No. of entries Pf entries
proteins: 2000
. UniProt disorder residues: 211.300
DisProt sequence MobiDB cb disorder transition disorder content: ?
18.6%
PDB . proteins: 995
IDEAL sequence UniProt CDH order/disorder residues: 33419 -
sequence UniProtKB miss(iiilsof‘(ei:irdues proteins: 189.525.031
MobiDB binding regions DisProt CDHP mobileg residues residues: 5.386
structure Ideal . . 64.278.461.608
prediction of disorder
integrative modeling :;:;Z?s;i proteins: 12
PED structure (NMR, SAXS, FRET CP coil residues: 204 —
and MD)
folded
DisProt
IDEAL ordered complexes: 1576
DIBS binding regions PDB CDH disordered P ) 1
. . sequences: 772
UniProt motif
Pfam
DisProt
MFIB binding regions éﬁfﬁ; CD complexes: 205 -
Pfam
sequences: 226
disordered regions:
428
DisBind binding regions PDB C disordered all binding sites -
(BS): 4232
BS in disordered
regions: 1396
IDPsBind binfi?rcll;erz;?ons PDB C disorder complexes: 9626 4
L N Mobi L complexes: 404
FuzDB binding regions PDB C fuzzy regions proteins: 362
disorder sequences
22 —
b sequence P MOoRF regions 10.429.761 3

Protein Data Bank; NMR: nuclear magnetic resonance; SAXS: small-angle X-ray scattering; FRET: fluorescence resonance energy transfer; MD: molecular
dynamics; C: manually curated experimental annotations; D: derived annotations; H: homology annotations; P: prediction annotations.

adopts a stable structure in isolation.*’ The annotations in
the database show function, sequence, position of the alpha
and beta helices, and related structures in the PDB.

IDPsBind is a database that shows the interaction sites
of IDPS with ligands based on PDB structures and using
the threshold distance method. There are four annotations
of complexes with the PfIDPs, triosephosphate isomerase
(disorder content: 11.69%), LytB enzyme (disorder
content: 42.8%), erythrocyte membrane protein 1 (PfEMP1)
(disorder content: 6.12%) and merozoite surface protein
2 (MSP2) (disorder content: 100%). In this database,
sequences, regions of disorder and interaction with the
ligand are identified.

IDEAL, PED, MFIB, DisBind and FuzDB have no
stored data for Pf or even other malaria parasite species.

4 of 21

DisProt is a database recognized in the literature for its
clarity of information on disordered regions of proteins;
it has 9 entries of Pf sequences, two of which are from
the MSP2 protein. MobiDB indicates 5386 Pf annotations
in proteome searches, but many of these sequences are
not identified or may indicate ambiguity in annotations.
When performing a search by organism, MobiDB returns
76 significant structures ranked by the platform’s API
method.*® Figure 2 shows their percentage of citations in
the literature in Google Scholar, as well as the percentage
of disorder indicated in the IDPD. Finding proteins that
are frequently mentioned in studies in the literature may
be relevant with this type of search. In comparison to
the other databases, MobiDB stands out for the amount
of complete resources, combining manually curated
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reports, experimentally derived information, and structure
predictors, including the cutting-edge AlphaFold2 and
cross references of the entire UniProtKB and the majority
of the other IDPDs.*
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Figure 2. (a) IDPs of Pf available in MobiDB that are most often cited
in the literature; in yellow, number of papers citing these proteins and in
green, the papers that also have MD simulations in their scope for each
protein; (b) the percentage of disorder of IDPs of Pfavailable in MobiDB.
The dashed black line delimits the annotations with sections that have
more than 30% intrinsic disorder.

The literature categorizes proteins with 30% or more
disorder as IDPs.”® We are classifying the Pf proteins
in this search in publications and databases using this
percentage disorder criterion, which indicates that more
than 30% of the structural residues exhibit features
associated with protein flexibility. Among proteins
with annotations in MobiDB, circumsporozoite (CSP),
glutathione S-transferase (PfGST), MSP1, PfEMPI1,
apical membrane antigen 1 (AMAI), glutathione,
chloroquine-resistant transporter (CRT), and MSP2
are the most cited in the literature. The CSP, PfEMPI,
MSP2, erythrocyte-binding protein 175 (EBA-175),
thrombospondin-related adhesive protein (TRAP), the
glutamate-rich protein (GLURP), and MSP3 annotations
available in MobiDB have a percentage above 30%
disordered, and AMA1 and MSP1 have a considerable
percentage of IDRs. We can see by the orange region of the
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bar graph, the quantity still unsatisfactory of the amount
of MD studies involving these proteins.

The eight proteins that are listed in DisProt, their
disorder content, and the number of cited papers are
displayed in Table 2. The majority of them are crucial
proteins from the malaria cycle’s blood stage; Acp and
GcepE are enzymes involved in the biosynthesis of fatty
acids and isoprene, respectively.’'*> P/EMPI is the most
cited protein in articles, while MSP2 has the highest
disorder percentage.

DisProt is the major database of manually curated IDPs
data from the literature. A DisProt entry corresponds to a
protein isoform and unambiguously maps to a UniProt
entry. DisProt annotations describe local properties of the
protein sequence supported by experimental evidence taken
from the literature.”

This proliferation of IDPDs may provide more specific
information and capture more subtle differences related to
the functions of the IDPs. Some have different objectives
and focuses that may be related to the interactions they carry
out, integrate the maximum number of available tools, as
is the case with MobiDB, and even present clarity in the
annotation of clutter, as observed in DisProt. This facilitates
the observation of consensus in the literature regarding
disordered regions, observed and predicted data, molecular
function, percentage of disorder, and cross-references,
contributing to works that arise from this topic. It is
noteworthy that these annotations still remain poorly
represented, especially when referring to Pf, as manually
curated data grows more slowly than experimental data.

