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Abstract 

Parvoviruses are small, non-enveloped DNA viruses, several of which have been adapted as vectors 
for gene therapy. Adeno-associated virus (AAV) is clinically established but constrained by limited 
genome capacity and pre-existing immunity. Human bocaviruses (HBoVs) possess larger packaging 
potential and airway tropism, motivating exploration of AAV-HBoV hybrid architectures. We 
modeled a chimeric construct (AAV-HB3) in which the α-helix and βH/βI strand of AAVGo.1 were 
replaced with the corresponding regions from HBoV3. AlphaFold2 predictions (pLDDT > 80, pTM > 
0.75) confirmed retention of the β-barrel scaffold, and RoseTTAFold2 refinement produced 
energetically stable conformations. 100 ns molecular-dynamics simulations showed distinct dynamic 
profiles: the AAVGo.1 VP1 control remained conformationally rigid (RMSD ≈ 0.03 nm), whereas 
AAV-HB3 exhibited increased flexibility at VR-VIII, VR-IV, and the HI loop, with loop displacements 
of ~43–54 Å localized near the three-fold and five-fold symmetry axes. These structure-based analyses 
define how cross-genus substitutions redistribute local flexibility within the parvoviral capsid, 
providing a predictive framework for engineering next-generation vectors with assessing structural 
tolerance relevant to capsid. 

Keywords: adeno-associated virus; parvoviridae; AlphaFold2; RoseTTAFold2; genome packaging; 
chimeric capsid 
 

1. Introduction 

Parvoviruses are a family of small, non-enveloped viruses called Parvoviridae, characterized by 
linear, single-stranded DNA genomes of 4-6 kb, flanked by hairpin structures necessary for 
replication. The icosahedral capsids are 20-30 nm in diameter with a T=1 assembly and consist of 60 
protein subunits [1]. Members of this family infect a wide range of hosts and can replicate 
independently or require helper viruses for productive infection [1]. The family is divided into three 
subfamilies: Parvovirinae, Densovirinae, and the most recently discovered family, 
Hamaparvovirinae, as shown in Figure 1 [1,2]. While some parvoviruses cause significant disease, 
others are non-pathogenic and have been adapted for biotechnological uses, especially in gene 
therapy [1,3]. 
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Figure 1. Taxonomic organization of the family Parvoviridae. Parvoviridae is divided into three subfamilies: 
Densovirinae, Parvovirinae, and Hamaparvovirinae, with representative genera and viruses shown, including 
AAV (Dependoparvovirus) and HBoV (Bocaparvovirus). Capsid genome sizes range from 3.5 to 6.5 kb, as 
indicated by the scale bar. 

Adeno-associated virus (AAV), a member of the genus Dependoparvovirus within the 
Parvovirinae family, is a replication-defective virus that is known for its ability to infect humans and 
other primates without causing disease [4,5]. Characterized by a diameter of 20-26 nm and a linear 
ssDNA genome of about 4.7 kb, the AAV genome is flanked by inverted terminal repeats (ITRs) that 
are essential for replication and packaging. The genome encodes two main open reading frames 
called a rep, which produces replication proteins (Rep78, Rep68, Rep52, and Rep40), and the cap, 
which encodes capsid proteins (VP1, VP2, VP3) forming the icosahedral capsid in a 1:1:10 ratio, along 
with an assembly-activating protein (AAP) that provides scaffolding for capsid assembly [4,5]. AAV’s 
~4.7 kb packaging limit is a constraint in vector design and motivates capsid engineering strategies. 
AAVs exhibit a seroprevalence of 35-80% in humans, reflecting its non-pathogenic nature and 
suitability for biomedical applications [4,6]. 

This virus was first identified in the mid-1960s as a contaminant in adenovirus preparations 
during studies by researchers like Bob Atchison at the University of Pittsburgh and Wallace Rowe at 
the National Institutes of Health [5,7]. Initially classified as a dependoparvovirus that needs helper 
viruses for replication, serological studies verified its widespread presence in humans without 
causing illness [7]. The AAV2 serotype was cloned and sequenced in the 1980s, which opened the 
door for genetic analysis and vector development [5]. 

As a replication-deficient virus, AAV depends on helper viruses (i.e., adenovirus or herpesvirus) 
for a productive lytic cycle. Without helper virus function, AAV becomes latent, primarily persisting 
as episomal DNA or, less frequently, through specific site integration into the host genome at 
chromosome 19q13.4 in humans, with integration occurring in only 0.1% to 0.5% of infectious 
particles. Post-translational modifications of the capsid, including acetylation, methylation, 
phosphorylation, and deamidation, impact transduction efficiency and vector performance [4,5]. 

