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Abstract:

Fibrinogen-related proteins (FREPs) contribute to mosquito-parasite interactions, yet the
evolutionary processes shaping their functional diversification remain poorly resolved. The
mosquito protein FBN30 has been implicated in restricting Plasmodium development, but its
molecular basis of action is unknown. Here, the study examines the evolutionary history of
FBN30 across Anopheles mosquitoes to test whether lineage-specific adaptive evolution has
modified its functional properties. Codon-based analyses of FBN30 orthologs from 29
Anopheles species reveal a single episode of strong episodic diversifying selection confined to
the Anopheles darlingi lineage. Site-level tests identify a positively selected residue within the
conserved fibrinogen-like (FBG) domain. Ancestral sequence reconstruction shows that this
site underwent a serine-to-asparagine substitution along the A. darlingi lineage, with structural
modeling indicating only modest local effects on protein stability. Using protein-protein
docking and binding affinity prediction as a proxy for functional engagement, the study finds
that the reconstructed ancestral FBN30 exhibits significantly stronger predicted affinity for
Plasmodium falciparum o-tubulin-1 than the extant A. darlingi protein, whereas the derived
substitution alone does not account for this difference. These results indicate that evolutionary
divergence in FBN30 is associated with reduced predicted engagement at a parasite-facing
interface and support a model in which inhibitory mosquito proteins undergo fine-scale

adaptive refinement under parasite-mediated selective pressures.
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1.INTRODUCTION

Malaria transmission depends on molecular interactions between Plasmodium parasites and
their Anopheles mosquito vectors, particularly during ookinete traversal of the midgut
epithelium [1]. This stage of the life cycle represents a critical evolutionary interface, where
parasite success is shaped by compatibility with vector-derived immune and recognition
factors. Among these, fibrinogen-related proteins (FREPs) constitute a diverse family of

mosquito innate immune proteins implicated in modulating parasite development [2—8].

FREPs share a conserved fibrinogen-like (FBG) domain that mediates ligand recognition, yet
individual family members differ markedly in their effects on parasite transmission. The best-
characterized example, FREP1, facilitates Plasmodium invasion by interacting with a-tubulin-
1 exposed on the ookinete surface [5—7]. In contrast, other FREPs appear to inhibit parasite
development, suggesting functional diversification within the family. One such protein,
FBN30, has been shown through functional genetic studies to restrict Plasmodium infection in
Anopheles gambiae, as silencing of FBN30 results in increased parasite loads [9]. Despite this
phenotype, the molecular and evolutionary basis of FBN30’s inhibitory role remains

unresolved.

FBN30 is a fibrinogen-related protein that adopts the conserved FREP/FBN structural
architecture, characterized by a signal peptide for secretion and a C-terminal fibrinogen-like
(FBG) domain of approximately 200 amino acids[10]. The FBG domain is predicted to form a
B-sheet-rich fold with flexible surface-exposed loops that constitute the primary interaction
interface for ligand binding, consistent with other invertebrate fibrinogen-related proteins[11].
In vivo, FBN30 assembles into a higher-order octameric complex, indicating quaternary
structural organization beyond the monomeric FBG fold and suggesting cooperative or avidity-
enhanced binding properties. While atomic-resolution structural data are not yet available, the
strong conservation of the FBG core implies structural constraint, whereas naturally occurring
substitutions, particularly within the signal peptide and putative surface regions, are expected
to modulate protein abundance or interaction efficiency without disrupting overall fold

integrity [10,11].

From an evolutionary perspective, FREPs represent compelling candidates for parasite-
mediated selection. The FBG domain is structurally constrained yet features surface-exposed

regions that may accommodate adaptive modification, enabling fine-scale tuning of



recognition or binding properties without disrupting overall protein architecture. However, it
remains unclear whether FBN30 has evolved primarily under purifying selection or whether
specific mosquito lineages exhibit signatures of episodic adaptive evolution indicative of host—

parasite antagonism.