Triosephosphate isomerase (PfTIM) is a dimeric
glycolytic enzyme of the erythrocytic phase responsible
for catalyzing the isomerization of the reversible
interconversion of D-glyceraldehyde-3-phosphate into
dihydroxyacetone phosphate. PfTIM also plays an important
role in gluconeogenesis and fatty acid biosynthesis, being
essential for the efficient energy production of virtually all
organisms. In Pf, this phase of the life cycle is characterized
by an increase in glycolytic flux, which is the parasite’s
main source of metabolic energy.>

MSP2 and MSP12 are some of the proteins that cover
the merozoite surface (merozoite surface proteins). MSP2
is a GPI-anchored membrane protein that is present mainly
in the stages prior to cell invasion. The MSP1 and MSP2 are
the most abundant GPI-anchored proteins on the merozoite
surface. Most MSPs are rapidly degraded after cellular
invasion, but other proteins like the C-terminal portion of
MSPI (namely MSP1-19) and the MSP4 protein persist in
the intracellular environment and may have roles in intra-
erythrocytic development. MSP2 is supposed to play a role
in the process of adhesion to the erythrocyte surface and
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Table 2. Protein annotation available in DisProt

Intrinsically Disordered Malaria Antigens

Protein Available in Disprot Life cycle

content / %

Disorder Papers in Google

Cross reference
Scholar

PTIM 1 en

UniProtKB:Q07412
MobiDB:Q07412
AlphaFold: Q07412

11.69 102

MSP2 2 ab

UniProtKB:P50498
MobiDB:P50498
FuzDB: FC00107

AlphaFold: P50498

100 3.780

UniProtKB:P19599
82.58 MobiDB:P19599
AlphaFold: P19599

P/EMPI 1 ab

UniProtKB:Q25733

6.12 5.570 MobiDB:Q25733

MSPI12 1 ab

UniProtKB:C6KSX0
MobiDB:C6KSX0
AlphaFold: C6KSX0

13.83 5

PTEX150 1 ab

UniProtKB:QS8ILA1
MobiDB:QS8ILA1
AlphaFold: Q8ILAI

84.29 291

AcP 1 en

UniProtKB:Q8I2X3
MobiDB:Q812X3
AlphaFold: Q812X3

3.79 1760

AMAL 1 ab

UniProtKB:P50490
MobiDB:P50490
AlphaFold: P50490

12.06 4870

GcepE 1 en

UniProtKB:Q81295
MobiDB:Q81295
AlphaFold: Q81295

40.56 250

PfTIM: triosephosphate isomerase; MSP2: merozoite surface protein 2; PTEX: Plasmodium translocon of exported proteins; AcP: acyl carrier protein;
AMAI: apical membrane antigen 1; GepE: (E)-4-hydroxy-3-methylbut-2-enyl diphosphate synthase; ab: asexual blood life cycle; en: enzyme.

have a high propensity for fibril formation, in which the
conserved N-terminal domain has a key role.”

MSP12 is the archetypal member of the 6-Cys protein
family, containing only two s48/45 domains, while other
members have as many as 14 such domains. Members of the
6-Cys s48/45 protein family are found on the surface of Pfat
all stages, Pf12 is highly conserved and plays an important
functional role in parasite-host cell adhesion or invasion.
Studies® show that this protein is strongly recognized by
immune sera from naturally infected patients.

Plasmodium translocon of exported proteins (PTEX)
is essential for the transport of malarial effector proteins
across a vacuolar membrane surrounding the parasite
to host erythrocytes, but the mechanism of this process
remains unknown. PTEX150 is an endogenous, isolated
region of PTEX where the EXP2 and PTEX150 structures
interdigitate to form a static, funnel-shaped, pseudo-seven-
symmetrical, and symmetrical protein conduction channel
spanning the vacuolar membrane. These transport proteins
are the only known entry point into the host cell for exported
proteins and are an attractive target for drugs, as disrupting
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them blocks delivery of key virulence determinants and
induces parasite death.”’

AMAL is a surface protein found in more than one stage
of the life cycle, acting on sporozoites and merozoites,
closely related to parasitic invasion of erythrocytes and
hepatocytes, respectively. It is a reorientation protein in
the so-called “moving junction”, the moment in which the
parasite and host membranes are in close contact. Adhesion
of the parasite to human cells is followed by a reorientation
movement necessary for the apical pole to come into
contact with the erythrocyte or hepatocyte surface. During
the junction movement, AMAI1 acts together with the
peptide RON (Rhoptry Neck), an interaction of great
importance, since the interruption of the adhesion of
AMAL1 to the RON prevents the invasion of erythrocytes
by the parasite.”®

Predictors of structural disorder also assist in structural
clarification. Frequently, the most flexible regions are
subject to modeling studies and MD simulations,>
that can be combined with low-angle X-ray scattering
or NMR data to propose a collection of disordered

J. Braz. Chem. Soc. 2024, 35, 10, e-20240102
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conformations.®® Predictions of IDRs are made from
the primary protein sequences, based on the observed
enrichment of polar and charged amino acids, and the
lower predominance of hydrophobic and aromatic residues.
Currently, there are predictors based on neural networks,
such as: PONDR (Predictor of Naturally Disordered
Regions;® VLXT,*> PONDR VSL2,% PONDR VL3,%
PONDR-FIT,® DisEMBL® and others based on the
physicochemical properties of proteins, which can be
highlighted: TUPred,%” FoldIndex,% TopIDP,* MobiDB
(cited in the database section), PrDOS,”® MetaDisorder,”!
and GlobPlot.”” DISOPRED3,” part of PSIPRED,™ was
trained on evolutionarily conserved sequence features of
missing residue IDRs in X-ray structures and later added
two independent predictors of intrinsic disorder, a module
that combines intermediate results, and a component that
annotates protein-binding IDRs.” All predictors, although
they still have limitations for generating disordered
structural sets, are tested by the Critical Assessment of
Techniques for Protein Structure Prediction (CASP) which
evaluates the prediction of folded protein structures, making
it possible to identify disordered regions.