Over 13 AAV serotypes and more than 100 variants have been identified, with capsid protein 
differences determining tissue targeting and transduction efficiency [5,8]. For example, AAV2 has 
broad tropism for skeletal muscle, neurons, and hepatocytes through binding to heparan sulfate 
proteoglycan; AAV8 targets liver and kidney cells; AAV9 crosses the blood-brain barrier, allowing 
efficient delivery to the central nervous system (CNS) and heart; and AAV1/6 are effective for airway 
epithelia via sialic acid interactions [5,8]. Engineered variants, such as AAVDJ, a hybrid of eight 
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serotypes, or AAV-PHP.B, created through directed evolution, improve immune evasion and 
targeted transduction, with AAV9 showing promise for widespread neuronal and non-neuronal cell 
targeting [8]. 

Animal-derived AAV variants, such as AAVGo.1, isolated from goats, expand the diversity of 
capsids available for engineering [9,10]. AAVGo.1 shares structural similarities with human AAV 
serotypes like AAV5, including an icosahedral capsid and a ~4.7 kb ssDNA genome. Still, its caprine 
origin provides unique surface topologies that may improve cross-species permissivity and 
transduction efficiency in specific tissues [10]. Like other AAVs, AAVGo.1 is replication-defective, 
requiring helper viruses for productive infection, and has been explored for gene therapy 
applications due to its potential for reduced immunogenicity and enhanced liver tropism in 
preclinical models [9,10]. (Figure 2b) 

 

Figure 2. Comparative surface architecture of Human Bocavirus 3 (HBoV3) and AAVGo.1 capsids. (A) Cryo-
EM-derived surface representation of HBoV3 (outer diameter ≈ 282 Å; genome ≈ 5.5 kb) showing a relatively 
expanded shell with prominent surface protrusions at the three-fold and five-fold symmetry axes.(B) Modeled 
AAVGo.1 capsid (outer diameter ≈ 278 Å; genome ≈ 4.7 kb) displaying a more compact topology typical of 
Dependoparvoviruses. Both capsids exhibit the conserved icosahedral β-barrel framework characteristic of the 
Parvoviridae family. At the same time, distinct loop contours at symmetry interfaces account for lineage-specific 
differences in particle size and genome capacity. The structure was visualized in UCSF ChimeraX to evaluate 
capsid surface topology and the spatial organization of variable regions in the assembled particle. 

Another example, recombinant AAV (rAAV) vectors remain extra chromosomal in non-dividing 
cells, supporting long-term expression with minimal immunogenicity [4,5]. rAAV allows for gene 
replacement, silencing via microRNAs, and editing with CRISPR-Cas9, with over 250 clinical trials 
conducted by 2019 targeting monogenic disorders [5,8]. 

Clinically, the first successful long-term application was in inherited retinal disease, where 
subretinal delivery of an AAV2 vector restored RPE65 function in Leber congenital amaurosis, 
leading to the U.S. Food and Drug Administration (FDA) approval of Luxturna in 2017 [11]. This 
approval set a regulatory precedent for systemic and tissue-specific AAV gene therapy. Since then, 
additional AAV products have been approved for various monogenic disorders: Zolgensma; AAV9 
for spinal muscular atrophy in 2019; Hemgenix; AAV5 for hemophilia B in 2022; Roctavian; AAV5 
for hemophilia A in 2023; Elevidys; AAVrh74 for Duchenne muscular dystrophy, FDA accelerated 
approval in 2023, with full approval for ambulatory patients in 2024; and Beqvez; AAV-Rh74var for 
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hemophilia B in 2024. More recently, Kebilidi, a different AAV-based construct, received approval in 
2024, highlighting the expanding diversity of vector backbones in late-stage development [5,12]. 

Earlier, Glybera; AAV1 was approved by the European Medicines Agency in 2012 for 
lipoprotein lipase deficiency, though it was later withdrawn due to limited commercial viability 
rather than clinical failure [13,14]. Collectively, these approvals and ongoing trials highlight the 
translational maturity of AAV gene transfer and its potential to deliver long-term therapeutic benefits 
in previously intractable genetic diseases. 

However, challenges remain, such as limited packaging capacity, pre-existing neutralizing 
antibodies in 30-60% of the population, potential genotoxicity at high doses, and scalability issues in 
manufacturing [15,16]. Immune responses, including hepatotoxicity and neurotoxicity, have been 
observed at high doses, prompting strategies such as capsid engineering and self-complementary 
designs to enhance efficacy and safety [17]. 

Human bocaparvoviruses (Bocaparvovirus, Parvovirinae) package 5.3 kb linear ssDNA 
genomes that encode NS1, NP1, and capsid proteins VP1–VP3 [18]. (Figure 2a) HBoV1 is associated 
with respiratory tract infections, while HBoV2–4 is more often linked to gastrointestinal disease 
[19,20]. HBoV1 exhibits efficient replication in airway epithelia and can package genomes up to 5.5 
kb, indicating its potential as a vector system [18,21,22]. Recombinant methods have combined AAV 
genomes with HBoV1 capsids to produce rAAV2/HBoV1 chimeric particles. These constructs 
effectively package AAV genomes and demonstrate increased transduction in polarized airway 
epithelial cells compared to AAV2 and AAV1 [23]. Furthermore, platforms have been developed for 
high-yield production of rAAV/HBoV vectors that do not rely on bocavirus nonstructural proteins 
[21,24]. This established cross-genus compatibility motivates a mechanistic question about which 
capsid regions are permissive to substitution, and which are structurally constrained. 

