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of Chemistry The rational design of supramolecular assemblies aims to generate complex systems based on the simple
information encoded in the chemical structure. Programmable molecules such as nucleic acids and
polypeptides are particularly suitable for designing diverse assemblies and shapes not found in nature.
Here, we describe a strategy for assembling modular architectures based on structurally and covalently
preorganized subunits. Cyclization through spontaneous self-splicing of split intein and coiled-coil
dimer-based interactions of polypeptide chains provide structural constraints, facilitating the desired
assembly. We demonstrate the implementation of a strategy based on the preorganization of the
subunits by designing a two-chain coiled-coil protein origami (CCPO) assembly that adopts a tetrahedral
topology only when one or both subunit chains are covalently cyclized. Employing this strategy, we
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intein cyclization was crucial for the assembly of a concave octahedral scaffold, a newly designed
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Open Access Article. Published on 05 February 2024. Downloaded on 5/21/2025 7:46:03 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

rsc.li/chemical-science

1. Introduction

Self-assembling supramolecular structures can be designed de
novo from well-understood modules, where the information
governing the assembly is encoded in the chemical structure of
building molecules. This can be a formidable task, as the
assembly has to overcome a substantial entropic barrier.
Therefore, strategies to facilitate the assembly include the use of
modules that reduce the degrees of freedom and facilitate the
design. Among the polypeptide modules that can facilitate the
assembly of novel complexes, coiled-coils (CC) stand out as they
can be designed de novo and finely tuned, as the rules under-
lying the specificity of the CC-forming peptides are well-
understood and many orthogonal CCs are already available.'™®
CCs are super-secondary structural elements composed of two
or more o-helices intertwined in a supercoiled left-handed
helix. Importantly, they display high specificity and known
rules governing their oligomerization, enabling rational
design.”*® Structural motifs of CCs offer a relatively straight-
forward rational connection between sequence and structure,
allowing to control oligomerization,"** peptide chain
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self-assembly of higher-order supramolecular structures.

orientation,"* interaction specificity®'>*® and stability® making
them suitable modular building blocks for building nano-
structures de novo.'>'’">

The use of CC modules enabled the design of large and
complex nanostructures such as nanofibers,” nanotubes,*
nanocages'**>*® and nanomotors.”” Dimeric CC units, however,
present some difficulties when used for the construction of
large multimeric structures. Most notably, the flexibility
imposed by the linkers between CC segments, while playing an
important role in the assembly may lead to different and at
times heterogeneous oligomerization states.”® This has been for
instance shown on short CC peptides designed to assemble into
a large variety of complexes, such as bundles, triangles and
squares by the selection of linker length.>*?*° Sets of coiled-coil
dimer-forming peptides that interact specifically with each
other (orthogonal sets) can be used for designing polyhedral
protein nanostructures known as coiled-coil protein origami
(CCPO).” CC peptides in such structures are arranged in
a defined order in the primary structure and guide the poly-
peptide to fold into a polyhedral topology, from either
a single™*** or multiple chains.>** Interestingly, in the wake
of the spectacular success of machine learning-based protein
structure prediction and design,**** the fold of coiled-coil-
based protein nanostructures cannot yet be efficiently pre-
dicted by these methods, presumably due to the absence of such
structures from the learning set underlying machine learning
algorithms and their complex fold topology.

We have previously shown how CCPO polyhedral shapes can
self-assemble in cells during protein translation'® and undergo
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structural rearrangement according to which CC modules are
selected and how they are placed within the sequence.**?
However, expanding this design strategy further, and applying it
to larger CCPO architectures composed of multiple chains,
requires a significant shift in the design rules, especially of the
inter-connecting linkers between the building blocks, whose
length could lead to the formation of alternative, heterogeneous
tertiary and quaternary structures.*® Moreover, the overall
topology of CC-based proteins and the positioning of the
terminal CC segments have to be taken into consideration when
constructing large CC assemblies. In this regard, we have
previously noted that CC peptide pairs with low stability tend to
destabilize the nanostructures'® and that specific arrangements
of the building blocks allow the interface of oligomeric CC-
based nanostructures to adopt the desired conformation.*

We reasoned that covalent cyclization could introduce an
additional constraint for the preorganization of building
modules to facilitate the assembly. Although rare, natural
cyclized proteins have increased stability against thermal stress
and proteolysis.***° Protein cyclization has been already used in
bioengineering, mainly to increase stability.*" Covalent bonds
within polypeptide chains can be introduced by enzymatic tools
such as transglutaminases,” tyrosinases,*”® split cellular
anchoring proteins (SpyCatcher/SpyTag)** and backbone cycli-
zation with inteins. Inteins catalyse a posttranslational reac-
tion, analogous to RNA splicing, where as a result of their
activity, they are ultimately excised from the flanking peptides
followed by ligation of the remaining parts.*>*® Since their
discovery in 1990 in yeast,” additional inteins have been
uncovered*® as well as split inteins, which consist of two inactive
parts that regain the splicing capability after their spatial
reconstitution.*>* The important biotechnological potential of
this class of proteins was soon recognized and applied to
protein cyclization and other applications, such as tag removal,
labelling and purification.** Since the discovery of the first split
intein, based on Npu DnaE found in the DNA polymerase III of
cyanobacteria Nostoc punctiforme;*>** more efficient and stable
split inteins have been discovered™ or engineered.”>*® Inteins
are used to enhance protein stability by decreasing the confor-
mational entropy of the unfolded state by protein cyclization.*”
However; despite their versatility, CC-based nanostructures
stabilized by intein splicing or intein cyclization have been used
only to construct planar triangles.*® On the other hand, cycli-
zation has already been implemented in designed DNA nano-
structures and has been shown to increase their stability against
exonucleases.>** CCPO designs, which like DNA nano-
structures, rely on the discrete interactions between building
block segments, could equally benefit from cyclization,
acquiring higher stability and more conformational
homogeneity.

