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ABSTRACT

Coiled-coil protein origami (CCPO) is a modular strategy for the de novo design of polypeptide
nanostructures. It represents a type of modular design based on pairwise-interacting Coiled-coil
(CC) units, with a single-chain protein programmed to fold into a polyhedral cage. However, the
mechanisms underlying the self-assembly of the protein tetrahedron are still not fully understood.
In the present study, eighteen CCPO cages with three different topologies were modeled in silico.
Then, molecular dynamics simulations and CC parameters were calculated to characterize the
dynamic properties of protein tetrahedral cages at both the local and global levels. Furthermore, a

deformed CC unit was redesigned, and the stability of the new cage was significantly improved.

1. INTRODUCTION

Natural biopolymers, including DNA and proteins, are able to self-assemble into well-ordered
nanostructures. Based on its characteristic base pairing, DNA has long been used as a
programmable building block for the design and self-assembly of complex nanocages.! Diverse
three-dimensional nanostructures have been made from DNA by using different design strategies,>

such as a one-pot approach,® hierarchical self-assembly,* and the DNA origami technique.’ Owing
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to numerous weak cooperative interactions, the rational design of new protein folds has been very
challenging®. The symmetry-based method was proposed for self-assembling protein cages by
fusing natural protein oligomerization domains and designing different protein-protein interfaces.’
To date, several protein cages have been experimentally characterized, including tetrahedra,®*
cubes,!® octahedra,!' and icosahedra.!? However, this strategy has a limitation in that only
symmetric structures can be synthesized. Recent advances in application of generative machine
learning enabled the de novo design of new compact protein folds and diverse assemblies.!*°.
Nevertheless, due to the encapsulation property of the inner large cavity, DNA and protein cages
with shapes not found in natural proteins and therefore difficult to predict by ML-based methods
might have potential applications, from drug delivery to nanomaterials and as a reaction chamber
for enzymatic reactions.!’1°

Inspired by DNA nanotechnology,?’ a modular approach was developed to assemble protein
polyhedral cages from a single-chain polypeptide.?! In this method, orthogonal dimerizing coiled-
coil segments were used as interacting modules to construct the uniquely defined topological
protein folds.?*> Coiled—coil dimers are ubiquitous protein segments whose properties as structural
elements in synthetic biology have been investigated.?* Unlike DNA antiparallel duplexes, coiled-
coil dimers may form in either a parallel or an antiparallel orientation. The major advantage of the
modular approach is that protein cages can fold spontaneously without the need for mixing,
denaturing, and slowly annealing multiple polypeptide chains.?* Resembling in many aspects of
DNA origami, a modular approach based on a coiled-coil complementarity polypeptide can be
considered protein origami (coiled-coil protein origami, CCPO),? which represents the first steps

of this technological platform. We have so far explored only a minuscule fraction of the features

and potentials of this new domain.



In this respect, theoretical approaches hold much potential for providing valuable insight into
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their structures and self-assembly. Two mathematical models, namely, polyhedral links
strong trace model,?’ were introduced for the prediction of complex topologies of DNA and protein
nanocages. On the other hand, molecular dynamics (MD) simulations coupled with principal
component analysis (PCA) analysis have been successfully used to characterize the structure and
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dynamics of DNA nanocages, compare the stabilities of octahedral DNA nanocages with

different structural properties,>>°

and characterize the opening/closing molecular mechanism of a
DNA truncated octahedron®’® to investigate the self-assembly of DNA origami-based
assemblies.*® Using 0xDNA,* a coarse-grained model was proposed, which has been applied to
characterize the structures of DNA star-tile-based nanocages*' and the self-assembly of DNA
origami*’ and single chain knotted DNA nanostructures.* Recent high-resolution determination
of a CCPO triangle confirmed the structure according to the design.** While the difficulties in
determination of high-resolution structure of CCPOs suggested that the flexibility of linkers may
introduce high flexibility, stronger evidence would could be provided by a simulation.

