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Figure 2. Simulated systems of larger HPV16 capsid segments alone and interacting with sulfonated 
ligand-coated gold core nanoparticle. a) Conformations of the capsid segment containing three L1 
pentamers after 200 ns of MD simulations. b) Conformations of the three pentamer segment in the presence 
of the MUS:OT NP after 200 ns of MD simulations. c) Conformations of the capsid segment containing four 
L1 pentamers after 115 ns of MD simulations. b) Conformations of the four pentamer segment in the 
presence of the MUS:OT NP after 115 ns of MD simulations. The pentamers are colored in blue (A), red 
(F), green (B), and orange (C), and the aqueous solution is not shown for clarity. The color scheme of the 
NP is the same as in Figure 1. 

 

The primary binding mode between NP and capsid segments, as observed in the simulations, is 

shown in Figures 1c and 2b,d. In all the cases, the 2.4 nm gold core NP interacts with the capsid 

segment at the interface of two L1 pentamers, and over time, it is observed to wedge in between 

two pentamers that it binds. The NP binds to the interface of two pentamers even in three- and 

four-pentamer capsid segments, in which there are interfaces of three pentamers within the 

segments (Figure 2). Over the course of the three- and four-pentamer systems simulations, the 

NPs shifts from three pentamer junctions to two pentamer junctions, and eventually bind to A-F 

pentamer junction in three-pentamer system (after ~30 ns) and B-F pentamer junction in four-

pentamer system (after ~70 ns), as shown in Figure 2b,d. The binding mode of NP to the capsid 

segment is likely determined by the NP size: larger NPs may have different binding modes, 

potentially including the junctions of three pentamers. 
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In all the examined systems, internal stabilities of individual L1 proteins were tracked by 

calculating root mean square displacements (RMSDs) of parts with defined secondary structures 

from the systems simulated without and with the NPs. As Figures S2 and S3 show, there are no 

significant differences in RMSDs of analogous L1 proteins in the systems simulated without and 

with the NPs. Therefore, the internal stabilities of L1 proteins are not compromised in the presence 

of NPs.  

 

Effects of Nanoparticle Binding on the Positions of Proteins within Capsid Segments. MD 

trajectories of all the systems, both without and with NPs, clearly show that L1 proteins move with 

respect to each other. To measure the changes in the positions of proteins within capsid 

segments, we tracked distances between centers of mass (COM) of the adjacent pentamer pairs 

and angles between the central axes of the adjacent pentamer pairs. The resulting distances and 

angles between adjacent proteins in two- and three-pentamer systems are shown in Figure 3. In 

two-pentamer systems, distances between A and F pentamers decrease over time from their initial 

values, both for the lone capsid segment and the capsid segment binding to the NP (Figure3b), 

in agreement with the visual observations that capsid proteins move closer to each other over 

time. However, these distances decrease by different amounts in the absence and presence of 

NPs. Namely, the pentamers equilibrate at COM distances of ~99 Å and ~ 104 Å in the absence 

and presence of NP, respectively. Therefore, NP binding to two-pentamer segment leads to an 

increase in COM distance of ~ 5 Å between the adjacent pentamers. The pentamers in two-

pentamer systems also equilibrate at angles of ~20° and ~26° in the absence and presence of 

NP, respectively (Figure 3c). Overall, these pentamers maintain an angle that is ~ 6° larger on 

average in the presence of the NP than in its absence. The observations indicate that NP acts as 

a wedge between the pentamers. 
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Figure 3. Distances and angles between pentamers in HPV capsid segments alone and when 
interacting with MUS:OT NP. a) Representative snapshots of two-pentamer capsid segments with 
pentamers assuming different distances and angles with respect to each other. The snapshot times are 
labeled in the distance and angle plots in panels (b-c) below. b) Distance between A and F pentamers alone 
and when interacting with NP for two-pentamer segment systems. c) Angle between A and F pentamers 
alone and when interacting with NP for two-pentamer segment systems. d) Distance between A and F 
pentamers alone and when interacting with NP for three-pentamer segment systems. e) Angle between A 
and F pentamers alone and when interacting with NP for three-pentamer segment systems.  