In this work we approached the design of supramolecular
assemblies, stabilized by cyclization using the in vivo splicing
activity of the naturally occurring split intein gp41.>* Here, we
propose that polypeptide chains with several unpaired CC
segments can be used as building blocks once the interface and
the termini of the CC-based subunit are stabilized in a pre-
arranged conformation. We used this approach to construct
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CCPO topologies including a tetrahedral fold, composed of two
chains as well as an irregular concave octahedral architecture
composed of three chains, thus demonstrating the versatility of
this strategy for designing multiple-chain assemblies from
preorganized subunits.

2. Experimental

2.1. Molecular cloning and expression gene preparation

Plasmid propagation and vector transfer were carried out using
the E. coli strain DH5-o (F- ¢80lacZAM15 A(lacZYA-argF) U169
recAl endAl hsdR17(rK-, mK+) phoA supE44 A- thi-1 gyrA96
relA1) (NEB, MA USA).

Synthetic genes were purchased from Twist Bioscience (CA
USA) or IDT (IA USA) and DNA oligonucleotides used in PCR
reactions were purchased from IDT (IA USA). Genes coding for
the proteins of interest were cloned in two different expression
vectors pET41a+ (Genscript, NJ USA) and pCIRCgp41-1 a gift
from Barbara Di Ventura & Roland Eils (Addgene plasmid #
74227; http://n2t.net/addgene:74227; RRID: Addgene_74227).%
Reading frames were optimized for E. coli codon usage using
a software property of IDT (IA USA).

Gibson assembly®* was used to introduce, substitute or
delete DNA segments in the genes. Amplification of DNA frag-
ments was done using repliQa HiFi ToughMix® (Quantabio,
Beverly, MA, USA) or Phusion® HotStart DNA polymerase (NEB,
MA USA) in PCR reactions performed according to manufac-
turer instructions. Gibson assembly was performed with
a mixture of the enzymes Taq Ligase (NEB, MA, USA), Phusion®
Polymerase and T5 exonuclease (NEB, MA, USA) in reaction
buffer (NEB, MA. USA) following the formulation provided by
the manufacturer.®* The mixture was incubated for 1 h at 50 °C
before transformation in competent E. coli cells. The plasmid
transformation process was carried out utilizing a heat shock
technique and following the manufacturer's protocol. Single
colonies were then cultured in the presence of the antibiotic
Kanamycin (Goldbio, MO, USA), at a final concentration of 50 pug
ml ™, in Lysogeny broth (LB) media.

2.2. Protein production and lysis

In this study, protein production was carried out using the E.
coli strain NiCO21(DE3) (can:CBD fhuA2 [lon] ompT gal (A DE3)
[dem] arnA:CBD slyD::CBD glmS6Ala AhsdS A DE3 = 1 sBam-
HIo AEcoRI-B int:(lacl::PlacUV5:T7 genel) i21 Anin5) (NEB, MA
USA) transformed with expression vectors containing the
protein of interest. Overexpression of the protein was achieved
through fermentation in Erlenmeyer flasks, using precultures
inoculated in 100 ml LB media supplemented with Kanamycin
(50 ug ml™") and incubated at 37 °C, 160 RPM overnight. These
precultures were then diluted to 0.1 OD in 5 L Erlenmeyer flasks
filled with 1 L of LB media supplemented with antibiotics and
grown at 37 °C until reaching the stationary phase. Upon
reaching an OD value between 0.6 and 0.9, the cultures were
induced with 1 mM IPTG (Goldbio, MO USA) and grown for four
hours in agitation (180 RPM) at 30 °C. The bacteria were then
harvested via centrifugation and frozen.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The cellular pellets were resuspended in 10 ml of lysis buffer
50 mM Tris-HCl at pH 8.0, 150 mM NacCl, 10 mM imidazole, 18
U ml ' Benzonase (Merck, Germany), 1 mM MgCl,, 2 pl ml™"
CPI (Protease Inhibitor Cocktails) (Millex Sigma-Aldrich, MO
USA), 1 mM TCEP (Goldbio, MO USA) per liter of culture. Lysis
was completed by conducting a thermal protocol, where the
lysate was incubated for 10 min in boiling water, cooled in ice,
and supplemented with an additional 0.06 pl ml~" of Benzonase
(250 U ml™") (Merck, Germany) before centrifugation.

The cellular lysates were centrifuged at 16 000xg (4 °C) for
20 min and the soluble fraction was then filtered through 0.45
pm filter units (Sartorius Stedim, Germany) for further
purification.

2.3. Protein chromatography

A standard isolation protocol was composed of two chroma-
tography steps: affinity (Ni-NTA) and size exclusion chroma-
tography (SEC). All of the proteins that were cyclized via split
gp41 intein (cySB6, cyRH1, cyRH2) contained cysteine residues
(needed for intein splicing) and were therefore isolated in the
presence of 1 mM TCEP (Goldbio, MO USA).