In this work, we investigated the stability and dynamic properties of CCPO cages based on MD
simulations. First, eighteen protein cages in the shape of tetrahedra, square pyramids and triangular
prisms were modeled in silico, and their stability and dynamical properties were investigated using
the MD approach. Then, the stability and dynamical properties of two CCPO cages with the same
topology and different initial conformation were compared. The parameter analysis and structural
analysis of all the constituent CC blocks were performed, and a pair of CC blocks were found with

the weakest stability. We further mutated and redesigned this CC dimer to improve its stability of

the redesigned cage. Our computational work provides detailed structural insight as well as



dynamical properties of single-chain protein tetrahedral cages and hence aids rational design in

new protein cages based on the modular approach.

2. MATERIALS AND METHODS

2.1. Building protocol

We have followed the experimental framework of Ljubeti¢ et al. for the design and sequences
of amino acids comprising a series of CCPO structures®"* ** in the shape of tetrahedra, square
pyramids and triangular prisms. The atomistic model of the protein cages is constructed through
the following three steps using the CoCoPOD platform in a semiautomated manner®. The design
platform CoCoPOD provided a suitable environment for the design of different polyhedra,
showcasing the utility of the developed software.

Three representative topologies, tetrahedron, square pyramid and triangular prism, formed by
12, 16 and 18 CC segments, respectively, were confirmed by both small angle X-ray scattering
(SAXS) and single particle TEM reconstruction. The density maps have been deposited in the
EMDB database under the following IDs: EMD-3781 (TET12SN), EMD-3788 (PYR16SN), and
EMD-3789 (TRIP18SN). We investigated eighteen structures of the abovementioned shapes,
including fifteen cages that are best-fit to the SAXS data and three cages with the largest volume
(Table S1). To better understand the characteristics of the systems, we provide TET12;.10SN-fs as
an example for illustrating the naming conventions, which contains all information for polyhedral
structures. The first three letters are the polyhedron type (TET = tetrahedron; PYR = pyramid;
TRIP = trigonal prism), followed by the number of CC segments. The subscript denotes the
topology and circular permutation of each polyhedron. The next labels denote the type of CC

modules used (S = soluble; SN = soluble, negatively charged), linker type (f = flexible; ¢ =



charged), and, in subscript form, the length of the linker. In cases where two variants have the

same name (e.g., different ordering of CC modules), the letters b, c, d, and so forth are appended.*’

2.2. Simulation methodology

All-atom molecular dynamics simulations were performed using GROMACS 5.1.4.%¢ The
bonded and nonbonded description of the interactions between the various atoms has been
described using the Amber99SB-ILDN force field.*” The initial structures of CCPOs were
constructed using the CoCoPOD platform. Each structure was immersed in a triclinic box filled
with TIP3P water molecules, imposing a minimum distance of 12 A between the solute and the
box. Initially, we performed a series of energy minimization steps to eliminate any bad contacts in
the initially built structures. Each minimization step involves 5000 steps of steepest descent
followed by 5000 steps of the I-bfgs method. After the energy minimization, the equilibration was
conducted in three steps of 100 ps each, and the system was heated from 10 K (step 1) to 150 K
(step 2) and finally to 300 K (step 3). Finally, 200 ns NPT production simulations are performed
at 300 K and 1 atm pressure with a 2 fs integration time step. We have implemented periodic
boundary conditions across the system using a truncated octahedral cell. We use particle mesh
Ewald (PME) techniques integrated with the Gromacs package to account for the long-range part
of the electrostatic interactions.*®* During the dynamics, all the bonds involving hydrogen are
restrained using the SHAKE algorithm.>*>! The Langevin thermostat with a collision frequency
of 1 ps-1 is used to maintain the constant temperature and pressure. The accelerated GPU version
of PMEMD>?3 was performed on Nvidia GTX1060 series cards. The images and graphics of the
structures shown here were generated using the software packages VMD?* and PyMOL.%

2.3. Structural deviation and atomic fluctuation



Root mean square deviations (RMSDs) and root mean square fluctuation (RMSFs) of the
trajectories were calculated by using the GROMACS 5.1.4 analysis tools. The first 50 ns were
removed, and the remaining trajectories were used for the analyses. Two types of RMSFs have
been calculated. The local RMSF was calculated for each of the twelve strands extracted from the
total cage and singly fitting each of them without considering the total cage motion. The global
RMSF was calculated by fitting the total cage conformation. Both RMSFs are calculated over the

Ca atoms. The values of global RMSF are influenced by the total cage motion.