Computational methods have become essential for designing and evaluating AAV vectors. They 
allow for systematic prediction of how capsid modifications affect structure and function, supporting 
rational design strategies to overcome limitations in packaging, stability, tropism, and immune 
recognition [25]. One of the earliest computational approaches was computer-aided design (CADD), 
which used structural modeling and docking to modify AAV-receptor and AAV-antibody 
interactions. Initial efforts involved introducing point mutations and peptide insertions into capsid 
loops to change tissue tropism or decrease recognition by neutralizing antibodies [26,27]. More 
advanced CADD tools, like CapBuild, now support structure-based prediction of AAV assembly and 
receptor interaction [28]. Meanwhile,in silico frameworks have been developed for global liver de-
targeting, along with the prediction of tissue-specific performance [29]. 

Molecular dynamics (MD) simulations are a well-established computational method for 
studying viral proteins and have been used to examine AAV capsid stability, conformational 
flexibility, and interactions with biological environments. Atomistic MD models assembled capsids 
under near-physiological conditions, offering insights into local flexibility of variable regions, 
stability of inter-subunit interfaces, and potential conformational changes relevant to genome 
packaging and uncoating [30,31]. Overall, these MD simulations enhance static CADD models by 
capturing conformational flexibility, stability, and biophysical interactions that are beyond the reach 
of docking alone. 

Building on these early computational methods, rational design applies detailed structural 
knowledge to introduce targeted modifications with defined mechanistic objectives [32,33] such as 
engineered variants including capsids with altered glycosylation sites or PLA2-like motif mutations, 
which modified antigenic properties [34–36], and intra-articular AAV mutants designed to enhance 
joint-specific gene delivery in vivo [37]. Directed evolution, in contrast, employs iterative 
mutagenesis and selection to identify capsid variants with desirable traits, often guided by 
computational modeling to prioritize sequences for library design [38–40]. 

Machine learning (ML) has been increasingly used in AAV capsid engineering, particularly to 
predict relationships between sequence, structure, and function. [41,42]. Meanwhile, deep generative 
models have been developed to design synthetic AAV sequences with a high likelihood of assembly 
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and functional performance, thereby expanding the sequence space beyond natural variants [43]. 
Other ML pipelines have sped up directed evolution by analyzing next-generation sequencing data 
from variant libraries to find common sequence motifs linked to tissue-specific targeting [44]. 

Accurate structure prediction has become essential for interpreting and refining ML-predicted 
capsid variants. AlphaFold2 (AF2) in 2021 introduced an end-to-end neural network framework 
combining multiple sequence alignments, template search, and transformer-based Evoformer 
modules to iteratively refine residue-level relationships before generating atomic coordinates [45]. 
AF2 has been applied to evaluate the structural impact of amino acid substitutions and insertions in 
AAV capsids, providing mechanistic insights into ML-prioritized variants [46]. AlphaFold3 (AF3) 
extends this capability by employing a diffusion-based generative model [47]. This enables the 
evaluation of chimeric constructs, such as AAV hybrids, and supports predictions of genome 
encapsidation and receptor engagement. RoseTTAFold2 (RF2) provides a complementary refinement 
framework, using a three-track network that integrates sequence, distance, and coordinate data [48]. 
RF2 has been applied to optimize predicted AAV structures by refining flexible loops, testing N-
terminal truncations, and assessing strand rearrangements relevant to assembly [46]. 

Collectively, these computational strategies provide a framework for rational AAV engineering 
and are increasingly coupled with experimental approaches to advance the development of next-
generation vectors [25,46]. In this study, AlphaFold2-based structural prediction and molecular 
dynamics simulations were applied to evaluate whether the substitution of the α-helix and βH/βI 
strand in AAVGo.1 capsid with corresponding regions from Human Bocavirus 3 (HBoV3) preserves 
monomeric integrity and supports assembly-relevant conformations. Previous studies have shown 
that AAV genomes can be packaged into bocavirus capsids; however, the reciprocal question of 
whether bocavirus-derived structural elements can be introduced into AAV to extend its packaging 
potential remains unexplored. Given that HBoVs accommodate genomes up to ~5.5 kb compared 
with the ~4.7 kb limit of AAV, this work aims to determine whether such substitutions maintain 
structural stability while providing a strategy to overcome the packaging constraints of AAV. 