In this study, for purifying proteins, we employed a combi-
nation of nickel-nitrilotriacetic acid (Ni-NTA) resin and size
exclusion chromatography (SEC). The bacterial lysates were first
filtered and then incubated with 5 ml of Ni-NTA resin (Goldbio,
MO USA) in buffer A (50 mM Tris-HCI pH 8.0, 150 mM Nacl,
10 mM imidazole) for 5 minutes. The resin was then washed
with buffer A and buffer B (50 mM Tris-HCI pH 8.0, 150 mM
NaCl, 20 mM imidazole) and the bound proteins were eluted
with buffer C (50 mM Tris-HCI pH 8.0, 150 mM NacCl, 300 mM
imidazole).

The eluted proteins were then subjected to SEC using 320 ml
of HiLoad Superdex™ 200 resin (GE Healthcare, IL USA) packed
in a 26/600 XK column (GE Healthcare, IL USA) and the same
amount of HiLoad Superdex™ 75 resin (GE Healthcare, IL USA)
packed in a 26/600 XK column (GE Healthcare, IL USA) equili-
brated with filtered and degassed SEC buffer (20 mM Tris-HCl
pH 7.5, 150 mM NacCl, 10% v/v glycerol). The samples after
NiNTA were concentrated using centrifugal filters (3k or 10k)
(Amicon-ultra, Millex Sigma-Aldrich, MO USA) and filtered
through 0.22 um syringe filters (Millex Sigma-Aldrich, MO USA)
before being injected into the column. The chromatography was
run using an AKTA™ pure FPLC system (GE Healthcare, IL USA)
in SEC buffer at a linear flow rate of 2.6 ml min~ "' and the eluted
protein fractions were collected separately.

The heterodimeric protein complexes (SB24-nnn, SB24-ncn)
were obtained by combining the purified subunits SB9b and
SB9c in an equimolar ratio at low concentrations (~0.2 mg
ml ™). Then component SB6/cySB6 was added in 20-30% molar
excess. The mixture was then concentrated and purified via an
additional SEC passage. The heterodimeric complex was
collected after separation and further concentrated for addi-
tional characterization.

The heterodimeric protein complexes (DiTET nn, cc, cn)
described in the article were obtained by combining the puri-
fied subunits in an equimolar ratio at low concentrations

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(~0.2 mg ml ") without additional chromatography passages.
The complexes were afterwards concentrated using centrifugal
filters (3k) (Amicon-ultra, Millex Sigma-Aldrich, MO USA) to
a final concentration depending on the needs of the charac-
terization methods and finally filtered through Durapore 0.1 pm
centrifuge filters (Merck Millipore, MA, USA).

2.4. Elastase protease cleavage

A simple experiment was conducted to further confirm the
success of intein cyclization. Either cyclic (cyRH1, cyRH2) or
linear protein (RH1, RH2) variants were incubated for 10 min
with 17 ng elastase peptidase per 1 ug of protein and then ran
on tricine SDS-PAGE (Sup. Fig. 87). Elastase cut proteins more or
less specifically at positions V or A and as expected we observed
the presence of a larger fragment in the case of the cut cyclic
variant and no such fragment in the case of the linear variant
indicating successful cyclization.

2.5. Protein electrophoresis

In this study, we used SDS-PAGE to analyze protein samples.
The SDS-PAGE was performed using a Bio-rad (CA, USA) 16.5%
Tris/Tricine Precast Gels polyacrylamide gel in a Bio-rad (CA,
USA) mini-PROTEAN™ apparatus at a constant voltage of 120 V.
A pre-stained low-molecular weight ruler (Thermo Fisher
Scientific, MA, USA) was used to calculate the molecular weight.
The gels were then stained with InstantBlue™ (Millex Sigma-
Aldrich, MO, USA).

2.6. Circular dichroism

Circular dichroism (CD) spectra of protein samples were
acquired using a Chirascan CD spectrometer (Applied Photo-
physics, UK) equipped with a Peltier temperature controller.
The samples were prepared at a concentration of 0.3-0.5 mg
ml~" and were measured in a 1 mm cuvette (Hellma, Germany)
in the far-UV range (200-280 nm) at a temperature of 5 °C. The
spectra were recorded using 1 nm steps, 1 nm bandwidth, and
1 s sampling intervals. To investigate thermal denaturation, the
samples were heated at a rate of 1 °C per minute from 5 °C to
92 °C and then quickly quenched. The CD signal was measured
at 222 nm. When possible, the experimental data were analyzed
using a two-state equilibrium model proposed by Drobnak
et al.®® The helical content of the proteins was calculated
according to the following equation:

Helical content (%) = MRE,,/(MREL, x (1-2.57/n))

where 7 is the length of the amino acid sequence, MRE,,,
average mean residue ellipticity at 222 nm and MRE},, is the
theoretical mean residue ellipticity of an infinitely long helix
(=39 500 deg cm?* dmol ).

2.7. Size exclusion chromatography coupled with multi-
angle light scattering

Size exclusion chromatography multi-angle light scattering
(SEC-MALS) measurements were conducted using an HPLC
system (Waters, MA, USA). The system was coupled with a UV
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detector, a Dawn8+ multiple-angle light scattering detector
(Wyatt, CA, USA) and a refractive index detector (RI500, Shodex,
Japan). The protein samples were filtered through 0.1 pm
Durapore centrifuge filters (Merck Millipore, MA, USA) before
being injected onto a Superdex™ 200 increase 10/300 column
(GE Healthcare, IL, USA), which had been previously equili-
brated with SEC buffer B (20 mM Tris-HCl pH 7.5, 150 mM
NaCl). The data analysis was performed using Astra 7.0 software
(Wyatt, CA, USA) and the peaks of interest were analyzed.