Here, the study investigates the evolutionary history of FBN30 across Anopheles mosquitoes
using comparative genomics, codon-based models of molecular evolution, ancestral sequence
reconstruction, and structural modeling. By integrating evolutionary inference with predicted
functional consequences, the study tests whether lineage-specific adaptive evolution has
shaped FBN30 at a putative parasite-facing interface. This approach provides an evolutionary
framework for understanding how inhibitory mosquito proteins may be refined under parasite-
mediated selective pressures, generating testable hypotheses about their role in mosquito—

Plasmodium interactions.
2.MATERIALS AND METHODS

2.1.  Retrieval of FBG30 sequence and ortholog identification

The protein sequence of FBG30 from Anopheles gambiae PEST (VectorBase gene ID:
AGAP006914) was retrieved from VectorBase[12]. These 280 amino-acid sequences served
as the query for ortholog identification across Anopheles clade and the outgroup, Culex
quinquefasciatus (VectorBase gene ID: CP1J000937). Complete proteomes for 29 Anopheles
and one Culex species available in VectorBase (release 68, accessed November 2025) were
downloaded. Orthologs were identified using a reciprocal BLAST hit (RBH) workflow
implemented through an in-house Python script implementing soft masking and Smith—
Waterman alignments[13] with an E-value threshold of 1 x 107°, and a minimum alignment
coverage of 90%. Twenty-nine candidate sequences returning 4. gambiae FBG30 as the top
reciprocal match were accepted as true orthologs[14]. All sequences were further validated for
the presence of the fibrinogen-related (FBG) domain using InterProScan[15], and each
ortholog was confirmed to contain a canonical FBG region. Corresponding coding sequences

(CDS) for all confirmed orthologs were retrieved from VectorBase using gene-level identifiers.

2.2, Multiple sequence alignment and trimming

Protein sequences were aligned using PRANK v.170427 [16]with the codon-aware settings

(default parameters) to preserve evolutionary signal and minimize gap misplacement. The
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resulting protein alignment was used to generate a codon-preserving nucleotide alignment via
PAL2NAL v.14[17], producing an alignment of 1686 nucleotide positions. Both the protein
and codon alignments were refined using ClipKIT v1.3 [18]with the kpic-smart-gap mode. For
the codon alignment, ClipKIT produced a trimmed alignment of 747 positions, removing

55.69% of sites while preserving informative residues for evolutionary analysis.

2.3.  Phylogenetic inference

A maximum likelihood phylogeny of FBG30 protein orthologs was reconstructed using 1Q-
TREE3 v3.0.1[19]. ModelFinder [20] identified LG+I+G4 as the best-fitting amino acid
substitution model under the Bayesian information criterion. Tree reconstruction included 1000
ultrafast bootstrap replicates and 1000 SH-aLRT tests [21,22]. The final ML tree contained 29
taxa and 274 amino-acid sites, with 241 parsimony-informative sites. The tree was used as the

fixed topology for all downstream molecular evolutionary analyses [22].

2.4.  Detection of positive selection

Episodic diversifying selection across branches was assessed using the adaptive Branch-Site
Random Effects Likelihood (aBSREL) model [23] implemented in HyPhy v2.5[24]. The
trimmed codon alignment and the ML tree were provided as input. Branch-specific likelihood
ratio tests identified the 4. darlingi FBG30 lineage (ADAR2 011252) as the only branch with
significant evidence of episodic diversification (p = 0.0 after correction). To further investigate
codon-specific selective pressures, a branch-site test in codeml (PAML v4.10.9) [25,26]was
performed using the 4. darlingi branch as the foreground. Bayes Empirical Bayes (BEB)
analysis identified several sites with elevated posterior probability, including codon positions
51 (PP = 0.969) and 226 (PP = 0.842). Site-level episodic selection was tested using MEME
[24]holding A. darlingi FBG30 as foreground, which detected codon 173 (CDS alignment) as
significantly evolving under episodic selection (LRT =4.63; p = 0.05). Mapping this site using
in-house python script revealed that it corresponded to residue 218 in A. darlingi and residue

191 in the ancestral node.