It is noteworthy that even if these predictors have been
trained to identify intrinsic disorder, AlphaFold2 (AF2)
was the best ranked so far in CASP14.7> AF2, as the
state-of-the art of protein prediction in the era of machine
learning and artificial intelligence in computational
chemistry, also brings relevant questions in the field of
IDPs. In the context of malaria, a search by taxonomy
indicates that the PDB has 1044 resolved Pf structures,
while AF2 has about 30222 predicted structures of different
Pf proteins.

The predicted local distance difference test (pLDDT),
an AF2 structure scoring measure, classifies a measurement
below 50 as very low (orange regions in disorder predictors),
between 50 and 70 as low (yellow regions), from 70 to 90
as reliable (light blue), and above 90 as high confidence
(dark blue). As discussed by the authors,””’ it is possible
that regions with very low confidence may indicate that
AF2 failed to predict properly or may correspond to regions
without a well defined tertiary structure, indicating intrinsic
disorder. Many researchers are adopting the second,’”
most optimistic, interpretation, due to the disorder
percentage in human proteome 37-50% coincides with
the fraction of disordered regions in which AF2 classifies
as regions of low or very low confidence in prediction. Of
course, inferred information or non-resolution of specific
regions should not be overestimated as mandatorily a sign
of intrinsic disorder. Due to this, for predicted structures,
there has been a growing adoption of “resolved/ordered”
for regions of high confidence and “unresolved/disordered”
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for regions of low confidence.® pLDDT proved to be a
competitive disorder prediction algorithm, having even
better results than the predictors conventionally used for
IDPs and cited above.®!

Even more recently, focused on the challenges of
predicting regions of intrinsic disorder, the Critical
Assessment of Protein Intrinsic Disorder Prediction (CAID)
was designed,®? which is already in its second round.®* It is
a community-based blind study to determine the state of
the art in predicting intrinsically disordered regions and the
subset of residues involved. Some predictors widely cited
in the literature, such as DISOPRED3"* and IUPred-long,®’
were also in the test. The servers assign scores to each
residue to be disordered using DisProt as the main database.

The results also show room for improvement in
algorithms focused on IDPs and binding regions. As
indicated by the authors, the best methods use deep
learning, and there is a need to balance performance with
execution time. The methods based on AF2 proved to be
good, but they are better at predicting the absence of order
than the IDRs indicated in DisProt.

The PDB can assist the recognition of IDRs by the
inference of the missing residues from the experimental
methods, and more recently based in disordered sequence
annotations imported from IUpred2. Also, with AF2
consolidation, more than 1 million computational models
are available in PDB allowing the low confidence or
disordered regions to be taken into account.

The emergence of increasingly precise methods to
study IDPs puts into perspective the need to understand the
dynamics of these proteins. Proteins are structures that have
complex dynamics and complementary functions between
rigid and flexible regions.

4. Epitope Recognition and Antigen-Antibody
Interactions

The structural and dynamical factors that play a role
in the identification of intrinsically disordered epitopes by
their homologous antibodies are still not well understood.
The effectiveness of the immune response will depend on
how well the available antibody repertoire binds to the
accessible epitopes on the surface of the invader, since
the molecular recognition process is essential for the
neutralization of the pathogen.3

In an ideal situation of maximum affinity, the
conformation of the epitope in the complex is a perfect
structural mold of the cognate antibody binding site
(paratope), with a complementary surface charge
distribution. So, conformational flexibility is also a
determining factor for the affinity and specificity of an
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antigen-antibody complex. Disordered regions usually
expose consecutive amino acid sequences, which are
identified as linear epitopes, unlike folded proteins that
expose non-consecutive residues, called discontinuous or
conformational epitopes.® Disordered epitopes generally
have high specificity but low affinity interactions due to
the smaller and more specific number of amino acids that
can form intermolecular interaction.¢

When bound to antibodies, linear epitopes can assume
conformations that are molded by the interaction sites,
and possess a greater density of intermolecular polar
contacts. This results from the flexibility of disordered
proteins and their consequent ability to better adapt to the
shape of their binding partner.’’ Even so, if IDPs features
mean an increase in the immune response, it is a subject
of discussion.

Several B cell epitopes have been determined to be
disordered with the ability to induce personalized immune
responses. Furthermore, application of a large dataset of
protein antigens revealed that disordered epitopes are
authentic targets for recognition by antibodies.!”8

The greater exposure and contacts of the linear epitopes
chains also relates the solvent-accessible surface area to
antigenicity in these cases. The loss of conformational
freedom following the interaction has an entropic cost. Due
to the desolvation of the proteins and ligands involved, a
large change in solvent entropy for IDPs is expected during
disorder-to-order transitions, in which a substantial amount
of solvent-accessible surface can be buried. Disordered
epitopes tend to be recognized by concave parotopes, and
the ratio of buried surface area on the antibody to buried
surface area on the antigen is lower for this type epitopes,
suggesting a more intimate interaction between these
antigens and their complementary parotope.®

In this case of a mostly hydrophobic buried surface,
the change in entropy of the solvent will be very favorable
for binding. The resulting increase in solvent entropy will
counteract the concomitant decrease in conformational
entropy. This phenomenon gives IDP greater freedom
to adjust its binding affinities and interact with different
targets.” Because of this, Dogan et al.®® suggest that
specificity and affinity of interaction should be seen on a
case-by-case basis for each particular IDP.