2. Materials and Methods 

Sequence Alignment and Chimeric Construct Design 

The amino acid sequences of AAVGo.1 and HBoV3 VP proteins were obtained from Uniprot. 
Alignments were performed using SnapGene v8.1.0 to identify the α-helix and βH/βI strand regions 
targeted for substitution [49]. Homologous regions from HBoV3 were identified by pairwise 
alignment and substituted into the AAVGo.1 VP3 backbone to generate a chimeric construct. A wild-
type AAVGo.1 VP1 control was also prepared to evaluate prediction accuracy relative to 
experimental PDB structures for further analysis of the N-terminal. The chimera was modeled as a 
VP3 protein to match available crystallographic data from the Protein Data Bank (PDB); 7TI4 [50]. 

Structural Prediction and Refinement 

Structural predictions were performed using AF2, which was run through ChimeraX v1.7 [45,51]. 
Both the wild-type AAVGo.1 VP1 control and the AAVGo.1-HBoV3 (AAV-HB3) VP3 chimera were 
modeled using AF2 parameters. The multiple sequence alignments (MSAs) were generated against 
the UniRef90, MGnify, and PDB70 databases. For each sequence, five models were generated and 
ranked by predicted Local Distance Difference Test (pLDDT) scores. Additional model quality 
metrics included predicted Template Modeling score (pTM) and Predicted Aligned Error (PAE) 
matrices. For the AAVGo.1 VP1 control and AAV-HB3, predicted structures were compared with the 
experimentally resolved PDB structure to validate AF2 accuracy. Root mean standard deviation 
(RMSD) values between predicted and experimental structures were calculated in UCSF ChimeraX 
v1.7 [51–53]. The top-ranked AF2 models were refined using RF2 [48]. Refinement was conducted to 
reduce local backbone distortions and optimize side-chain packing. Output models were scored 
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using the Rosetta all-atom energy function. Models were visually inspected for steric clashes and 
evaluated for loop stability before MD simulations. 

The 60-mer capsid assemblies were generated in UCSF ChimeraX by applying established AAV 
icosahedral symmetry operations derived from cryo-EM capsid structures to the refined static 
monomer models. In parallel, experimentally resolved AAV capsid structures obtained from the 
Protein Data Bank were visualized directly in ChimeraX to examine native capsid surface topology 
and symmetry-related features. Monomer-level molecular dynamics simulations were used to 
identify regions of altered local flexibility, including VR-IV, VR-VIII, and the HI loop. These regions 
were then mapped onto their corresponding symmetry-related positions in the assembled capsid to 
visualize how localized conformational flexibility propagates across the 60-subunit capsid topology. 
The resulting models represent symmetry-based capsid assemblies informed by monomer-level 
dynamic behavior and are used to contextualize interface-adjacent flexibility within the assembled 
architecture. 

Molecular Dynamics (MD) Simulations 

Refined structures were prepared for MD simulations using GROMACS v2022.4 with the 
CHARMM27 force field [54,55], which was well-validated and widely used at the time the 
simulations were performed. Each protein was placed in a cubic box with at least 1.0 nm between 
protein atoms and the box edge. The systems were solvated with TIP3P water molecules and 
neutralized with counterions Na+ and Cl− to a physiological concentration of 0.15 M. Protonation 
states of ionizable residues were assigned assuming physiological pH (~7.0), with histidine 
protonation states set using standard GROMACS conventions unless otherwise indicated. 

Energy minimization was performed using the steepest descent algorithm until the maximum 
force was <1000 kJ/mol/nm. Equilibration consisted of 500 ps under NVT conditions, using a 
Berendsen thermostat at 300 K, followed by 500 ps under NPT conditions, with a Parrinello–Rahman 
barostat at 1 bar. The Berendsen thermostat and Parrinello-Rahman barostat were applied using 
standard coupling schemes implemented in GROMACS [56,57]. LINCS constraints were applied to 
all hydrogen-containing bonds, using the LINCS algorithm [58], and long-range electrostatics were 
calculated using the Particle Mesh Ewald (PME) method with reciprocal-space treatment of long-
range interactions [59,60] with a cutoff of 1.0 nm for Coulomb and van der Waals interactions. 
Production simulations were performed at 300 K for 100 ns with a 2 fs time step under periodic 
boundary conditions. Snapshots were saved every 10 ps for analysis. A single production trajectory 
was generated for each system. The 100 ns simulation length was selected to support a comparative 
assessment of monomer-level stability and local flexibility metrics, with convergence expectations 
interpreted as observable-dependent [61–63]. 

Trajectory Analysis 

Cryo-EM structures of AAVGo.1 predominantly resolve the VP3 capsid protein; therefore, VP3-
based structural comparison was used to ensure consistency with experimentally observed density 
while enabling direct comparison with the VP3-modeled chimera. VR and loop segments were 
defined based on established AAV capsid annotations, with residue numbering reported separately 
for AAVGo.1 VP1 and the AAV-HB3 VP3 chimera to account for differences in construct length and 
domain composition [64,65]. For the AAVGo.1 VP1 control, the VR-IV corresponds to residues 441–
454, VR-VIII corresponds to residues 570–585, and the HI loop corresponds to residues 649–657. For 
the AAV-HB3 chimera, modeled as VP3, VR-IV corresponds to residues 249–262, VR-VIII 
corresponds to residues 378–393, and the HI loop corresponds to residues 457–465 (Figure 3). 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 February 2026 doi:10.20944/preprints202602.1542.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1542.v1
http://creativecommons.org/licenses/by/4.0/