2.4. Surface and Volume analysis

Manipulation of self-assembling protein modules is the key to achieving highly controllable
protein cages for encapsulation and drug delivery. Thus, its molecular surface area and volume are
very important to estimate its true loading capacity. To account for the variation in the overall size
and volume of the CCPOs during the simulation, we calculated its radius of gyration (Rg) with the
GROMACS 5.1.4 analysis tools using only Ca atoms. The computed volume of our model using

Voronoi diagram-based geometrical methods to compute the void volume.*’

2.5. Principal component analysis

The collective motions of the cages were investigated by principal component analysis (PCA).
For the cage systems, PCA was performed using the Ca atoms of the MD simulation trajectories
through gcovar integrated with Gromacs. The trajectory matrix contains in each column Cartesian
coordinates for a given atom at each time step (x(t)). Fitting the coordinate data to a reference
structure result in the proper trajectory matrix (X). The trajectory data are then used to generate a

covariance matrix (C), the elements of which are defined as:

Cii=((xi — (x ) (% — (x;))) (D



where ((x; — (x;))(x; — (x;))) denotes an average performed over all the time steps of the
trajectory. The principal components (PCs) are obtained by diagonalization of the covariance
matrix C.

C=vavT 2)

This results in a diagonal matrix L containing the eigenvalues as diagonal entries and a matrix V
containing the corresponding eigenvectors. If the eigenvectors are sorted such that their
eigenvalues are in decreasing order, the eigenvector with the largest eigenvalues (i.e., the first
principal component, PC1) accounts for the highest proportion of variance within the data. The
second principal component (PC2) is orthogonal to the first one and accounts for the second-
highest proportion of variance. The first two components were obtained using gmx anaeig, and the
score plot of PC1 vs PC2 was used to evaluate differences in the oscillatory motion of the structures
throughout the MD simulations. In addition, the dynamics cross-correlation maps are calculated
from the PCA by using the g covar utility of GROMACS. In this map, each value indicates

whether Ca atoms move in the same or opposite direction.

2.6. SAXS data analysis
To determine whether the CCPOs maintained their conformations, we compared the computed
SAXS curves of the average structures of CCPOs from equilibrated MD simulations to the

experimental SAXS data. Their theoretical SAXS profiles were computed with CRYSOL.>®

2.7. Parameterization of coiled coils.
The original mathematical parameterization of coiled coils here is from Crick®® and has been
developed since,” including in CCCP,*! CCBuilder,®? which are web-based applications for

parametric modeling of coiled coils, and ISAMBARD.%?