2.5.  Ancestral sequence reconstruction

Ancestral sequence reconstruction (ASR) was performed using IQ-TREE v3.0.1 to infer the
historical amino-acid states of FBG30 across the Anopheles phylogeny. The analysis used the
same maximum-likelihood (ML) protein phylogeny that was previously inferred from the 29-

sequence, 274-amino-acid alignment, along with the best-fit substitution model (LG+I+G4)
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selected by ModelFinder. IQ-TREE’s ASR procedure estimates, for every internal node and
every alignment position, the most likely ancestral amino acid and its associated posterior
probability, based on the fixed tree topology, branch lengths, and substitution model. The
internal node representing the most recent common ancestor of 4. darlingi and its sister taxon
A. aquasalis was identified from the labeled ML tree and designated “Node 26” following the
software’s node indexing. For each node, IQ-TREE provides reconstructed amino-acid

sequences that can be exported as standard FASTA files using in house python script.

To determine the ancestral state of the positively selected site, the codon identified by MEME
(codon 173 in the CDS alignment) was mapped to its corresponding position in the ungapped
protein sequence. After accounting for alignment gaps and restoring original residue
numbering, this site corresponded to amino-acid position 218 in the 4. darlingi FBG30 protein.
Examination of the reconstructed Node 26 sequence showed that the corresponding position
was occupied by a serine (S). In contrast, the extant A. darlingi sequence contains an asparagine
(N) at the same position, indicating that the S—N substitution occurred along the 4. darlingi
lineage after divergence from A. aquasalis. The full ancestral sequence of Node 26 was used
for all subsequent structural modeling, stability estimation, and protein—protein docking
analyses, enabling direct comparison between the reconstructed ancestral state and the modern

A. darlingi FBG30 protein.

2.6. Protein structure modeling

Three-dimensional structures of the extant A. darlingi FBG30, the ancestral Node 26 variant,
and the engineered N218S back-mutation were generated using the AlphaFold 3 prediction
server[27]. For the N218S variant, the amino acid substitution was introduced manually using
AliView [28] followed by de novo structure prediction. All predicted structures were used as

starting models for docking and stability simulations.

2.7.  Rosetta-based stability estimation

Protein stability and the energetic effects of individual substitution were estimated using
PyRosetta (Rosetta v2025)[29]. A standardized pipeline was applied to all variants using a
Python script that performed 50 independent FastRelax replicates per sequence. Each replicate
consisted of structure relaxation using the fa scorefxn scoring function (full-atom score

function) followed by calculation of Rosetta Energy Units (REU). AAG values were computed



as the difference between mutant and wild-type energies. This protocol produced stability

profiles for the extant 4. darlingi FBG30, the N218S mutant, and the Node 26 ancestor.

2.8.  Protein—protein docking with a-tubulin-1

Protein—protein docking between FBG30 variants and Plasmodium falciparum o-tubulin-1
(UniProt Q6ZLZ9) was performed using HADDOCK 2.4[30]. Active residues within FBG30
were defined as those in the FBG domain (positions 92-302) based on InterProScan
annotation.The experimentally mapped o-tubulin-1 linear epitope REDLAALEKD (residues
422-431) [31] as the core active site in HADDOCK docking, and expanded this region to
residues 419—434 to allow for flanking contacts (passive residues 412—418 and 435-440 were
auto-assigned/added). Passive residues were assigned automatically[30]. Docking was run
using default parameters, and the resulting structures were clustered based on interface RMSD.
Ten clusters were produced for each variant, each containing four water-refined models.
Although the entire ensemble was used for binding energy assessment, the top-scoring

HADDOCK cluster per variant was used for reporting docking statistics.