In complex formations, IDPs often display a
combination of interaction mechanisms. Proteins can
follow different binding trajectories that involve multiple
steps with energetic barriers. Similarly to what happens
in the interaction between proteins and small molecules,
the greater the flexibility of the ligand (in this case the
epitope), the greater its ability to undergo induced-fit. In
IDPs, the separation between the interaction mechanisms
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is not clear. Conformational selection can be followed by
induced fit and mutual adjustments between participating
components.”!

The antigenic site of the antibody, the paratope, is
formed by the so-called complementarity-determining
regions (CDRs). Antigen binding affinity is an important
measure of B cell fitness and is largely determined by
the structure and composition of the antibody CDRs.
Six loops contribute to the binding site, three loops from
the heavy chain CDR-H1, CDR-H2 and CDR-H3, and
other three from the light chain CDR-L1, CDR-L2 and
CDR-L3.> CDRs can be identified in fixed regions due to
the definition of a canonical structure from the loop length
and conserved residues.” The CDR-H3 is a loop in which
an exception behavior is expected. This loop has a greater
variability and plurality of contacts in many observations
in the literature. CDR-H3 performs an important mediation
in the antigen-antibody interaction, and can adopt a variety
of conformations.**

Antibodies can interact with antigens of different
formats.” In parallel, Jeliazkov et al.,”” and Lawson et al.,”®
showed that the rigidity of antibodies increases with
maturation, especially when they are repeatedly exposed
to the same antigen. This rigidification evolves providing
contacts that can interact quickly with the antigen,
forming a three-dimensional parotope. Antibodies can
also present protein promiscuity related to flexibility and
shallower free energy surfaces, which makes different
conformational states accessible on a shorter time scale.”
Polyspecificity is essentially achieved through minimal
structural rearrangement in the paratope complemented
with plasticity in the interaction with the antigen.'®

Pf exhibits enormous genetic variability to escape
immune pressure. The 3D structures of the conserved
amino acid sequences of the most relevant proteins in host
cell invasion can be found in different areas, sometimes
90° to 180° opposite the location of the immunogenic and
highly polymorphic regions, making the immune response
useless.!”!

Other scaping mechanisms include: different stages
of development where the Pf changes its morphology and
protein functions in the malaria’s complex life stages in very
short periods of time. Because of this, the occurrence of
effective humoral immunity acquired by natural infection is
uncertain and still dependent on the molecular redundancy
and high polymorphism of these disordered structures.'??

Protein plasticity and promiscuity, for instance, can
facilitate parasite adherence and invasion in the host-
parasite relationship. During the Pf parasite invasion,
molecules can hide or cover functionally relevant structures
or domains with some other domains or structures to expose
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them only during the last moments of invasion to carry out
their fundamental functions.!%

It is also possible that, as PfIDPs perform functions of
invasion of human cells, the challenges in the development
of antimalarial treatments are also associated with the
characteristics of these proteins. Various studies®*'* suggest
that disordered epitopes can function as a “smoke screen”,
moving antibodies away from regions that provoke an
effective response, guaranteeing the survival of the parasite.
The repetitive and disordered residues are antigenic, leading
to humoral responses in non-functional regions to combat
the disease.

Disordered antigens widely known in the context of
malaria, such as MSP2 and CSP, have their continuous
epitopes recognized by antibodies.!*>!% The sole approved
vaccine against malaria is formulated with RTS-S, a
recombinant protein that also has disordered regions of the
CSP protein in its constitution.'1% Most of the protective
antibodies against PfCSP known to date interact with the
central Asn-Ala-Asn-Pro (NANP) repeat region. This is
also observed in the work of Murugan et al.,'® in which they
characterized 200 human monoclonal antibodies induced
by immunization with sporozoites, and established that the
most potent antibodies bind around a conserved nucleus.'?”

In disordered antigens, conserved epitopes are flanked
by disordered polymorphic regions. Transient interactions
between these regions of the MSP2 protein and host
antibodies may explain the difficulty in establishing broad
neutralizing responses to conserved antigens and clarify
the possible benefit of these regions for Pf survival in the
human host. Furthermore, the conformational changes of
these epitopes are also related to their antigenicity.!%!1°

The monoclonal antibody 6D8 recognizes a completely
conserved nine-residue continuous epitope within the
intrinsically disordered malaria antigen, MSP2, but has
different affinities for the two allelic forms of this antigen.
The work of Krishnarjuna et al.®¢ also reveals from
DM simulations the presence of transient interactions
involving polymorphic residues immediately C-terminal
to the structurally defined epitope that also involve in
multiple transient interactions distributed over a large part
of the antibody’s accessible surface. Specificity in these
cases arises as a consequence of subtle differences in
highly dynamic interactions. These findings highlight the
importance of determining and choosing Pf antigens that
can elicit protective immune responses.

Also, changes in surface protein expression at each
new stage of Pf life cycle require the immune system to
produce antibodies that can efficiently be recognized in the
different stages of infection prevention, disease prevention,
and transmission prevention. Julien and Wardemann''!
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studied the different actions of antibodies in each stage.
Antibodies that interfere with the development of the
asexual erythrocytic stages of Pf recognize merozoites or
variant surface antigens that are displayed in button-like
structures on the surface of infected erythrocytes, such as
the blood life cycle proteins, AMA1, MSP1, MSP2, MSP3,
EBA-175, GLURP, and Reticulocyte-binding protein
Homolog 5 (RHS), available in the IDPDs.%

Thus, understanding whether regions of disorder can
induce an effective immune response is difficult and
prominent for the development of effective vaccines.®
However, the presence of regions of low complexity and
the ability to change conformation should not remove
disordered epitopes from the list of candidates for peptide
vaccine development. It is possible to say that if a solution is
found for the use of IDPs or IDRs in vaccine development, it
is possible that the final vaccine efficiency will be improved.