 7 of 19 

 

 

Figure 3. (A) Annotated amino acid sequence of the AAV-HB3 VP3 chimera showing the locations of substituted 
HBoV3-derived structural motifs (α-helix and βH/βI strand) and defined AAV variable regions. Measurement 
positions used for loop displacement analyses are indicated. (B) Annotated amino acid sequence of the AAVGo.1 
VP1 control highlighting corresponding variable regions and structural elements. Residue numbering is 
reported separately for VP3 and VP1 constructs to account for differences in protein length and domain 
composition. This figure provides the sequence-based framework used for defining flexible regions analyzed in 
subsequent MD simulations. 

Trajectory analysis was performed using built-in GROMACS utilities [54]. System stability was 
confirmed by monitoring temperature and potential energy across the production runs. Structural 
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deviations were evaluated by calculating RMSD relative to the initial refined structure. RMSD 
calculations were performed on backbone Cα atoms after least-squares fitting to remove global 
translation and rotation. Global structural compactness was assessed by calculating the radius of 
gyration (Rg). Rg computed for each frame of the production trajectory after removal of translation 
and rotation, providing a measure of large conformational expansion and compaction at the 
monomeric level. Root mean square fluctuation (RMSF) was used to assess residue-level flexibility. 
RMSF was computed for Cα atoms over the production trajectory to quantify residue-level 
fluctuations. Principal component analysis (PCA) was conducted on backbone atomic coordinates to 
identify dominant modes of motion, with projections plotted along PC1, PC2, and PC3 to compare 
conformational sampling between AAVGo.1 VP1 and the AAV-HB3 chimera. PCA was performed 
on the covariance matrix of backbone Cα positional fluctuations after alignment to the reference 
structure. 

Redistribution of mechanical flexibility was quantified as region-specific changes in RMSF 
magnitude and dominant PCA mode contributions, indicating a shift in the localization of 
conformational variability toward symmetry-interface-adjacent regions in the AAV-HB3 chimera 
relative to AAVGo.1. Loop displacements were quantified using Cα-Cα distance-based 
measurements for representative residues within VR-VIII, VR-IV, and the HI loop relative to their 
initial refined positions, and distances were monitored across the trajectory to distinguish sustained 
conformational shifts from transient excursions. Structural overlays and motion trajectories were 
examined to evaluate displacement in variable regions, particularly VR-IV, VR-VIII, and the HI loop. 
ChimeraX was used for structural visualization and comparison of the α-helix and βH/βI regions 
across models, as well as for alignment with the experimental PDB structure of AAVGo.1 [51]. All 
interpretations are restricted to comparative local flexibility and structural feasibility within the 
sampled conformational ensemble. 

3. Results 

Predicted Structural Features and Model Validation 

AlphaFold2 generated models for both the wild-type AAVGo.1 VP1 control and the AAV-HB3 
VP3 chimera. The AAVGo.1 VP1 prediction aligned with the experimentally determined structure 
(PDB ID: 7TI4), and both the control and chimeric models produced RMSD values < 0.8 when 
compared to the reference structures, supporting the reliability of the predicted folds. Model quality 
assessments showed mean pLDDT values exceeding 80 across the conserved β-barrel core, with 
lower values observed in surface loops and termini. pTM scores were > 0.75 for both constructs, 
indicating reliable global structural accuracy. PAE maps displayed low errors within structured 
domains and localized uncertainty in flexible loops. These results confirmed preservation of the β-
barrel architecture while highlighting localized differences in the substituted α-helix and βH/βI 
strand of the chimera. 

The top-ranked AlphaFold2 models for both constructs were further refined with RoseTTAFold2. 
Refinement produced consistent scores across the AAVGo.1 VP1 control and the AAV-HB3 VP3 
chimera, with modest corrections to loop regions and removal of steric clashes. Rosetta energy scores 
remained stable before and after refinement, indicating that the backbone and global fold were not 
disrupted. Comparable score ranges across constructs indicate that refinement preserved backbone 
geometry and global fold integrity, supporting the suitability of the refined models for MD 
simulations. These refined monomer structures were additionally used to generate symmetry-
expanded 60-mer AAV capsid assemblies in UCSF ChimeraX by applying established icosahedral 
symmetry operations derived from cryo-EM AAV capsid structures. Accordingly, Figure 4 shows the 
resulting 60-mer capsid models constructed from refined static monomers to visualize capsid 
topology and symmetry, contextualizing regions of altered local flexibility identified in the monomer-
level simulations. 
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Figure 4. Structural comparison of chimeric and control AAV capsids. Predicted surface reconstructions of the 
AAV-HB3 chimera and wild-type AAVGo.1 VP1 highlights conserved icosahedral organization while revealing 
localized topological differences introduced by substitution of HBoV3-derived regions. The 60-mer capsid 
models are static assemblies generated from refined monomer structures, with highlighted regions 
corresponding to flexible segments identified from monomer-level MD simulations. Monomeric 
superimpositions of the experimental AAVGo.1 structure (PDB: 7TI4) with the 100 ns MD-derived 
conformations of AAV-HB3 VP3 and AAVGo.1 VP1 are shown to illustrate localized conformational deviations 
relative to the reference fold. 