2.8. Modeling

Molecular models of designed oligomeric two-chain tetrahedra
and a three-chain octahedron were built using Python module
Modeller®** and Chimera.®® Briefly, the amino acid sequence is
designed by selecting an appropriate CC peptide for each
position in the polypeptide chain. The pdbs of individual CC
pairs were generated using the online software CC builder 2.0.*”
Next, the pdbs of individual segments were arranged in
Chimera so their relative positions and orientations roughly
corresponded to the positions of the predicted fold of the
structure. Using Modeller,* the segments were connected by
specified linkers and pairs of corresponding CC pairs were
formed. Slight randomization of spatial positioning of indi-
vidual segments was performed to generate diversity between
models. Additionally, Modeller performed convergence of N
and C termini in the case of cyclized chains. For each protein,
we generated a couple of thousand models.

2.9. Small angle X-ray scattering

Scattering curves of complexes were measured at the P12
beamline of PETRA III - DESY (Hamburg, Germany),*® while
batch measurements of single chain components were per-
formed on a table-top instrument SAXSpoint 5.0 (Anton Paar,
AT) with primux 100 micro Cu X-ray generator and 2D 1M
EIGER2 R series detector located at the National Institute of
Chemistry (NIC), Slovenia.

SAXS experiments that were carried out using the advanced
PETRA III facility utilized an X-ray wavelength of 1.24 A and
a Pilatus 6M detector that was positioned at a distance of 3
meters from the sample. The scattering vector was recorded in
the range of 0.028-7.3 nm~'. The measurement of a single-
chain protein SB6 was conducted utilizing a batch mode with
the aid of a robotic sample changer operating in flow-through
mode. A dilution series was used to evaluate the effects of
concentration and included four concentrations ranging from
9.5 mg ml~" to 1.2 mg ml~". For each dilution sample (40 pl),
data was obtained over 20 exposures with a duration of 0.05 s
each. The frames that did not exhibit radiation damage were
then averaged and integrated into the SASFLOW pipeline.*
Before and after each sample, buffer scattering data was
collected for background subtraction purposes.

Size exclusion chromatography coupled SAXS (SEC-SAXS)
was performed using a Superdex™ 200 increase 10/300
column (GE Healthcare, IL USA). The buffer used in the
experiment was SEC buffer C (20 mM Tris-HCl (pH 7.5),
150 mM NaCl and 3% (v/v) glycerol) and the samples
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measured were DIiTET-nn, DiTET-cc, DiTET-nc, SB24-nnn,
SB24-ncn with their concentrations ranging from 11 to
18 mg ml~ . The mobile phase was run through the column at
a 0.5 ml min~" flow rate. During the experiments, 3000-3600
scattering frames were collected with an exposure time of
0.995 seconds.

The majority of batch measurements were performed at NIC
on an Anton Paar instrument SAXSpoint 5.0 using a heated/
cooled sample cell holder, low-volume ASX autosampler and
the detector positioned 600 mm from the measuring capillary.
Samples RH1, cyRH1, RH2, cyRH2 and cySB6 had a concentra-
tion of 5.4 mg ml™', 14 mg ml™*, 22.7 mg ml™*, 8.96 mg ml ™,
8.74 mg ml ', respectively. A dilution series consisting of four
different concentrations was performed for each of the samples
to assess concentration effects. Each sample (20 ul) and their
matching buffer was loaded into the 1 mm flow-through quartz
capillary with the ASX autosampler and the data were collected
over 7 exposures each of 30 min. The temperature of the sample
during measurements was kept at 10 °C via a Peltier unit, while
the waiting samples were kept at 4 °C. Software SAXS Analysis by
Anton Paar, (version 4.01) was used to transform and export the
raw data: We determined the center of the beam, beamstop was
masked, the intensity was normalized by transmittance, q
transformation was performed, the data were transformed from
2d to 1d and finally exported in ATSAS format. The subsequent
steps of data analysis were performed using the ATSAS suite.”
Frames not displaying any radiation damage were manually
averaged and afterwards, buffer scattering was used for back-
ground subtraction. To assess concentration effects, a dilution
series consisting of four concentrations was measured for the
single-chain proteins. Analysis of scattering curves and ab initio
modeling was performed using the ATSAS suite.” Theoretical
SAXS profiles were calculated from molecular models and
compared to experimental data using Pepsi-SAXS.”* The agree-
ment between theoretical and experimental curves was evalu-
ated using the % metric, with low values demonstrating a good
fit. The models that agreed with the experimental curve best,
were further refined using an online tool of ATSAS suite™ Sre-
flex,”” which performed flexible refinement of models to achieve
a better fit.