3. RESULTS AND DISCUSSION

3.1. Most CCPO cages are stable during simulations

To investigate the structural stability and dynamics of the systems during the whole simulation
time, the root-mean-square deviation (RMSDs), gyration radius (Rg), and volume (V) of all CCPO
cage simulations with respect to the starting structures were calculated and plotted, as shown in
Fig. S1-S4 and Table S1. The initial conformations were taken as the best-fit model to the
experimental SAXS scattering curves.*’ These results show that RMSD and Rg values converge,
confirming that CCPO cages reached the equilibrium state after 200 ns of simulation, except for
TET121.10SN-fs, which reached equilibrium after 500 ns of simulation. The RMSDs with respect
to their initial minimized structure saturates to values between 0.58 and 1.29 nm for TET12 cages,
while TET121.10S-f5 with the best conformation has the largest RMSD. For the PYR16 and TRIP18
cages, the RMSDs range from 0.80 to 0.88 nm and from 1.01 to 1.33 nm, respectively. For
illustration, we selected three representative systems for comparison and elucidation, as depicted
in Fig. 1 and Fig. S1. By superimposing the mean and final structures onto the initial structures
(Fig. 1a), as well as the mean structures extracted every 50 ns from MD trajectories were
superposed onto the initial structure (Fig. Sla), we observed that the overall shapes of the three
systems did not undergone significant changes. In addition, PCA was performed to reveal changes
in the slow oscillatory motion of the structures throughout the MD simulations (Fig. 1b). It was
observed that within the initial 100 ns of MD, some conformational changes occur in each system,
but between 100 ns and 200 ns, the conformations become stable. RMSDs for TET12.10S-c¢ (blue
lines), PYR162.15rS-f5 (red lines) and TRIP187 s SN-fs-oblique (green lines) are shown in Fig. S1b.
The larger RMSD values for the PYR16 and TRIP18 cages are mainly due to their larger size. The

GR, a measure of the structure compactness, shows a similar trend with RMSD, confirming the



stability of CCPO cages. For example, as shown in Fig. S1c, the average GR values settle to ~3.1,
~3.4 and ~3.6 nm for TET121.10S-cs, PYR162.15rS-fs and TRIP187.5rSN-f5-obl, respectively. It can
be seen that the GR values keep decreasing, which indicates that CCPO cages experience slight
collapsing during the MD simulations.

To estimate the maximal cargo carrying capacity, the shape and volume of CCPO cages are other
important indicators. We calculated the cavity volumes during the simulation to account for the
variation in the overall size of CCPO cages. The volumes of most of the CCPO cages attained a
dominant decrease during the initial 10 ns of run time and converged in the last 80 ns of simulation.
The variations in volumes (AV) of all cages are also listed in Table S1. As illustrated in Fig. S1d,
the volumes of TET121.10S-c6, PYR162.15rS-f5 and TRIP187.srSN-fs-obl changed from 54.6 nm?
to 50.1 nm’, from 77.3 nm® to 74.1 nm? and from 125.1 nm’® to 83.2 nm’ respectively.
Accordingly, the values of AV are also reflected in the shape and size of CCPO cages, which
means that the shapes of most CCPO cages do not undergo a large deviation or even a collapse
and provide the ability to host cargo molecules at the central cavity.

To further confirm the stability of CCPO cages, we also compared our MD simulations with the
SAXS data (Fig. S5). For each cage, 10 configurations of the last 100 ns in simulation were
extracted from the trajectory with a time step of 0.1 ns, and the Guinier plot was used to compare
the simulation and experimental results. As listed in Table S1 and Fig. lc, the R? for the most
fitting of Guinier plots approaches 1, which shows that the structures during the simulation show
good agreement with the SAXS experimental data. In line, the fitting R? of Guinier plots in
TET121.10S-c6, PYR162.15rS-fs-obl and TRIP187.5rSN-fs are 0.97, 0.98, and 0.93, respectively. The
good agreement between the SAXS experiment and MD simulation results indicates that most of

the CCPO cages maintain their shapes during the simulation.
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Figure 1. Molecular dynamics results for TET121.10S-c6, PYR162.15rS-f5 and TRIP187.5rSN-f5. (a)
The final (red) and mean (cyan) structures of computational models of three CCPO cages were
superposed on their corresponding initial conformations (gray). (b) PCA score plot on
conformations extracted from MD simulations of TET12;110S-c, PYR162.15rS-f5 and
TRIP187.5rSN-fs-obl (up to down). The points representing the initial and final conformations are
indicated in the figure with arrows. The color of the points corresponds to the transition from blue
to red, representing the conformations at times ranging from t=0Ons to t=200ns, respectively. (c)
Comparison of the MD simulation results and the experimental SAXS data. Blue lines with gray
standard derivation are calculated from experimental SAXS data, and red and green lines are

scattering intensity calculated for the MD simulations and the mean structure, representatively.
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3.2. Dynamic comparison between TET121.10SN-fs"*t and TET121.10SN-fs larsest

In the previous section, we showed that different variants of CCPO cages share similar dynamic
behavior. Among our studied systems, the two TET121.10SN-f5 cages shared the same topology
and composition but with different initial conformations and were named “TET12;.10SN-f5"5"’,
whose conformation was obtained by fitting with the best-fit-to-SAXS data, while “TET121.10SN-
f5'aees had the largest volume.*’ It would be interesting and useful to study if the cages with
different initial conformations have effects on their dynamics and stabilities.