In this aspect, the use of a mixture of ordered and
disordered epitopes in a peptide vaccine construct can
modulate the recognition of disordered epitopes by
antibodies and also overcome overlapping antigenic regions
between different strains, supporting the construction of
multi-allele vaccines.'”

As of November 2023, the PDB contains 117 models, of
which 12 different Pf proteins in complex with antibodies
available for affinity studies, they are: Cysteine-Rich
Protective Ag (CyRPA), AMAI, CSP, EBA-175, MSP1,
MSP2, Pfs25, Subtilisin-like Protease 1 (PfSUB1), RHS,
Pfs48/45, Fab668, Pfs230, RIFIN, CRT, EMP1, and
Pf5230D1M. Table 3 shows experimental PDB structures
and epitopes indicated on the domains that are complexed
with antibodies. The RAPID server''? was performed to
provide the disorder percentage of the proteins. This server
correlates the amino acid sequence with the protein disorder
considering the most commonly observed amino acids in
regions of protein flexibility. Some peptides, such as the
NANP of the CSP and MSP2 proteins, are very short, and
not allowing for a proper disorder prediction.

In Table 3 available protein domains have a high
percentage of disordered regions (ca. 20 to 30%): AMAL,
Pfs230, EMPI1, Pfs230D1M, and The CSP accessible
domains are entirely disordered.

In Table 3 as far as has been possible to research, only a
few of these PDB IDs have been used in theoretical studies.
Some of them are not even focused on malaria as an object
of study. In literature, we found that 2J5L, 6B0S, 10B1,
and SMZA were studied using MD.

The 2J5L structure was used in molecular docking and
MD for druggability filtering,'* and also for verification of
the mimicked potential of interactions.”® This study used
protein docking simulations and sequence alignment tools for
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Table 3. Structures of the Pf antigens in complex with antibodies available in the PDB

. . .. . Antigen .
Pfantigen Epitope containing region disorder / % PDBs IDs Type of antibody Reference
cysteine-rich protectlv.e antigen 6 bladed 0.9 STIH mouse 13
domain
CyRPA cysteine-rich protectlv.e antigen 6 bladed 1036 SEZO mouse 114
domain
- 1.17 7PHW, 7P17, 7P12, 7PHV, 7P13 mouse 115
domain I 5.65 2Q8B, 2Q8A mouse 116
AMALI
domain III 10.0 2J5L mouse 117
C-terminal a TSR domain 23.1 6B0S human 118
NANP repeat region - 5BKO human -
- 99.9 6AZM human 119
- 6AXK, 6AXL human 120
NANP5 99.9 6D11, 6DO01 human 121
- 99.9 6ULE human 105
- 50.0 6MB3 human 122
- 99.9 6UUD mouse 123
- 50.0 6MHG human 122
. . 6WFW, 6W00, 6W05, 6WFW,
NPNAZ2 peptide, B domain - 6WEX. 6WG1, 6WG2 human 124
NANP4 - 6WFY human 124
csp NANP3 - 6WFZ, 6WG0 human 124
NANP3 - 6D0X human 121
RTS,S/ASO1 - 6UCS human 125
7RDY, 7LKB, 7LKG, 7RAJ, 7RCS,
- 9333 7RD3, 7RD4, 7RD9, 7RDA fmouse 126
B 36.36 TRXL, 7RXI, 7RXJ, 7RXL, 7RXP, human 127
7S0X
6BS5L,
- - 6B5M, 6B5N, 6B50, 6B5P, human 128
6B5R, 6B5S, 6B5T
6023, 6023, 6024, 6025, 6026,
NANP5 99.9 6028, 6029, 602A, 602B, 602C, human 105
6ULE, 6ULF, 6VLN
- - TK75 human -
EBA-175 region ii Duffy binding domain 12.13 4QEX, 4K2U mouse 129
MSP1-19 6.06 10Bl1 mouse 130
MSP1
MSP1 EGF domain 1 6.06 6XQW human 131
C terminal - 5TBD, 4067 mouse 132
MSP2
N terminal — 4QXT, 4QY8, 4QYO0, 4R3S mouse 106
Pvs28 EGF domain 1.64 6B08, 6B0A, 6AZZ, 6BOE, 6BOH, human 133
Pfs25 6B0G
Pvs28 EGF domain 2.17 6PHC, 6PHB, 6PHC, 6PHD, 6PHF human 134
PfSUBI1 SUBI protease Prodomain ProdP9 1.74 4LVN, 4LVO mouse 135
RhS coiled-coil domain 11.67 SMIO mouse 136
3D7 16.17 7PHU human 115
RHS5 i . . 4U0Q,
Rh5 coiled-coil domain 11.03 AUOR. 4U1G human 137
RhS coiled-coil domain 16.17 6RCV, 6RCS, 6RCU, 6RCV human 138
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Table 3. Structures of the Pf antigens in complex with antibodies available in the PDB (cont.)