2.9. Binding affinity prediction

Binding free energies (AG) for all docked complexes were estimated using PRODIGY v2.1
[32,33]installed locally through the Conda Bioconda distribution. For each variant, all 40
structures (10 clusters x 4 models) were processed independently using default temperature
(25°C) through inhouse python script. The resulting distributions of predicted AG values were
compared using two-tailed t-tests, after confirming normality with the Shapiro—Wilk test,

implemented in an in-house R script.

2.10. Anopheles-Plasmodium coevolution through PACo and ParaFit

Phylogenetic trees for 29 Anopheles species and 12 Plasmodium species were obtained in
Newick format from published genomic resources and converted into patristic distance
matrices using cophenetic() in the ape package (R v4.5.2). A natural host—parasite association
matrix was constructed using only documented field infections and confirmed vector—parasite
pairings, yielding a sparse 28 x 11 binary matrix in which taxa with no associations were
removed to produce a final working matrix containing 20 Anopheles hosts, 5 Plasmodium
parasites, and 5 confirmed natural links. Cophylogenetic congruence was evaluated using the

Procrustean Approach to Cophylogeny (PACo) implemented in the paco package, with Cailliez



correction applied to ensure Euclidean distance matrices and significance assessed using
10,000 permutations. To complement PACo, we applied ParaFit using the ade4 package, again
using Cailliez-corrected host and parasite distance matrices and 9,999 permutations to obtain
ParaFitGlobal and ParaFitLink statistics. Both analyses were performed on the trimmed natural

matrix to ensure compatibility with the underlying algorithms.

3. Results
3.1. Identification of FBN30 orthologs and phylogenetic reconstruction

Using the Anopheles gambiae FBN30 sequence as a reference, 29 one-to-one FBN30 orthologs
across Anopheles species has been identified, with a single ortholog recovered from Culex
quinquefasciatus as an outgroup. All sequences contained an intact fibrinogen-like (FBG)
domain, confirming orthology and functional conservation. After alignment and trimming, the
final dataset comprised 274 amino-acid positions and 747 codon sites. Maximum-likelihood
phylogenetic inference recovered a topology broadly congruent with established Anopheles
relationships, with strong branch support across most nodes (Fig 1). The resulting tree was used

as a fixed topology for all subsequent evolutionary analyses.

3.2. Lineage-specific episodic diversifying selection on FBN30

To assess whether FBN30 experienced adaptive evolution, branch- and site-based codon
models has been applied. aBSREL detected significant episodic diversifying selection on a
single branch corresponding to the Anopheles darlingi lineage, with no other branches showing
evidence of ® > 1. Along this lineage, approximately 24% of sites were inferred to evolve
under strong positive selection, indicating a localized episode of adaptive divergence rather
than widespread relaxation of constraint (Table 1). Consistent with this result, branch-site
analysis using codeml supported positive selection on the 4. darlingi branch, yielding a
significantly better fit than the null model (Table 1). Together, these analyses identify A.
darlingi FBN30 as the sole lineage exhibiting detectable episodic adaptive evolution.

3.3.  Site-level selection and localization within the FBG domain

Site-level tests using MEME identified a single codon evolving under episodic positive
selection specifically along the A. darlingi lineage (Table 1). This codon maps to a residue
within the conserved FBG domain, a region implicated in ligand recognition across fibrinogen-

related proteins (Fig 4). Although codeml and MEME differed in the specific sites receiving
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highest posterior support-reflecting their distinct statistical sensitivities, both approaches
converged on the conclusion that adaptive evolution in FBN30 is limited in scope and

concentrated within a functionally relevant domain.

3.4. Ancestral state reconstruction reveals derived substitution in A. darlingi

Ancestral sequence reconstruction was performed to place the positively selected site in an
evolutionary context. The reconstructed ancestor shared by A. darlingi and its sister taxon A.
aquasalis carried a serine at the selected position (Fig 1), whereas the extant A. darlingi
sequence contains an asparagine (Table 1, 2). This serine-to-asparagine substitution therefore
represents a derived change unique to the 4. darlingi lineage and was used as a focal point for

downstream structural analyses.