Experimental scattering profiles and ideal theoretical scat-
tering of the complexes SB24 were compared using the volatility
ratio (VR) wusing a web application Sibyls (https://
sibyls.als.lbl.gov/saxs-similarity/).”> VR was calculated by
taking the ratio of two scattering profiles in the scattering

vector range of 0.15-1.5 nm™ "

2.10. Isothermal titration calorimetry

An Isothermal Titration Calorimeter (ITC) manufactured by
Malvern Panalytical (UK) was utilized in the experiments. Before
the experiment, the titrant and the analyte samples were dia-
lyzed overnight against phosphate buffer (20 mM NaH,PO,-
xH,0 pH 6.8, 150 mM NaCl, 2 mM TCEP). The titrant solution
was present in excess volume (300 ml) at a concentration
ranging from 10-30 uM and was loaded into a stirring syringe.
The analyte solution, with a volume of 1.4 ml and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a concentration ranging from 1-3 pM, was placed in the
isothermal cell. After an initial equilibration period of 3000
seconds, the analyte was titrated with 25-29 additions of 10 ul of
titrant, with a time interval of 600 seconds between each addi-
tion. The first injection always consisted of 2 pl of the titrant.
The heat effects were determined through data integration
using Nitpic’™ and fitted to a 1:1 dissociation model with the
software SedPhat.” The data was visualized using Gussi soft-
ware (Dr Chad Brautigam).

2.11. Software

Graphs were prepared with Matplotlib 3.6.2 (https://
matplotlib.org/) and Gussi by Dr Chad Brautigam. Results from
SEC-MALS and SAXS were analyzed as described in “Methods”.
SAXS at EMBL-DESY data was acquired and initially analyzed with
the SASFLOW pipeline.®® Cartoon schematics were generated with
Inkscape (https://inkscape.org/). Images of molecular models
were created using UCSF Chimera (https://www.cgl.ucsf.edu/
chimera/) and ChimeraX (https://www.cgl.ucsf.edu/chimerax/).
Figures were edited and generated with Microsoft PowerPoint
(https://www.microsoft.com/en-ww/microsoft-365/powerpoint).
ITC data were collected with the software VPViewer 1.4.12
(Malvern Panalytical, UK). The pdbs of individual CC pairs were
generated using an online software CC builder 2.0.*

3. Results and discussion

3.1. Two-componential tetrahedra including cyclization

We set out to investigate how to assemble multiple-chain
CCPOs using preorganized subunits stabilized by cyclization
and intramolecular CC paring and how this could assist the
assembly of oligomeric CC-based architectures. We combined
three core design concepts to impose the correct assembly of
the subunits according to the design.

First, we paid attention to the arrangement of CC-forming
peptides in individual subunits to minimize the number of
undesired conformations of the final assembly. To prevent the
undesired homodimerization of larger subunits, complemen-
tary CC pairs within a single subunit were strategically posi-
tioned at a minimal topological distance in the primary
structure. In some subunits, only one intramolecular CC pair
was introduced, and all other CC segments were left unpaired.
These unpaired CC segments were designed to be comple-
mentary to the corresponding segments in the partner chain
subunits.

Second, we designed subunits to have rigid geometrical
faces, such as triangles, to avoid conformational variability such
as in oblique shapes of four-sided faces. Third, we fixed the
subunits in the preorganized shape to support the desired
assembly. This was achieved by increasing the helical propen-
sity of CC-forming modules by introducing salt bridges at
positions b, ¢ and f of the heptad repeats’™ of a previously
published orthogonal set of dimeric CC units>** (Fig. 1B).

For our initial design, we selected a 12 CC-segment tetra-
hedral structure called TET12SN" and decomposed it into
a heterodimeric complex (Fig. 1A) with each unit composed of 6-

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

A
Deconstruction of polyhedral shapes into multiple chains

B
Design of CC building modules with high helical propensity
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Cyclization of chains with split inteins in bacterial cells

Cyclized POI

POI

Reconstitution
of split intein

Splicing

Gp41-N

Gp41-C

D
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a CCPO complex

& - 2R
Qo WS
Caoo NI\

0 SNINSNIN
ANNNNNNNNS N,

Fig. 1 Design strategy for multi-chain CCPO structures and genera-
tion of preorganized building modules that include split intein cycli-
zation and intrachain CC dimer. (A) Polyhedral shapes with edges
formed by pairs of peptides were decomposed into multiple chains. (B)
CC modules from the orthogonal library of dimeric CCs>*® were
selected to have a high helical propensity to increase their rigidity. This
was achieved by the introduction of salt bridges between residues at
the b, c and f positions of the CC dimer. (C) The splicing activity of split
intein Gp41 was used to generate cyclic peptide chains in bacterial
cells to preorganize the building modules to increase the predictability
of the assembly. (D) Intramolecular CC dimer supported the pre-
organization of the cyclic chain to form merged bitrigonal modules.
Molecular models were generated to predict the shape of the
complexes.

segments (Fig. 1D left). Initially, we designed the subunits as
two linear chains, each preorganized only by the presence of an
intramolecular CC dimer, that self-assembles into a trigon with
the N-terminus of the first and C-terminus of the sixth segment
unconstrained. Additionally, we designed the alternative pre-
organized subunit variants, where the termini were constrained
by an intein-mediated cyclization (Fig. 1C) shaping each of the
subunits into a merged bitrigon. This was achieved by the
genetic fusion of both parts of a highly efficient naturally
occurring split intein Gp41 to the C- and N-termini of each
subunit. Protein splicing occurred spontaneously during
biosynthesis in bacterial cells, and those building subunits were
isolated from the soluble fraction. By intein cyclization we were
able to covalently link the N- and C-terminal segment, essen-
tially creating a preorganized subunit comprising two trigons

Chem. Sci., 2024, 15, 3673-3686 | 3677


https://matplotlib.org/
https://matplotlib.org/
https://inkscape.org/
https://www.cgl.ucsf.edu/chimera/
https://www.cgl.ucsf.edu/chimera/
https://www.cgl.ucsf.edu/chimerax/
https://www.microsoft.com/en-ww/microsoft-365/powerpoint
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06658d

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 05 February 2024. Downloaded on 5/21/2025 7:46:03 AM.