Overall, the detailed dynamic analysis of CCPO cages found that TET121.10SN-fs*** showed the
largest RMSD, as well as relatively large Rg and AV. The instability of TET121.10SN-fs! is likely
due to the most deformed initial structures. As shown in Fig. 2 (a), the RMSD with respect to their
initial minimized structure saturates to values of 0.91 nm and 0.80 nm for TET12; 10SN-f5** and
TET121.10SN-fs!22%t respectively. The Rg values with respect to their initial minimized structure
settle from 3.29 to 2.97 nm and 3.30 to 3.13 for TET121.10SN-fs?*' and TET121.10SN-fsareest
respectively. The AV along the MD simulation for TET12;.10SN-f5"*" is 15.21 nm, which has been
shifted to 3.50 for TET121.10SN-f5'22%!, The much smaller RMSD and AV values of TET12; 10SN-
fs are the largest and are more stable than those of TET12;.10SN-fs*!, These general results
indicate that the initial conformations of CCPO cages have a large effect on their global

conformational dynamics, which has also been confirmed by the low overlap values between PCA

modes (Fig. S6).

To investigate the effect of the initial conformation on the dynamics of CCPO cages, we
compared the conformational dynamics between TET12;.10SN-5"** (Movie S1) and TET12;.10SN-
fslrgest (Movie S2). It is easy to see that the TET121.10SN-fs €%t cage remains stable during the

MD simulation, while the TET121.10SN-f5s"** cage demonstrates remarkable deformation. After
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best started a transition to a distortion

approximately 80 ns, the initial structure of TET121.10SN-fs
conformation, which is characterized by a further movement of the CC segment of APHshSN.
Until 200 ns, the end of APHshSN interacts with another CC segment of PSSN-P6SN through two
hydrogen bond networks between GLY 196 or LEU194 in APHshSN and GLN312 in P5SN (see
Fig. 2b and Movie S1). Then, we used two residue pairs, GLY196-GLN312 (green sticks) and
LEU194-GLN312 (yellow sticks), as references to quantify the movement of APHshSN. The
distance between the first pair changed from 47.1 A (green arrows in B) to 3.6 A (red arrows in
B), and the second pair changed from 52.5 A to 3.4 A. The final distance between two residue
pairs represents the distances required to form strong hydrogen bonds, which was maintained after

200 ns. Some deviation occurs in the position of the oscillations after 0.40 nm and is likely due to

the distorted structure of the TET12.10SN-f5"*" cage after 80 ns of MD simulation.

Fig. 2¢ shows the cross-correlation maps for TET12;.10SN-f5 with two different conformations.

The lower triangular part of the map shows cross-correlations for the TET12;10SN-f5 °! cage,

largest

while the upper triangular part shows cross-correlations for the TET121.10SN-fs cage. In the
map, values range from -1 to 1, in which the red regions with positive values represent residues
moving in the same direction, and the blue regions with negative values denote residues moving
in the opposite direction. The correlation map of both cages shows six positively correlated
elements (red blocks) corresponding to strong coupling within each of the six coiled-coil segments.
However, the TET121.10SN-fs**! cage (lower triangular part) shows larger negative correlations
than the TET12;.10SN-f5*€*" cage (upper triangular part), which means that the structure of the
TET121.10SN-fs*** cage is contracting more than the TET 12 10SN-f5€% cage during simulation.