 

The effects of the NP on protein positions are similar in two- and three-pentamer systems. The 

distances and the angles between A and F pentamers are on average greater by ~ 6 Å and ~ 10°, 

respectively, in the system with the NP than in the system without the NP.  In three-pentamer 

systems, distances between pentamers whose interfaces do not participate in NP binding are 

similar in systems with and without the NP (Figure S4). For the four-pentamer system, the NP 

has no clear effects on the segment perturbation, as shown in Figures S5-S6. These negligible 
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effects are likely due to a combination of short simulation timescales and a larger network of 

interactions between the pentamers within the extended capsid that may increase the times over 

which the segment changes occur.  

 

 

Figure 4. Interactions of MUS:OT NP at the interface of two L1 pentamers in the two-pentamer 
system. a) A snapshot of the NP interacting at the interface of two pentamers, shown in faded blue and 
red. The NP interacts with two distinct chains of both A and F pentamers, labeled as A1 (green), A5 (orange), 
F1 (purple) and F2 (black). The NP gold core is shown in yellow, and MUS and OT ligands are not shown 
for clarity. b) Side and top views of two chains of the pentamer typically found to interact with the NP, 
highlighted in red. The residues consistently found to interact with NP are shown by their Cα atoms (green, 
white, blue and red spheres label their residue types, namely polar, non-polar, basic and acidic) and labeled 
with residue indices. c) Contact maps of residues of the four chains of two-pentamer systems found to 
interact with NP over the course of the simulation. Colors in the contact maps match the colors of the four 
chains labeled within pentamers in panel a (A5 – orange, F2 – black, A1 – green, and F1 – purple). White 
regions in contact maps denote no contact. 

 

Effects of Nanoparticle Binding on the Pentamer Interface and the Integrity of Capsid 

Segments. When the NP binds at the interface of two pentamers, it interacts with two out of five 

chains on each pentamer. These chains on A and F pentamers, labeled as A1, A5, F1 and F2, are 

highlighted in Figure 4a. Similar interactions are observed for NPs within three- and four-
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pentamer systems. The individual chains preserve their secondary structures while interacting 

with NPs (Figures S7-S9), as it is mostly the flexible loop regions of the chains, protruding from 

the capsid surface into the solvent, that interact with NPs (Figures 4b, S10). These loop regions 

and specifically some of the lysine residues on them (K278, K356, K361, K54 and K59) were 

found to be implicated in the recognition of heparan sulfate proteoglycans24,34, indicating that NPs 

coated with MUS and OT ligands can mimic HSPG cell receptors allowing for effective viral 

association.  

As each chain is equivalent in sequence, similar in structure, but different in orientation, 

MUS:OT NP interacts with two unique surfaces of A1, A5, F1 and F2 chains. Figures 4b and S10 

highlight the residues of these chains that interact significantly with the NP: chains F1 and A5 

interact with NP via three loop regions (residues 52-62, 345-362 and 424-432), whereas chains 

A1 and F2 interact with NP via two loop regions (residues 172-186 and 265-286). Contacts 

between these loop regions and the NP are largely maintained over the simulation time, as shown 

in the contact maps in Figure 4c. These loop regions contain many charged and non-polar amino 

acids (Figure S10). For example, the loop region with residues 52-62 interacts strongly with the 

NP via K53, K54, and K59, as well as the polar N56-58 residues. Interactions of NP with this loop 

region (residues 52-62) is significant in all three examined systems indicating the importance of 

this region for establishing the initial NP-capsid binding through long range electrostatic 

interactions and preserving it later via local electrostatic and H-bond interactions. All the loops, 

and especially the loop with residues 172-186, also interact with the NP via its hydrophobic 

residues. The interactions of NP with capsid segments via charge-charge and hydrophobic 

interactions correlates with observations of a previous MD study of a single L1 pentamer with 