3.5.  Structural stability reflects fine-scale evolutionary modulation

To evaluate whether the derived substitution produced major structural effects, predicted
protein stability across extant, ancestral, and back-mutated FBN30 variants was compared
(Table 2, Figure 2). The reconstructed ancestral protein exhibited substantially reduced
predicted stability relative to the extant 4. darlingi protein, reflecting cumulative divergence
across the lineage rather than the effect of any single substitution. In contrast, introducing the
ancestral residue into the extant background produced only modest and variable stability
changes, indicating that the positively selected site contributes to localized modulation rather

than global fold alteration.

3.6. Evolutionary divergence is associated with altered predicted ligand
engagement

To explore potential functional consequences of FBN30 evolution, the study used protein-
protein docking and binding affinity prediction as a proxy for ligand engagement (Fig 4).
Comparative analyses revealed that the reconstructed ancestral FBN30 consistently exhibited
stronger predicted affinity for Plasmodium falciparum a-tubulin-1 than the extant 4. darlingi
protein (Fig 3). This difference was robust across docking metrics and binding energy estimates
(Table 3 & 4). Importantly, the derived substitution alone did not account for the full magnitude
of the observed affinity reduction, suggesting that evolutionary divergence along the A.

darlingi lineage involved cumulative changes affecting a parasite-facing interface.



3.7.  Global but not pairwise host-parasite phylogenetic congruence

Cophylogenetic analyses using PACo and ParaFit revealed significant global congruence
between Anopheles and Plasmodium phylogenies based on documented natural associations.
However, sparse host—parasite linkages precluded reliable identification of individual
coevolving pairs. These results indicate broad phylogenetic structuring of vector-parasite
associations rather than strict pairwise co-speciation, consistent with lineage-specific rather

than system-wide antagonistic evolution.

4. Discussion

FREPs are central components of mosquito innate immunity, yet their evolutionary dynamics
and functional diversification remain incompletely understood. By integrating codon-based
evolutionary analyses, ancestral sequence reconstruction, and structural modeling, this study
identifies a discrete episode of episodic diversifying selection acting on FBN30 in the A.
darlingi lineage (Table 1; Fig 1). This adaptive signal is restricted to a single mosquito lineage
and absent from other Anopheles species, indicating localized evolutionary refinement rather
than widespread diversification across the FREP family. Both branch-level and site-level
analyses converge on this conclusion, with the positively selected residue mapping to the
conserved FBG domain (Fig 4), a region implicated in ligand recognition in fibrinogen-related
proteins. The confinement of adaptive evolution to a single lineage suggests that FBN30 has
been shaped by lineage-specific selective pressures, potentially reflecting geographically or

ecologically structured host—parasite interactions.

Ancestral sequence reconstruction places the derived substitution in a clear evolutionary
context, revealing a serine-to-asparagine change unique to 4. darlingi. Structural stability
analyses indicate that this substitution produces only modest and localized effects, whereas the
reconstructed ancestral protein differs substantially in overall predicted stability (Table 2; Fig
2). This pattern suggests that the adaptive substitution represents fine-scale functional tuning
occurring on a background of broader evolutionary divergence, rather than a single mutation
driving major structural reorganization. Such incremental refinement is consistent with
expectations for proteins subject to ongoing functional constraint, where adaptive change is

accommodated through subtle modulation rather than wholesale innovation.
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To explore potential functional consequences of this evolutionary divergence, protein-protein
docking and binding affinity prediction as proxies for ligand engagement has been employed.
These analyses consistently indicate that the reconstructed ancestral FBN30 exhibits stronger
predicted affinity for Plasmodium falciparum a-tubulin-1 than the extant A. darlingi protein
(Table 3 & 4; Fig 3). Although docking-based predictions cannot establish biochemical
interaction, the concordance between evolutionary signal and predicted functional modulation
suggests that adaptive evolution in FBN30 may have altered a parasite-facing interface.
Notably, the derived substitution alone does not account for the full reduction in predicted
affinity, implying that cumulative evolutionary changes along the 4. darlingi lineage contribute

to this effect.