Stability Profiles from Molecular Dynamics 

Both AAVGo.1 VP1 and the AAV-HB3 chimera maintained stable thermodynamic behavior over 
the sampled 100 ns trajectories (Figure 5a). The temperature remained constant at 298–301 K across 
trajectories for both systems, indicating stable thermostat performance without large fluctuations. 
Potential energy values stabilized early in the production runs and remained steady throughout, 
suggesting that the systems reached stable simulation conditions suitable for comparative analysis 
(Figure 5b) 
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Figure 5. Thermodynamic stability of AAV-HB3 and AAVGo.1 VP1 during molecular dynamics simulations. 
Temperature and potential energy profiles over 100 ns indicate both systems-maintained equilibrium conditions, 
with stable trajectories at ~300 K and constant potential energy values, confirming suitability for comparative 
structural analyses. 

RMSD trajectories revealed distinct stability patterns for the two systems. AAVGo.1 VP1 showed 
minimal backbone deviations, stabilizing rapidly within the first 10 ns at an average RMSD of ~0.03 
nm and remaining consistent throughout the 100 ns trajectory. This behavior is consistent with a 
relatively rigid monomeric conformation over the sampled timescale, with limited structural drift. In 
contrast, AAV-HB3 displayed an initial rise in RMSD during the first 20 ns, reaching values greater 
than 0.7 nm before plateauing at elevated values for the remainder of the trajectory. This larger 
deviation indicates increased relative conformational flexibility, particularly in engineered secondary 
structure elements. The initial rise in RMSD during the first ~20 ns reflects structural relaxation from 
the refined starting model rather than continued drift, after which the trajectory stabilizes around a 
consistent mean value, indicating equilibration for local flexibility analysis. Together, these data 
indicate that while both systems exhibited stable behavior under simulation conditions, VP1 retained 
a compact fold, whereas AAV-HB3 sampled a broader range of conformations within the limits of 
the trajectory (Figure 6a). 

 
Figure 6. Structural stability and residue-level flexibility of AAV-HB3 and AAVGo.1 VP1 during 100 ns 
simulations. (A) RMSD traces show AAVGo.1 VP1 rapidly stabilized at ~0.03 nm, while AAV-HB3 exhibited 
larger deviations, reaching ~0.8–1.0 nm by the end of the trajectory. (B) RMSF profiles reveal localized 
fluctuations in AAV-HB3 at VR-VIII, VR-IV, and the HI loop, compared to uniformly low flexibility across 
AAVGo.1 VP1, consistent with its preserved structural rigidity. 

RMSF profiles showed elevated fluctuations at VR-VIII, VR-IV, and the HI loop, as well as at the 
engineered α-helix and βH/βI regions. These regions correspond to pronounced RMSF peaks in the 
AAV-HB3 chimera that are absent or substantially attenuated in the AAVGo.1 VP1 control, indicating 
a redistribution of residue-level flexibility toward specific surface-exposed loop regions rather than 
a uniform increase in global mobility (Figure 6b). These flexible segments underwent measurable 
outward displacements during the trajectory, with loop-loop separations expanding to as much as 
~43-54 Å in late trajectory frames. The RMSF peaks spatially coincide with loop regions highlighted 
in structural overlays, demonstrating that the observed positional deviations arise from sustained 
local fluctuations rather than transient excursions. These displacements reflect localized flexibility 
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within surface-exposed loop regions adjacent to the 3-fold and 5-fold symmetry axes, rather than 
large-scale global rearrangements of the capsid protein fold. Figure 7 provides a structural mapping 
of these RMSF-enriched regions, illustrating how enhanced residue-level fluctuations manifest as 
loop expansion and surface remodeling in the AAV-HB3 chimera. 

 
Figure 7. Structural overlays illustrating loop dynamics of the AAV-HB3 chimera relative to the AAVGo.1 VP1 
reference during molecular dynamics simulations. The dark blue structure represents the reference 
conformation, while colored structures correspond to MD snapshots sampled at successive time points: (A) time 
step 20 (teal), (B) time step 45 (yellow), and (C) time step 90 (light purple). Panel (D) shows the final conformation 
at 100 ns (purple). Measured loop–loop separations reach up to ~54 Å over the trajectory. Highlighted regions 
indicate variable regions VR-VIII, VR-IV, and the HI loop, which undergo progressive outward displacement 
relative to the reference structure. These conformational changes localize to surface-exposed regions adjacent to 
the 3-fold and 5-fold symmetry axes and are consistent with residue-level flexibility and principal component 
analyses. 