Antigen

Pf antigen Epitope containing region disorder / % PDBs IDs Type of antibody Reference
sexual stage antigen s48/45 domain 5.88 6HS5N mouse 139
Pfa8/A3 6C variant 6.12 7UNB human 140
sexual stage antigen s48/45 domain 6.47 6E62, 6E63 mouse 141
- 3.03 TZW1 mouse 142
Fab668 junctional peptide 6PBV human 109
Pfs230 - 20.51 7JUM human 143
V2 domain 17.22 7KHF, 7KFK human 144
RIFIN immunoglobulin domain 16.56 7FIL, 7TFOM, 7FON human 145
CRT CRT-like 6.25 6UKJ human 146
EMP1 Dufty binding domain 21.31 SMZA human 147
Pfs230DIM - 20.51 60HG mouse 148

PDB: Protein Data Bank.

comparisons of protein models structurally recognized by the
motifs connections to the receiver. Ferndndez-Quintero e al.,'™'
performed the MD of a set of structures, including the
PDB ID 6B0S to characterize conformational changes of
antibodies and antigen upon binding. In this paper are shown
the state probabilities obtained by the Markov-state model
based on the docking score. 10B1 was the initial structure of
aMD and docking simulation to understand the interactions
of the antigen-antibody complex.'>?

SMZA was used in a rational design of peptide-ligand
conjugates focused in malaria.' The virtual screening
revealed three bioactive natural ligands for P/EMP1 from
(NPASS) database, and nine peptide-ligand conjugates
were designed with different combinations of peptides
and ligands with the suitable non-cleavable triazole linker.

Considering that there are structural models for
117 proteins in the PDB, there is still much to be explored
in the field of computational studies to understand the
dynamics of malaria proteins. For the most part, the
MD simulations are not the main focus of the work in
which they are cited. Antigens behavior and interactions
with antibodies are crucial issues for the development of
vaccines. Several malarial proteins remain potential targets
for drug discovery studies. The barriers in analyzing IDPs
to be overcome are still issues that need to be addressed.'>*

5. Computational Approaches

Molecular dynamics simulation (MD) methods are
important in pharmacological target discovery and vaccine
design applications because protein flexibility crucially
affects the range of possible target conformational
states.!> In many studies, MD has been used to examine
the conformational balance of the H1, H2, and H3 (CDR
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heavy chains) and the L1, L2, and L3 (CDRs light chains),
the conformational freedom of these flexible regions as well
as structural variability related to their interactions with
antigens.'**” MD techniques are used'® to obtain better
conformational sampling particularly of the CDR-H3 and
enhanced sampling can aid in obtaining putative structural
models. 152160

Moreover, molecular and ensemble docking'®! utilize MD
to generate conformational sets of structures and calculate
complexed pairs configurations in order to anticipate antigen-
antibody complexes.'®* Via distinct MD simulations, several
antigen and antibody conformations can be produced and
subjected to hard docking calculations specially where
conformational modifications occur prior to antigen-antibody
binding.'®* Also in drug discovery and design of small
molecules that target IDPs, conventional MD simulations
can be combined with enhanced sampling to generate the
conformational ensemble and than carry out conventional
virtual screening for highly populated conformations.!>>-164

A molecular dynamics simulation generates a sequence
of configurations for an atomic system using an effective
interaction potential and, most frequently, the new
classical equations of motion. Simulations also require
specific initial configurations (momenta and coordinates
of the atoms), which can, for proteins, obtained from
experimental or computational models.!®> MD simulations
are extremely important to sample the configurational space
of biomolecular systems and have been extensively used
over the past few decades for understanding biomolecular
function.'® Because of the dynamic nature of IDPs, they are
best described by an ensemble of structures with multiple
thermally accessible conformations. These structures can
frequently be simulated with molecular mechanics methods,
providing a rich view of the IDP conformational space.'®’
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Given the uncommon nature of IDP flexibilities among
other proteins, the force field biases or imprecisions can
be potentially amplified, as the interaction potentials
were mostly parameterized to reproduce the structure and
flexibility of folded proteins. Reparameterization strategies
including water and solvent models have been adopted
to better characterize ensembles without a well-defined
tertiary structure. Specific force fields were designed and
validated for IDPs in the last decade.'*®!® The choice of
solvent also plays a significant role in the dynamics of
IDPs, particularly because of the high sensitivity of the
conformational equilibrium to protein-water interaction
details,!7 associated with the absence of robust hydrophobic
centers, and the greater solvent accessible surface.!”!

Widely used force fields as Amber ff99SB,!”?
ff03,'* CHARMM (Chemistry at Harvard Molecular
Mechanics-CHARMM?22/27,'¢ CHARMM36),'"
GROMOS96 (Groningen Molecular Simulation)'” and
OPLS (Optimized Potentials for Liquid Simulations)'’® were
developed for structured proteins. Later, implementations
for protein flexibility and IDPs were released, such as the
CHARMM36m,"” ff99IDPs'”® and {f14IDPs,'” which
are improvements of CHARMM?36, ff99SB and ff14SB,
respectively.’® The main correction in force fields for
IDPs includes the backbone dihedral distribution, and the
overestimation of the population of secondary structures.

In conventional MDs, a very long time simulation
would be required to obtain a proper sampling of IDPs
conformational changes.” The computational costs for
exploring the high conformational diversity of these
proteins is very high, and information on the local
fluctuations of a single structure is not generally useful.
Observable quantities and IDP properties are inherently
averages over a highly heterogeneous set of structures, this
makes enhanced sampling methods even more necessary
than in usual MD simulations studies of folded proteins.'®?

There is indeed some consensus that poor sampling
is a greater source of error for MD predictions than
the deficiencies of the force fields.'®® At the same time,
Hénin er al.’® indicate that the efficiency of enhanced
sampling methods depends on the application, the choice
of parameters, and the researcher’s expertise.