MUS:OT NP. The charge-charge interactions occur between negative sulfonate groups on 

MUS:OT-NP and the positive HSPG-binding lysine residues of loop regions, while the 

hydrophobic interactions occur between non-polar alkyl chains of NP ligands and nonpolar groups 

on L1 protein surface. Similar pentamer-NP contacts are observed in the three-pentamer system 

as in the two-pentamer system (Figure S11). However, significantly fewer pentamer-NP contacts 

are observed in the four-pentamer system (Figure S12), indicating a need for longer simulation 

times in this system to capture the effects of the NP presence on the capsid segment integrity.  

 

 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted August 22, 2021. ; https://doi.org/10.1101/2021.08.21.457236doi: bioRxiv preprint 

https://doi.org/10.1101/2021.08.21.457236


13 

 

  

Figure 5. Contact maps of L1 pentamer interactions in two-pentamer segments alone and when 
interacting with MUS:OT NP. a-d) Contact maps of A1 and A5 chain residues in contact with F pentamer 
and F1 and F2 chain residues in contact with A pentamer within two-pentamer systems over the course of 
the simulation. e-h) Contact maps of A1 and A5 chain residues in contact with F pentamer and F1 and F2 
chain residues in contact with A pentamer within two-pentamer systems in the presence of MUS:OT NP 
over the course of the simulation. The colors in the contact maps match the colors of the four chains within 
pentamers shown in Figure 4a. White regions in the contact maps denote no contact. 
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We next examine in Figure 5 how the contacts between neighboring pentamers evolve 

over time in the absence and presence of the NP within two-pentamer systems. Most of the time, 

the same inter-pentamer contacts are observed in the absence and presence of the NP. However, 

towards the end of the 240 ns trajectories, some contacts between pentamers become less 

frequent or are lost in the presence of the NP, such as the contacts that A5 segment makes with 

the F pentamer (residues 52 – 62 and amino acids surrounding the residue 449) and the contacts 

that F2 segment makes with the A pentamer (residues 169 – 189). Similar loss of interactions 

between pentamers interacting with the NP is observed in three-pentamer and four-pentamer 

systems (although less pronounced, as shown Figures S13 and S14). All these contact maps 

indicate that NPs are able to disrupt some interactions between neighboring pentamers over the 

simulation timescales.  

Overall, our studies also show that most of the residues involved in pentamer-NP and 

pentamer-pentamer interactions are mutually exclusive over the course of 115 – 240 ns 

simulations. With longer simulation times, more significant effects of NP presence are expected 

on pentamer-pentamer interactions.  

 

 

Figure 6. A scheme of MUS:OT NP effect on HPV16 capsid segments. MUS:OT NPs (2.4 nm gold 
cores) bind to interfaces of two L1 proteins and wedge in between them. The NPs eventually weaken and 
break the interactions between L1 proteins at this interface.  

 

4. Conclusion 

In this work, we described the interactions between virucidal MUS:OT nanoparticles with 2.4 nm 

gold cores and segments of HPV16 capsids using atomistic MD simulations. It was previously 

shown that HSPG-mimicking ligands of these NPs form multivalent interactions with L1 capsid 

proteins19. Here, we determine the initial mechanisms of the virucidal activity and depict it in the 

scheme of Figure 6. The first step of this activity is the binding of MUS:OT NPs at interfaces of 

two L1 proteins forming the capsid segments. The insertion of the NP at the interface of two L1 

proteins leads to increased distances and increased angles between these neighboring proteins. 

As the time progresses, the NP presence can lead to breaking of some contacts between two 

neighboring proteins, although our simulations captured the very initial stages of this stage of the 

virucidal activity. Therefore, the disruption of the HPV16 capsid by MUS:OT NPs is expected to 
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arise at interfaces of two L1 capsid proteins. The revealed mechanism can be utilized for 

designing new generations of materials that can perturb and disintegrate viral capsids35 or control 

the integrity of other naturally occurring or engineered protein assemblies36,37.  
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