In particular, four square boxes in the lower triangular part of the map highlight the negative

correlations between the APHshSN dimer and the PSSN-P6SN dimer.
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Figure 2. Dynamic results for the comparison between TET12;.10SN-fs** and TET12;.10SN-
fs'areest (a) Time evolution of the RMSD, the radius of gyration (Rg), and the volume over the
entire trajectory for TET12110SN-£5* (red line) and TET12;.10SN-f5'42t (blue line). (b) The
structural deformation (red color) of the TET121190SN-f5* cage after superposition on its
corresponding initial conformation (green color). (¢) The dynamical cross-correlation map for
TET121.10SN-fs*** (lower triangular part) and TET12.10SN-f52 (upper triangular part). Four
square boxes highlight the negative correlations between the APHshSN dimer and the PSSN-P6SN

dimer.

3.3. APH4SN in the TET1223SN-fsb cage shares a large deformation

In this section, root-mean-square fluctuations (RMSFs) were calculated to describe the
conformation mobility and dynamic properties of each coiled-coil segment of CCPO cages, as

shown in Fig. S7. To compare the stability of the building blocks, only RMSFs of coiled-coil
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segments were calculated, while the RMSFs values of linkers are not shown. Although we found
that the overall structure of TET1223SN-fsb is stable, prominent variations were observed for the
APHA4SN segment. In Fig. 4a, the RMSFs for APH4SN show much larger values (0.224+0.6 nm
and 0.22+0.7 nm for two APH4SN strands, respectively), whereas for other segments, they share
similar smaller average values that vary from 0.07 nm to 0.1 nm.

The large deformation of APH4sn in the TET1223SN-fsb cage can be further explained by 3D
conformation fitting (Fig. 3b) and PCA motions (Fig. 3¢, d). Superimposition of the initial (yellow)
and final (magenta) structures of TET12,3SN-fsb are shown with cartoon representations. The
coiled-coil dimer APH4SN, showing the largest conformational change, is outlined by the black
frame. Structural alignment of the start and end TET12,3SN-fsb structure displays an average
RMSD of 0.88 nm, mainly caused by the large displacement of the middle region of the APH4SN
segment. As shown in Movie S3, during the MD simulation, amino acids around the middle of the
APH4SN segment displayed obvious variations, in agreement with the 3D conformation fitting.

In addition, the largest fluctuation of APH4SN in the TET1223SN-fsb cage was further
confirmed by the PCA motion of the MD trajectory. The PCA method is designed to detect the
dominant internal motions among the various components of the systems by a small set of PCA
modes (PCs). For the TET12,3SN-fsb cage, the first and second PCA modes account for 34% and
20% of the total variance, respectively, while the motions of these two modes are shown in Fig.
3c and d. Both PC1 and PC2 show the breathing motion of the cage, which corresponds to the
expansion/contraction of the interior cavity within the polyhedral cage. In particular, the first mode
shows the large vibration of three linkers, while the second mode shows the large deformation of
the APH4SN segment. Accordingly, PC2 describes the determinant motions of the large

deformation observed in the TET12,3SN-fsb cage.
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Figure 3. (a) Per Ca residue RMSF for each strand of TET12,3SN-fsb, calculated over the
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(gray) and final (colored) structures of TET12,3SN-fsb with cartoon representations. APH4SN
shows a large conformational change, which is highlighted by a black circle. (c) PC1 describes the
large vibration of three linkers, while (d) PC2 describes the largest motion for the particular regain

in the APH4SN, shown by the red arrows.