Global Structural compactness was assessed using Rg analysis over the 100 ns trajectory. (Figure 
8) The AAV-HB3 chimera exhibited consistently higher Rg values than the AAVGo.1 VP1 control, 
indicating an expanded monomeric conformational ensemble. Temporal fluctuations in Rg were 
correlated between the two systems, consistent with preservation of the underlying fold. However, 
the hybrid maintained a higher mean Rg and a wider range of values throughout the trajectory. These 
results indicate that the increased residue-level flexibility observed in VR-VIII, VR-IV, the HI loop, 
and engineered secondary structure elements contribute to global conformational breathing. 
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Figure 8. Radius of gyration (Rg) profiles for the AAVGo.1 VP1 control and the AAV-HB3 chimera over a 100 ns 
molecular dynamics trajectory. The AAV-HB3 chimera exhibits consistently higher Rg values relative to 
AAVGo.1 VP1, indicating an expanded monomeric conformational ensemble. Correlated temporal fluctuations 
between the two systems reflect preservation of the underlying fold, while differences in mean Rg indicate 
altered global compactness associated with localized flexibility in engineered structural regions. 

Comparative Structural Dynamics 

Principal component analysis supported these observations, with dominant eigenvectors 
describing motions concentrated in the surface loops near the 3-fold and 5-fold symmetry interfaces. 
PCA was used here as a descriptive tool to compare dominant modes of motion sampled within each 
trajectory, and the resulting projections highlight relative differences in loop mobility. Structural 
overlays confirmed progressive deviations of these regions relative to the starting structure over the 
sampled timescale. (Figure 9) 

 
Figure 9. Principal component analysis (PCA) of molecular dynamics trajectories for (A) the AAV-HB3 chimera 
and (B) AAVGo.1 VP1 over 100 ns simulations. For each system, scree plots report the variance explained by the 
top 10 principal components. Scatter plots show conformational sampling projected onto PC1 versus PC2, PC1 
versus PC3, and PC2 versus PC3. Each point represents an individual trajectory frame, colored by simulation 
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time. The AAV-HB3 chimera samples a broader region of principal component space, reflecting increased 
conformational variability dominated by surface-exposed regions, whereas AAVGo.1 VP1 exhibits more 
confined sampling consistent with a comparatively stable monomeric fold. 

In comparison, AAVGo.1 VP1 showed uniformly low RMSF values across the monomer, with 
no pronounced peaks in variable regions, indicating comparatively preserved structural rigidity over 
the trajectory. PCA revealed limited conformational sampling relative to AAV-HB3, consistent with 
the low RMSD trace. A notable feature of VP1 was the N-terminal region folding inward toward the 
β-sheet core, a movement observed during the trajectory and aligned with electron microscopy 
reconstructions of genome-containing AAVs (AAV8, AAV11, AAV12, and AAV13), where VP1 N-
terminal density contributes to an internal membrane-like structure [66]. (Figure 10) This observation 
suggests consistency between the sampled VP1 conformations and experimentally reported 
structural features. At the same time, AAV-HB3 introduces localized flexibility at VR-VIII, VR-IV, 
and the HI loop alters the relative dynamic profile of the monomer compared to VP1. 

 

Figure 10. Structural comparison of AAVGo.1 VP1 before and after simulation. AlphaFold2-predicted structure 
of AAVGo.1 VP1 (left) is shown alongside the final frame after 100 ns of molecular dynamics simulation (right). 
The conserved β-barrel fold was maintained, with only minor adjustments in loop regions. Notably, the N-
terminal region exhibited an inward shift toward the β-sheet core during the simulation, consistent with cryo-
EM observations of genome-containing AAV capsids where the VP1 N-terminus contributes to internal 
membrane formation. 

4. Discussion 

Previous studies have demonstrated that incorporation of AAV genomes into bocavirus capsids 
can support efficient packaging and enhance transduction. For example, rAAV2/HBoV1 chimeras 
have been shown to package AAV genomes and increase transduction efficiency in polarized airway 
epithelial cells compared to parental AAV2 or AAV1 [21,23,24]. These findings established that 
bocavirus-derived capsid elements can accommodate AAV genomes and expand functional capacity, 
although they also raised concerns that incorporation of heterologous sequences may introduce 
structural liabilities [18,22]. In the present study, we extend this framework by asking a 
complementary mechanistic question: whether selected bocavirus-derived structural motifs can be 
introduced into an AAV capsid scaffold without compromising structural stability. Unlike previously 
described rAAV2/HBoV1 constructs, which rely on bocavirus capsids to package AAV genomes, our 
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approach focuses on reciprocal HBoV3 motif substitution within a canonical AAV architecture, using 
AAVGo.1 as the scaffold. This distinction is critical, as it isolates the structural tolerance of conserved 
capsid elements rather than evaluating genome capsid compatibility alone. 