(cc)

Chemical Science

£ {
3 L1 s2x03
R [ |

& | s0z02

logl(s)

DITET-nn
1y =171
Dmax = 14.7£0.1 nm

[T127202] 59

00 A,
20 25 30 35
Time (min)

%o o5 1o 15 20
s (nm™1)

(e

heat of injection
(kcal/mol)

00 05 10 15 20

101 -cyRH1 [

DITET cc

S
8
logl(s)

i
DITET-cc

I 262020 @ -188 i
0.0 J N\ Dmax = 8.8+0.2nm ' .

20 25 30 3 b0 05 10 15 20
Time (min) s (nm~1)

(kcal/mol)

heat of injection

Kd: 73.6 nM

0 05 1.0 15 20 25
molar ratio

DIiTET-nc

3
) \
22
g
DIiTET-nc

1{x2 =2.69
Dmax = 12.5+0.2 nm

00 05 10 15 20
s (nm~1)

22 24 26 28 30 32 34
Time (min)

(kcal/mol)

heat of injection

Kd: 51.4 nM

00 05 10 15 20
molar ratio
Fig.2 Design and characterization of a tetrahedral assembly from two
non-cyclized or cyclized components. (A, F, K) Topological schemes
of designs where non-cyclized components RH1 (green), RH2
(orange), and cyclized components cyRH1 (purple), and cyRH2 (blue)
connect by coiled-coil interactions to form heterodimeric complexes
DIiTET-nn, DITET-cc and DIiTET-nc, respectively. (B, G, L) SEC-MALS
shows the size and relative elution times of individual components and
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connected across one edge with an internal homodimeric CC
with the remaining four unpaired CC dimer-forming segments
(Fig. 1C right). In this manner, we aimed to self-assemble the
tetrahedron from two bitrigon-forming subunits (Fig. 1D).

The linear (RH1 and RH2) and cyclized (cyRH1 and cyRH2)
subunits for the two-chain tetrahedral CCPO assembly were
produced separately in E. coli. SEC-MALS analysis indicated that
the subunits were monodisperse with masses corresponding to
the predicted values (RH1 = 27 kDa, RH2 = 30 kDa, cyRH1 = 26
kDa, cyRH2 = 26 kDa) (Fig. 2, B, G and L, and S1A to D, Table
S1}). CD measurements confirmed the predicted high helicity
of the individual subunits (Fig. S2B, S3B and Table S1}). The CD
signal at 222 nm (Fig. S4A-D+}) showed a gradual loss of helicity
with the increased temperature, as expected for the nonglobular
helical structure. After cooling, the polypeptide regained high
helicity, similar to the measurements before the denaturation
(Fig. S5A-Dt), indicating a reversible unfolding-refolding. Each
linear subunit and its cyclic counterpart, comprising identical
amino acid sequences, exhibited different biophysical charac-
teristics, indicating that the intein splicing reaction indeed
successfully cyclized the proteins. Specifically, linear subunits
had a lower elution time on SEC-MALS (RH1 = 28.7 min, RH2 =
27.6 min vs. cyRH1 = 29.3 min, cyRH2 = 29.6 min) (Fig. S2A and
S3At) and a larger Dy, measured by Small-Angle X-ray scat-
tering (SAXS) in comparison to the cyclic polypeptide chains
(RH1 =32.5 £ 0.1 nm, RH2 = 17.1 £ 0.3 nm vs. cyRH1 = 16.6 +
0.3 nm, cyRH2 = 10.5 + 0.1 nm) (Fig. S2E and S3E}). By
transforming SAXS curves into Kratky plots it is possible to
better assess the degree of unfolding in the samples; unfolded
proteins show a plateau in the Kratky plot at high g, while
compact, globular proteins are distinguished by a bell-shaped
peak. According to the Kratky plot of the SAXS curves, the
linear subunits assumed a less ordered conformational state in
the solution (Fig. S2D and S3D7) than cyclic subunits. Moreover,
proteolytic treatment of the proteins with elastase further
confirmed the success of intein cyclization (Fig. S6%).
Comparing the cyclic subunits and noncyclic counterparts
(Fig. S2C and S3Ct) we observed no significant difference in the
thermal denaturation of secondary structure elements indi-
cating that the stability of the CC units is not affected by the
cyclization.

Linear (RH1 and RH2) and cyclized (cyRH1 and cyRH2)
subunits were mixed in all four different combinations to form
dimeric complexes (DiTET-nn, DiTET-cc, DiTET-cn, DiTET-nc).

complexes. The theoretical mass calculated from the amino acid
sequence corresponds to the measurements (theoretical Mw of RH1 =
25.7 kDa, cyRH1 = 257 kDa, RH2 = 25.7 kDa, cyRH2 = 25.7 kDa,
DIiTET-nn = 51.4 kDa, DiTET-cc = 51.4 kDa, DiTET-nc = 51.4 kDa). (C,
H, M) ITC measurements where the second component (RH2/cyRH2)
was titrated into the first component (RH1/cyRH1). K4s of the reacting
components are shown in the panel. (D, |, N) Experimental SAXS profile
(black trace) of complexes DITET-nn, DiITET-cc, DITET-nc and theo-
retical scattering (red trace) calculated for the model structures shown
in panels E, J and O, respectively. (E, J, O) SAXS reconstruction models
of complexes DITET-nn, DIiTET-cc, and DIiTET-nc exhibiting the best fit
to the experimental SAXS data (x> = 1.71, x> = 1.8 and ¥ = 2.69,
respectively). Scale bar =5 nm.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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SAXS reconstruction of the molecular shape based on the pair distance
distribution function for DITET-cc, TET12SN, DiTET-nc and DIiTET-nn.
Scale bar =5 nm.