3.4. Structural parameters and helix structures of CC dimers

In CCPO cages, CC dimers are regular and relatively rigid building blocks, which are stabilized

by a characteristic ‘knobs-into-holes’ packing.®* The geometry and packing mode of CCs can be
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described by Crick equations that involve a set of structural parameters. We calculated eight
structural parameters for six CC dimers based on the 200 ns TET1223SN-fsb MD trajectory (Fig.
S8), including the pitch and radius of the superhelix, residues per turn, phi-, psi-, and alpha-angles,
crick angle and its deviation.> The mean values along the MD simulation, with their standard
deviations of six CC dimers, are reported in Table S2. These geometrical parameters of most CC
dimers show similar values and few deviations along the MD trajectory, indicating good stability
and a regular geometry of those CC dimers that is maintained over the entire simulation time.
Among these structural parameters, the alpha-angles (o) show large variation for APH4sn in
comparison with other CC dimers, suggesting that a provides a useful matrix to analyze the
possible geometrical deformation of APH4sn. Fig. 4 (a) shows the alpha angles calculated as a
function of time for each CC dimer in TET12,3SN-fsb. The mean a value of APH4sn is
approximately 16.76, while the values for other CC dimers range between 9.45 and 12.5. The
alpha-angle (a) is the angle that the peptide plane makes with the helix axis, with a value of
approximately 13 degrees. The larger alpha-angle of APH4sn describes a different hydrophobic
core packing geometry, which will affect the global helix axial rotation in structures.

Moreover, secondary structure analysis of the helical structure of coiled-coil segments in
TET1223SN-fsb was performed over simulation time to quantify and compare the deviation from
their canonical conformation. The detailed values of the share of the secondary structure content
of each segment in TET12,3SN-fsb are listed in Table S3. We found that, except for APH4SN
with large deviations in helical parameters, the overall secondary structure was maintained during
the simulation. The secondary structure analysis of APH4SN is shown in Fig. 4b, which

demonstrates the formation of defects in the APH4SN structure. The APH4SN segment is
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composed of a helical structure at the beginning of the MD simulation and exhibits a transition
between the B-turn and a-helix of the secondary structure.

By investigating the CC parameters and secondary structure component, the structural
determinant and deformation mechanism of APH4sn in TET12,3SN-fsb are proposed. The
analysis of the simulation of the APH4sn dimeric coiled coil reveals progressive helix unfolding,
which is determined by the packing model with a larger alpha-angle. With the goal of using CCs
as nanomechanical building blocks, the helix propensity and hydrophobic core packing provide

two useful matrixes for the parametric molecular design.
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Figure 4. (a) Alpha angle parameter for six coiled-coil segments of TET12,3SN-fsb, calculated
over the simulation time. (b) Secondary structure assessment over time. The blue and yellow colors

represent the helix structure and turn for each amino acid during the MD simulation.

3.5. Implications for the Molecular Design

The primary sequence of coiled coils is characterized by a repetitive pattern of seven amino acid
residues, called heptad repeats (abcdefg)..%> Residues at the a and d positions are predominantly
hydrophobic, whereas residues at the e and g positions are frequently charged and can participate

in interhelical Coulombic interactions. The binding stability and specificity are mainly determined
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by the burial of hydrophobic side chains at positions @ and d and complementary electrostatic

interactions between residues at positions e and g. Utilizing this simple design, CCs serve as
model systems for studying protein folding and stability and design of orthogonal building
modules.®®%® Even minor differences in the binding interface (e.g., B-branching side chains or Asn
at position a or d) can therefore dramatically affect the CC structure. This suggests that a molecular
design strategy relies on the mutation of a single residue.

The previous results demonstrate that APH4SN in TET1223SN-f5b is not stable, suggesting that
APH4SN is the key design parameter for tuning a more stable TET1223SN-fsb cage. When
mapping the structures of the APH4SN observed in the MD simulation into such helical-wheel
diagrams, the deformation region was assigned to the heptad including two lysine residues at the
a and d (a’ and d’) positions (Fig. 5a). By analyzing the structural deformation region, we suggest
that the residues Lys (K) at positions a and d’ are likely to contribute to the deformation of
APH4SN. This sequence was based on the designed set of orthogonal antiparallel homodimers
with Lys at the position to maintain the orthogonality within the set of the peptides. Lending the
ideal of incorporation of a single charged residue at an interior position is sufficient to specify a
dimeric structure.”” To confirm that, the K22 residue at the fourth heptad the a position was
mutated into an Ala (A) to decrease the electrostatic repulsion between the central heptads and
tune the stability of the dimer. Therefore, two a-d’ positions of APH4SN were mutated (K to A),
and the resulting peptide, named APH4SN-A (Fig. 5b), was used as the new building block for the