Comparative simulations revealed that the AAVGo.1 VP1 control maintains a rigid fold with 
limited conformational sampling over the sampled timescale. Notably, the N-terminal domain of VP1 
displayed an inward movement toward the β-sheet core, consistent with cryo-EM maps of genome-
containing AAV particles [66]. This observation supports the role of VP1 in forming internal 
membrane-like density associated with genome packaging. By contrast, the AAV-HB3 chimera 
exhibited elevated fluctuations at VR-VIII, VR-IV, and the HI loop, as well as outward displacements 
in the engineered α-helix and βH/βI regions. These modeled displacements represent predicted 
flexibility at the 3-fold and 5-fold symmetry interfaces, reflecting localized motion in the 
computational trajectories. These observations show redistribution of mechanical flexibility across 
symmetry-related interfaces, defining structural determinants that may influence higher-order 
assembly and surface topology. Here, redistribution of mechanical flexibility refers to a shift in the 
relative magnitude and spatial localization of conformational variability, quantified by region-
specific RMSF values and dominant principal component mode contributions, rather than changes 
in absolute mechanical stiffness or inter-subunit forces. Radius of gyration analysis provides a global 
measure of these effects. The AAV-HB3 chimera maintained higher Rg values than the AAVGo.1 VP1 
control, indicating an expanded monomeric conformational ensemble. Correlated temporal 
fluctuations between systems suggest preservation of the underlying fold, while the higher mean Rg 
of the hybrid reflects propagation of localized loop flexibility into large-scale conformational 
breathing. 

Limitations and relevance to 60-mer assembly. Although the AAV capsid forms a 60-mer 
icosahedral assembly, the present simulations were performed on a single capsid protein monomer 
to enable controlled, motif-level comparison between AAVGo.1 and the AAV-HB3 chimera. As a 
result, these trajectories do not directly model inter-subunit contacts, cooperative stabilization, or 
assembly energetics of the full capsid, and packaging capacity cannot be inferred quantitatively from 
monomer simulations alone. Nevertheless, VR-IV, VR-VIII, and the HI loop are surface-exposed 
elements positioned at or near symmetry-related interfaces in the assembled capsid, where they 
contribute to intersubunit complementarity and local curvature. Increased flexibility in these regions 
is therefore expected to propagate to the 60-mer context by altering the conformational tolerance and 
geometric matching required for stable interface formation. Consistent with this interpretation, the 
present results are limited to comparative local flexibility and structural feasibility and are intended 
to identify motif substitutions likely to perturb interface-adjacent dynamics that may influence 
downstream assembly and packaging behavior. 

This study illustrates how computational modeling can be used to interrogate the structural 
consequences of capsid engineering strategies prior to experimental implementation. AlphaFold2 [45] 
and RoseTTAFold2 [48] accurately reproduced the conserved β-barrel scaffold while identifying 
regions of increased uncertainty in flexible surface elements, guiding targeted molecular dynamics 
simulations. At the time these simulations were performed, CHARMM27 represented a well-
established and widely used force field for protein and viral capsid molecular dynamics, and its 
consistent application across all systems enabled direct comparative analysis of local flexibility 
without introducing force-field-dependent bias. Future studies will extend this framework using 
updated force fields such as CHARMM36m to further refine characterization of backbone and side-
chain dynamics in flexible surface loops [67]. MD analysis quantified backbone stability, residue-level 
fluctuations, and correlated motions, enabling discrimination between globally preserved fold 
architecture and localized dynamic perturbations [30,31]. Rather than replacing experimental 
validation, these approaches provide a complementary framework for identifying design liabilities 
and prioritizing motifs for further testing. Importantly, the molecular dynamics results are 
interpreted as a comparative assessment of local flexibility and structural feasibility. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 27 February 2026 doi:10.20944/preprints202602.1542.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202602.1542.v1
http://creativecommons.org/licenses/by/4.0/


 15 of 19 

 

6. Conclusion 

In summary, this study provides a computational feasibility assessment of cross-genus capsid 
engineering by examining the structural tolerance of conserved motif substitution within an AAV 
framework. The AAV-HB3 construct preserves the canonical parvoviral β-barrel scaffold but exhibits 
increased localized flexibility at the 3-fold and 5-fold symmetry interfaces following substitution of 
bocavirus-derived α-helix and βH/βI-associated regions. 

These results indicate that conserved, scaffold-adjacent motifs are less permissive to cross-genus 
exchange than terminal or peripheral regions previously explored in chimeric designs. Rather than 
directly predicting expanded genome accommodation, the observed dynamics suggest that such 
substitutions may influence capsid assembly competence through altered symmetry-axis flexibility. 

Computational approaches integrating AI-based structure prediction and molecular dynamics 
simulations, therefore, provide a practical means to screen motif-level substitutions, identify scaffold-
sensitive regions, and prioritize capsid designs for experimental evaluation. As hybrid and cross-
genus capsid architecture continue to expand, such workflows offer a rational strategy for narrowing 
design space by identifying modifications most likely to preserve structural integrity. 
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