Nomenclature of the complexes includes initials of the
number of subunits constituting the complex (Di), initials of
the intended polyhedron (TET), and letters at the end indi-
cating the cyclic (c) or non-cyclic (i.e. linear) (n) nature of the
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first and second subunit. SEC-MALS of all complexes (Fig. 2B,
G, L and S1K-Nt) showed predominantly monodisperse
dimers with masses around 50 kDa, corresponding to their
theoretical size. Complex DiTET-nn had the lowest elution
time (25.5 min), indicating a larger hydrodynamic diameter,
while DiTET-cc had the highest elution time (27.1 min),
pointing to a more compact shape. Both the monomeric
TET12SN (26.6 min) and DiTET-nc (26.3 min) complexes had
elution times between the DiTET-nn and DiTET-cc complexes
(Fig. 3A). SEC-MALS chromatograms of DITET-cc and DiTET-
nc showed a shoulder to the right of the main peak, corre-
sponding to the monomeric components, which indicates
these complexes' subunits may have slightly lower binding
affinity compared to the rest. In the case of DiTET-cc the
shoulder was reduced at high concentrations (S9). The
formation of the complexes was monitored by ITC (Fig. 2C, H
and M) and the data fitted to a 1: 1 model, with K4 determined
in the nanomolar range (Table 1). As indicated by SEC-MALS,
the ITC confirmed that the binding affinity for the linear
variants was higher compared to the cyclized versions.

After proving the correct stoichiometry of the assembly, we
then attempted to crystallize the complex and to obtain the
structure using cryo-electron microscopy; however, the intrinsic
flexibility of the loops on the vertices of the polyhedral structure
prevented us from obtaining any high-resolution reconstruction
of the complex. In this regard, we have already observed that
CCPO structures seem inherently difficult to crystalize or vitrify;
only recently an X-ray structure of the CCPO triangle has been
determined based on the fortuitous packing of CC modules into
a crystal lattice.”” We therefore resorted to using small-angle X-
ray scattering (SAXS) (Fig. 2D, I and N, and Table 1) a method
that allows determination of the molecular shape directly in
solution. The experimental SAXS plot of the DITET-nn complex
matched the theoretical scattering of a molecular model with
a flat and elongated conformation, suggesting misfolding. In
contrast, assemblies DiTET-cc and DiTET-nc closely matched
the theoretical scattering curve of the designed models with
a tetrahedral shape (Fig. 2E, J and O). Both Dy, and radius of
gyration (Ry) (Table 1) were in accordance with the SAXS fits,
confirming that complexes containing cyclized subunits are
more compact than the complexes without cyclized subunits.

SAXS curves of the three measured complexes were
compared to the curve of the single-chain tetrahedral protein
TET12SN (previously published data)" (Fig. 3C and D). The
scattering profile of DITET-nn was the most divergent from the

Table 1 Data acquired by ITC and SAXS. ITC was performed by titrating component 2 (RH2/cyRH2) into component 1 (RH1/cyRH1) to monitor
the heat change while the complexes were forming. The final concentration ratio between the titrant and protein in the cellwas in all cases 1: 1.5.
SAXS data was analyzed to determine Dy, from a pair-distance distribution function and to determine the radius of gyration (Ry)

DiTET-cc DiTET-nc DiTET-nn DiTET-cn TET12SN
K4 (nM) 73.6 51.4 2.8 18.4 —
dH (kCal mol ™) —52.6 —43.6 —59.2 —61.7 —
Ry (nm) 3.11 3.57 4.29 n.a.’ 3.52
Dijax (nm) 8.8 + 0.2 12.5 + 0.2 14.7 +£ 0.1 n.a.? 9.8 +£0.1

“ n.a. indicates “not acquired”.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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rest, lacking a scattering pattern characteristic for TET12SN
tetrahedral topology, indicating a misfolded state. Dy,.x deter-
mined by SAXS (Fig. 3B and Table 1) was the highest for DiTET-
nn (14.7 £+ 0.1 nm), followed by DIiTET-nc (12.5 + 0.2 nm). The
Dinayx of DITET-cc (8.8 & 0.2 nm) was similar to the diameter of
the monomeric TET12SN (9.8 £ 0.1 nm), whose larger size, in
comparison to DiTET-cc, might be an indication of some flexi-
bility at the termini.

In addition, the ab initio SAXS reconstruction based on the
pair distance distribution function (Fig. 3E) confirmed these
results and, for complexes DiTET-cc, DiTET-nc, featured
a concave depression indicating an internal cavity, which is
characteristic of this type of de novo CCPO protein designs.
Those results, therefore, demonstrate that the modular poly-
peptide assemblies can be achieved using preorganized cyclic
subunits.