Enhanced sampling methods can be classified by
whether or not they adopt collective variables (CV), and
by exploring the free energy landscape along the reaction
coordinates defined by the CVs. CV-free methods sample
biomolecular configurations without a priori knowledge
of the path connecting the target states; they are useful
for exploring possible structural transition pathways
and determining possible unknown intermediate states
of systems. In these methods, a random walk in the
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potential energy space is performed to overcome energy
barriers.!35 For example, the methods can exploit thermal
fluctuations to increase the frequency of overcoming free
energy barriers. Among popular CV-free methods, we
can mention in particular Replica Exchange Molecular
Dynamics (REMD)'® and its derivatives Replica Exchange
Solute Tempering,'s” Hamiltonian REMD,'3® or methods
that modify potential barriers to accelerate the dynamics
or accelerate natural system motions, like Accelerated
Molecular Dynamics'® and Self-guided Molecular
Dynamics.'*

In CV-based methods forces are added to the system
to constrain or guide the motions in the direction of
interest. These techniques can exploit knowledge of the
one or both end points of the trajectory states to find
minimum free energy paths. Umbrella Sampling,'!
Steered Molecular Dynamics,'* Adaptive Biasing
Force (ABF),"® Thermodynamic Integration, and
Free-Energy Perturbation (FEP),'** and Metadynamics,'®®
and Local-Elevation,'* are CV-based strategies.

Some strategies compute the forces to be incremented
in the system from the sampling of the simulation itself.
For instance, ABF consists of a potential arising from the
average force that adapts to the resistance that the medium
exerts to the evolution of the system along the CVs of
choice, similarly in this aspect to Metadynamics and
Local-Elevation strategies. Some of these strategies can be
applied in non-equilibrium regimes, forcing the system to
follow a predetermined CV or an alchemical parameter.'®*
These non-equilibrium simulations can be used to obtain
qualitative insights into the conformational transformations
of interest, to provide initial approximations for equilibrium
strategies, or to obtain equilibrium free-energies through
the Jarzyinski equality.'’
sampling along predefined coordinates, and from the
knowledge of the biasing potentials introduces it is possible
to recover the populations of the conformations in the non-
perturbed ensemble.!%

Metadynamics and REMD are used in different flavors
according to the system to be analyzed and the necessary
application. Furthermore, it is common to use hybrid
methods, the combination of methods with enhanced
sampling with different principles.'® It is important to
highlight that the choice of methods also depends on
the available computational power. In this work we will
highlight the exchange of Hamiltonian replicas, which has
been one the most successful techniques for the non-biased
sampling of conformations of IDPs.

In REMD, changes between parallel simulation
replicas at different temperatures are made periodically
and accepted or rejected by the Metropolis criterion.?

Biased simulations favor the
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The conformations of the system accessed at different
temperatures are exchanged, and the velocities are rescaled
to those expected at the new temperature condition.?”! Thus,
an advantage of REMD over other generalized ensemble
methods is that the exchange probability is quickly
determined by the characteristics of the system and its
movements as accepted by known statistical weights.'

Among the most used REMD variants,
we can highlight the exchange of replicas
by temperature modification (T-REMD), the
Hamiltonian REMD (H-REMD).?? H-REMD is a more
general form of replica sampling involving exchanges
between different Hamiltonians; whereas T-REMD
accelerates sampling just by varying the temperature
parameter. H-REMD has the advantage of improving in
dimensions other than temperature with scaling potentials,
and the possibility of accelerating subsets of the system
without introducing kinetic energy redistribution issues.

US was one of the earliest techniques used to keep
track of all atoms’ representations while controlling the
force field to focus sampling on the relevant areas of the
conformational space. US uses a biasing, usually harmonic,
potential along a reaction coordinate that restricts the
system in an intermediate state of the CV of interest. In this
way, a proper sampling of nearby states of the constrained
coordinate is obtained. Intermediate steps are covered by
a series of windows, in each of which an MD simulation
is performed. From the sampled distribution in the system
along a reaction coordinate, the free energy changes in
each window can be calculated.® The windows are then
combined by weighted histogram analysis (WHAM)?%
or umbrella integration methods.!#2%52% The binding free
energy can be extracted from the obtained Potential Mean
Force (PMF).2

Metadynamics and Local Energy Elevation and
similar methods that work by introducing energy bumps
in the most visited regions of the energy landscape,
along a CV of interest. They avoid visited states from
being excessively resampled, making it very applicable
in systems where ergodicity is impaired by the shape
of the energy landscape.”® Computational resources are
directed to search the entire free energy landscape without
the need for a very precise description of the potential
energy surface, which has advantages that are well
applicable to protein folding problems, phase transitions,
and conformational changes.”® An advantage of Local
Elevation and Metadynamics over methods such as US is
that multiple CVs can be used without the need for a priori
knowledge of the final states.?'® Hybrid methods are also
frequently applied in these systems, usually using REMD
and external biasing potential methods.!%
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Enhanced sampling simulation MD methods are
efficiently suitable for studies with Pf proteins, but the
number of articles that apply them to malaria proteins
is still very limited. Despite this, on Google Scholar, we
can observe that in the last 30 years there has been a large
increase in the number of works using enhanced sampling
methods to study IDPs. Figure 3 shows the number of
articles that over the years use commonly known enhanced
sampling methods in their scope: metadynamics, Umbrella
sampling, REMD and IDPs terminology adopted in this
review: (intrinsically OR natively OR inherently) AND
(disordered OR unfolded OR unstructured OR flexible)
AND (protein OR proteins). Itis observed that the exchange
of replicas is the most used among these, while US and
Metadynamics have been experiencing almost equal growth
over the years.
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Figure 3. Number of publications from 1990 to 2022 applying enhanced
sampling methods to study IDPs: Metadynamics (blue), US (orange)
and REMD (green).