assembly of the designed TET12,3SN-fsb cage, which was named TET12;3SN-fsb-A.
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Figure 5. Rational redesign of APH4SN for conformational stability. (a) Helical wheel depiction
of the coiled-coil dimer. (b) Aligned peptide sequences of APH4SN variants with K(A) positioned
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TET1223SN-fsb-A, calculated over the simulation time. (d) Secondary structure assessment over
time. (e) The RMSD distribution of TET1223SN-fsb and TET1223SN-fsb-A. (f) Superimposition
of the initial (yellow) and final (magenta) structure of TET12,3SN-fsb-A with cartoon

representations. The APH4SN-A segment is highlighted by a black circle.

We also performed a 200ns MD simulation of the designed TET12,3SN-fsb-A cage to
investigate and compare its stability. To understand the dynamic effect of the molecular design of
CCPO, we calculated the RMSFs (Fig. S9 (a)), structural parameters (Fig. 5c and Fig. S10), and
second structure components (Fig. 5d), as well as the RMSDs (Fig. 5e), Rg, V, to describe the
local and global stability of the original and designed CCPOs. In Fig S8, the designed APH4SN-
A dimer shows RMSF values similar to those of other CC dimers, which means that the local
stability of the APH4SN dimer is apparently strengthened due to the K-to-A mutation. The alpha-
angles of the designed APH4SN-A dimer decrease (the red line in Fig. 5¢), similar to other dimers
in the designed TET12,3SN-fsb-A cage. As shown in Fig. 5d, uncoiling deformations were not
observed in either designed helical secondary structure of the designed APH4SN-A-1 and
APH4SN-A-2 segments, and the higher values of the percentage of secondary structure of each
segment in the designed cage are listed in Table S3. These local properties of the designed
APH4SN dimer are reflected in the more regular packing model, and the helical secondary
structure is well preserved over the simulations, providing confidence that this designed structure
behaves as intended. Fig. Se shows the RMSDs for TET12,3SN-fsb cages with original and
designed structures. The average RMSD values and their standard deviations during MD
simulations for TET12,3SN-fsb and TET1223SN-fsb-A are 0.88+0.11 nm and 0.58+0.07 nm,

respectively. In addition, as shown in Fig. 5f and movie S4, the 3D structural mapping of the initial
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and end structures at 200 ns means that the global structure of the designed TET12,3SN-fsb cage
is maintained during the MD simulation. As shown in Fig. S9 (b) and (¢), TET12,3SN-fsb-A shows
similar gyration radius patterns but different volumes with TET1223SN-fsb. The distribution of
volumes is smoother, which means a smaller deviation along the simulation. This finding also
supports our design aim that the global structure of the designed TET12,3SN-fsb cage indicates

better structural stability due to residue modification from positively charged K to A.

4. Conclusions

In this work, we have investigated the stability and dynamic properties of 15 CCPO cages, in
the shape of tetrahedra, square pyramids and triangular prisms, based on MD simulations. The
good agreement between the SAXS experiment and MD simulation results indicates that most of
the CCPO cages maintain their designed shapes during the simulation. One of the CC building
blocks of the designed APH4SN segment was deformed in all cages that used this CC segment.
By investigating the CC parameters and secondary structure component, the structural determinant
and deformation mechanism of APH4sn are proposed. The redesigned CC dimer APH4SN-A (K
to A) was used as a building block in the TET1223SN-fsb cage, and the simulation results show
that both the CC dimer and cage structures are significantly improved and stabilized. In summary,
we have proposed a molecular design strategy that relies on the mutation of the unstable CC dimer
in the CCPO cages. Both the CC and secondary structure show that the mutation reduces
conformational dynamics at the APH4SN interface and stabilizes the global conformation of the

TET12,3SN-fsb cage.
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