Taken together, these findings are consistent with a model in which inhibitory mosquito
proteins undergo lineage-specific adaptive refinement under parasite-mediated selective
pressures. Rather than indicating the emergence or loss of function, the observed evolutionary
pattern suggests modulation of an existing recognition interface, potentially altering the
strength or outcome of parasite engagement. Such a scenario aligns with theoretical
expectations of antagonistic host-parasite evolution, where reciprocal pressures favor

incremental adjustments rather than dramatic functional shifts.

Cophylogenetic analyses reveal significant global congruence between Anopheles and
Plasmodium phylogenies, supporting the view that vector-parasite associations are shaped by
broad evolutionary constraints. However, the absence of detectable pairwise co-speciation
underscores that adaptive events such as those observed in 4. darlingi FBN30 likely represent
localized evolutionary responses rather than system-wide reciprocal evolution. This distinction
highlights the importance of integrating lineage-specific molecular analyses with broader

phylogenetic context when interpreting host—parasite evolution.

Several limitations of this study warrant consideration. All functional inferences are based on
in silico predictions and should be interpreted as hypotheses rather than demonstrations of
molecular interaction. Moreover, the focus on a single mosquito lineage limits generalization
across Anopheles. Nevertheless, the convergence of evolutionary, structural, and predictive
functional analyses provides a coherent framework for understanding how inhibitory mosquito

proteins may be shaped by parasite-mediated selection.
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5. Conclusion

This study identifies lineage-specific adaptive evolution in FBN30 and suggests that fine-scale
evolutionary refinement of a conserved recognition domain may modulate predicted parasite
engagement. By emphasizing evolutionary inference over mechanistic assertion, this work
contributes to a growing understanding of how host innate immune factors diversify under
antagonistic interactions and generates testable hypotheses for future experimental

investigation.
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11. Tables

Table 1. Summary of molecular evolution analyses identifying episodic and site-specific
positive selection in Anopheles FBN30 orthologs. This table presents the results of
aBSREL, the branch-site codeml model, and MEME analysis. The aBSREL test detected a
single branch under episodic diversifying selection, corresponding to 4. darlingi FBN30
(ADAR2 011252 R18153). The branch-site model similarly supported positive selection on
this lineage, with one codon site (*) showing elevated posterior probabilities (BEB > 0.95).
MEME analysis identified codon 173 (corresponding to residue 218 in A. darlingi and
residue 191 in Node 26) as evolving under episodic positive selection with a significant LRT.
The combined results support the presence of a lineage-specific adaptive substitution along
the 4. darlingi branch.

Table 2. Rosetta AAG stability results for extant A. darlingi FBN30, the
N218S mutant, and the reconstructed Node 26 ancestor.

Rosetta FastRelax was performed with ten independent replicates to estimate the energetic
consequences of the selected substitution. The extant A. darlingi FBN30 exhibited more
favorable energies than the Node 26 ancestor in all replicates, whereas the N218S mutation
introduced into the extant protein produced moderate and variable destabilization.

Analysis Key Result Statistical Support Notes
aBSREL A. darlingi branch under episodic p=10.0; 0, =57.25 at 23.6% sites Strong evidence for branch-
diversifying selection specific selection

Branch-site Several sites under selection in 4. LRT=6.72;p=0.01 Confirms aBSREL signal
codeml darlingi foreground BEB > 0.969* at codon 51; BEB > 0.842

at codon 226; moderate support at others
MEME Codon 173 under episodic selection LRT =4.63;p=0.05 Selected residue maps to

FBN30 FBG domain
Variant Mean AAG (REU) £ SD Interpretation Notes
N218S (relative to WT) 3.93+7.04 Mild destabilization Highly variable between replicates
Node 26 ancestor (relative to WT) 237.62 +£14.68 Strong Indicates globally less stable ancestral fold
destabilization

Table 3. HADDOCK docking statistics for FBN30 variants interacting with
Plasmodium falciparum o-tubulin-1.