Published research that focuses on Pf proteins are
mostly experimental studies. Among the articles that use
enhanced sampling methods, a timid presence of Pf IDPs
in their scope can be highlighted, appearing as additional
information, examples of cross-reaction, or even being
used for modeling studies. A bibliographic search of
enhanced sampling methods in Pf IDPs ends up resulting
in false results since the proteins are present in the article
keywords but not with the objective of MD application with
robust methods and interest in understanding the structural
mechanisms of these proteins.

For the most part, MD is only used as an accessory
tool within an experimental study, and not used as a robust
method for obtaining the microscopic molecular behavior
of the proteins.

As the computational study is also an important step
in drug discovery, MD with enhanced sampling has much
to contribute to the field of IDPs and the development
of antimalarial drugs in understanding the molecular

13 of 21



da Silva and Martinez

atomic behavior of these highly flexible proteins, their
mobility, interaction mechanisms, affinity, flexibility, and
intermolecular interactions.

Considering the large amount of IDPs present in the Pf
in key regions of the life cycle for the development of an
effective immune response, the enhanced sampling methods
will overcome the diverse energy barriers of the free energy
landscape of the IDPs.

The high computational cost of MD is still a limiting
factor. A relatively small system with, for example,
50,000 atoms simulated with HREMD with 10 replicas,
takes a couple of weeks on a computing node with 128 cores
in a modern CPU as of the publication of this article. Still,
depending on the available computational cost, even small
systems can require a month of calculations to visualize
only a few picoseconds of the trajectory.>?!!

The efficiency of these calculations is based on an
interaction of software and hardware, therefore, hybrid
general-purpose computing on graphics processing
units (GPU) based technologies have been used to improve
these methods. Now, GPU-accelerated MD studies are the
most efficient way of running enhanced sampling methods.
Since 2007, when the Nvidia CUDA technology has
been introduced, it is still the best environment for GPU
computing and improving the performance of hybrid MD
algorithms. The use of GPUs in MD calculations has led to
hundredfold reductions in computational costs compared
to central processing unit (CPU)-based algorithms, in
addition, it allows better adaptation to system sizes using
spatial domain decomposition. As a result, MD methods
are able to encompass a wider range of biomolecular
phenomena and timescales that are useful in drug discovery.
In this way, the most commonly used software in MD have
already implemented an architecture for calculations using
GPUS.ZIZ'ZIS

The study of IDPs has led to the emergence of new
paradigms and, therefore, new challenges in drug discovery.
In addition to the points already highlighted, such as the
still vast field for MD studies and the improvement of
force fields for describing protein flexibility, it is possible
to observe the need for curation and deposition of IDPs in
IDPDs. This need becomes even greater when referring to
Plasmodium falciparum IDPs. Important perspectives in the
design of vaccines and strategies against malaria can focus
on combined studies of MD, antigen-antibody binding,
and the development of libraries, especially dedicated to
small molecules as targets and Plasmodium falciparum.
These libraries could offer starting points for developing
therapeutic pathways.?!*

Multiconformational selection and affinity, that is,
compounds that bind to several groups of conformations
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with similar affinity, are interesting paths when in the
field of dynamic conformational sets. Understanding the
IDP-antibody interaction, as discussed previously, is of
great importance, also depending on the improvement of
methods for simulating complex systems. Antibody serum
has already been applied in antimalarial studies and is a
promising strategy.?!> Theoretical studies of antibodies
against Plasmodium falciparum and variations such as
nanobodies?'® and intrabodies*! are also rooms with much
space to be explored. Overall, we can state that there
is evidence that IDP sets are druggable and recognized
by antibodies in forming multiconformational entities,
making them a relevant, promising, and current field in the
development of antimalarial strategies.

6. Conclusion

The fact that malaria is a neglected tropical disease is
reflected in the small number of protein models available
and modeling studies performed to date. We observed 1.5
to 2.5% of IDPs articles targeting malaria within its scope.
Four databases have information on Plasmodium falciparum
proteins. DisProt has 9 entries and MobiDB about 5.386
in proteome searches. The structures in the Pf available
in the PDB in complex with antibodies show that of the
117, only 5 were studied with MD simulations, and in an
accessory manner.

In this review, we demonstrate that this is a fertile field
for growth in the relatively small number of computational
studies needed to understand the atomic behavior of these
proteins. Despite the growing interest in the area of IDPs,
the protein disorder marks several stages of the malaria
life cycle. Its specific relationship with the functions of
Plasmodium falciparum proteins is not fully elucidated.
The study of IDPs is still a challenging and growing field,
and with recent advances, it is possible to propose a path to
be followed for studies involving these proteins: search in
information and structure databases > structure and disorder
prediction using the state of the art of available predictors >
target analysis that may include: detection of sites, virtual
scanning of small molecules, selection of accessions
and affinity for conformations, and the identification of
CDRs in studies with antibodies > methods of enhanced
sampling with the choice of adequate force fields. While
manual annotation is not able to compete with the rapid
advancement of other methods, it can be understood that
there is already material available that is not well suited for
understanding the interaction of Plasmodium falciparum
with antibodies, since the proteins appear timidly in
articles and are not the main object of a robust structural
description.
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MD methods, such as REMD, Metadynamics, and US,
and force fields, such as ff99IDPs and ff1411DPs, for IDPs,
have already been developed as suitable complements to
experimental methods for understanding the dynamics,
interactions, and behavior of proteins with their ligands,
targets, or different solvents. It is still shown that malaria
as an NTD still needs investment in robust computational
work, which is a highly important step in the development
of drugs and vaccines today. It is also possible to carry out
studies that show the behavior of CDRs in interactions with
IDPs and the interaction of proteins at different moments
of the life cycle with their key peptides. The improvement
of force fields and water models, the description of protein
function, and the availability of information in databases-
all these are open fields for growth and contributions that
can help in the advancement of computational chemistry
in the study of IDPs.
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