This table summarizes the best-scoring docked clusters for each FBN30 variant. The Node 26
ancestral sequence exhibited the most favorable docking energetics, lower RMSD, and
greater buried surface area compared to the WT and N218S forms. These patterns are
consistent with stronger and more stable binding in the ancestral FBN30-tubulin complex.

Variant Best Cluster HADDOCK Score Cluster Size RMSD Buried Surface Area (A2) Z-
A) score
WT Cluster 8 125.7+22.8 5 13+14 2202.0 £98.0 -1.7
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Node 26 ancestor

N218S mutant

Cluster 4
Cluster 1

62.5+10.6
127.6 £4.0

22
23

32+0.1
223+0.4

2834.4+38.4
2194.8 £29.6

Table 4. PRODIGY binding free energy predictions (AG) for the
interaction between FBN30 variants and P. falciparum a-tubulin-1.

Binding energies were computed for all clusters (40 structures per variant). Node 26

exhibited significantly stronger binding than WT, whereas N218S did not differ significantly

from WT.
Comparison Mean AG Difference Statistical p-value Interpretation
(kcal-mol™) Test
WT vs Node 26 —12.16 vs —13.87 +1.71 Mann- 4.52 x Node 26 binds significantly more
kcal-mol™! Whitney U 107 strongly
WT vs N218S —12.16 vs -12.50 +0.34 Mann- ns No significant effect
kcal-mol™ Whitney U

12. Figures

Figure 1. Maximum likelihood phylogeny of FBN30 across 29 Anopheles species. The

phylogeny was inferred using IQ-TREE3 under the LG+I+G4 substitution model, with 1000

ultrafast bootstrap replicates and 1000 SH-aLRT tests. Branch lengths represent amino-acid
substitutions per site. The tree is rooted using the Culex quinquefasciatus FBN30 ortholog
(VectorBase gene ID: CP1J000937), which served as the designated outgroup. The A.
darlingi lineage (ADAR2 011252 R18153) is highlighted as the only branch exhibiting

significant evidence of episodic diversifying selection in the aBSREL analysis.
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Figure 2. Rosetta stability estimates for WT, N218S, and Node 26 FBN30. Replicate
AAG values are shown for each comparison. The Node 26 ancestor exhibits uniformly large
positive AAG values relative to WT, consistent with global destabilization (left panel),
whereas the N218S mutation shows modest and variable effects (right panel).
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Figure 3. Distribution of PRODIGY-predicted binding energies for WT, N218S, and
Node 26 FBN30. Boxplots display AG (kcal-mol™) across 40 docked structures per variant.
The Node 26 distribution is significantly shifted toward more negative binding energies,
whereas the N218S distribution overlaps the WT (not shown).
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Figure 4. Comparative structural analysis of WT, N218S, and Node 26 FBN30 variants
docked to P. falciparum a-tubulin-1. HADDOCK best-scoring complexes are shown for the
three FREP1 variants: WT (A), N218S mutant (B), and Node 26 ancestral variant (C). For
each variant, the overall docked assembly is displayed in ribbon representations, followed by
a space-filling dimer view highlighting the variant-specific residue (WT: 218; N218S:
Ser218; Node 26: position 191) in distinct color. Corresponding close-up views of the
binding interface are shown as electrostatic surfaces and hydrophobicity-mapped surfaces,
illustrating differences in charge complementarity, nonpolar contacts, and interface geometry
among the three variants. Collectively, these comparisons highlight the expanded buried
surface area and altered interaction landscape of the Node 26 complex relative to WT and

N218S.
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