3.2. Three-componential asymmetric octahedra including
cyclization

After establishing that chains with several unpaired CC-forming
modules can be used as building blocks when stabilized by
intein cyclization and pre-organized into trigonal shapes, we
sought to implement these design principles for the assembly of
more complex multi-chain design, advancing beyond the
tetrahedral design, and two-chain assembly. Therefore, we
selected to design an irregular octahedral CCPO shape from
three polypeptide chains comprising 24 CC-forming segments.
This fold entailed a particular concave shape, which would be
difficult to achieve via the assembly of compact protein domain
subunits or highly symmetric assemblies as in viral capsids, and
here, we used it to showcase the use of the rational preorganized
assembly of cyclized subunits.

The assembly was divided into three pre-organized CC-based
subunits to self-assemble into a concave irregular octahedral
CCPO (Fig. 4). This heterotrimeric design consisted of two 9-

Fig. 4 Schematic design of the heterotrimeric octahedral assembly
SB24. (A) The geometrical shapes represent the two 9-segment pre-
folded subunits (SB9b, SB9c) and a 6-segment peptide (SB6) that
assemble into a heterotrimeric protein structure (SB24). (B) A theo-
retical geometrical volume of the predicted shape is superimposed on
a molecular model structure of an idealized SB24 complex. The
viewing angles of the structure from left to right are side view, front
view and top view.
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segment pre-organized subunits (SB9b, SB9c) and a 6-segment
polypeptide. We established the following nomenclature for the
designed proteins: “SB” stood for “split boat” and the number
denoted the number of CC-forming segments that were
included in the protein/complex. The prefix “cy” described
whether the protein was cyclized and letters at the end of the
complex’s name indicated cyclic (c) or non-cyclic (i.e. linear) (n)
nature of the first (SB9b), second (SB6/cySB6) and third (SB9c)
subunit. The two large subunits, composed of a 9 CC-forming
segment contained three identical CC pairs (P3:4, P1:2,
BCR:BCR) in a mirrored configuration. The three unpaired CC
segments of each subunit constituted the binding interfaces
between the SB9 subunits and a connecting smaller 6-CC-
segment subunit. We were particularly interested to see how
the short 6-CC peptide in either the linearized version or
cyclized version (SB6 and cySB6, respectively) would affect the
overall success of the assembly (SB24-nnn or cySB24-ncn,
respectively) and therefore performed cyclization of the SB6
subunit similarly as for the tetrahedron as described above
using split intein splicing (Fig. 1C).

Polypeptide subunits SB9b, SB9c, SB6 and cySB6 were
expressed separately from E. coli and purified. SEC-MALS
analysis (Fig. SIE-Hf) showed that each component of the
complex was monodisperse; while CD measurements
confirmed that all the subunits assumed a highly helical
secondary structure (SB6 a = 73.7%, cySB6 a = 77.8%, SB9b
o = 62.2%, SB9c o = 67.1%) (Table S17) and were able to refold
after thermal denaturation (Fig. S4E-H and S5E-Ht). The
amino acid sequence of subunits cySB6 and SB6 was similar
except for the intein splicing scar and some point mutations in
the CC modules (Table S27), however the biophysical charac-
terization showed a difference in secondary and tertiary
structure between the two (Fig. 5) suggesting that, cyclization
with split inteins caused a more compact and less disordered
fold. While SEC-MALS showed the proteins had a similar mass
as theoretically predicted (SB6 = 30 kDa, cySB6 = 27 kDa)
(Fig. S1E and Ff), the larger elution time on SEC indicated
a smaller hydrodynamic radius in the case of the cyclized
variant (30.2 min) in comparison to the linear variant (27.4
min) (Fig. 5C). CD analysis showed a difference in thermal
stability when comparing cyclic and linear subunits (Fig. S107t)
which could be due to the point mutation differences in the
sequence. SAXS analysis of the two proteins (Fig. 5D, S7A and
BY) indicated SB6 had a hydrodynamic diameter larger than
cySB6 (Dpay = 25 £ 0.1 nm and 9.4 £+ 0.05 nm, respectively)
(Fig. 5E, Table S17). Kratky plot of SB6 showed a wide bell-
shaped peak indicating a more unfolded conformation in
solution than cySB6, shown by the narrower peak of the latter
(Fig. 5F).

SEC-MALS experiments showed that a mixture of SB9b and
SB9c had little to no tendency to form dimers (Fig. S107), even
though they were complementary to each other across a single
unpaired segment. On the other hand, mixing SB9b and SB9c
with either SB6 or cySB6 in an equimolar ratio resulted in
a predominantly monodisperse trimer (Fig. 6A and E) with an
experimentally determined mass of 102 + 0.5 kDa and 104 + 0.6
kDa, respectively, corresponding to the theoretical size of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Design, characterization and comparison of the linear and
cyclic subunit of a 6-segment building subunit for the heterotrimeric
irregular octahedral structure. (A) Topology of SB6 consisting of 1
parallel homodimeric CC pair and four unpaired segments. (B) The
topology of cySB6 contains the same segment arrangement as SB6
but has N and C terminus covalently linked via an intein splicing
reaction. (C) SEC-MALS chromatograms of SB6 (red) and cySB6
(orange) where the molecular weight of the peaks was calculated from
light scattering and corresponds to the theoretical mass calculated
from the amino acid sequence (theoretical Mw of SB6 = 26.1 kDa and
cySB6 = 25.8 kDa). (D) Experimental SAXS profiles of SB6 and cySB6.
(E) The pair-distance distribution function, P(r), was obtained by the
SAXS experiments. The Dpax Values of the proteins are SB6 = 25 +
0.1 nm and cySB6 = 9.4 4+ 0.05 nm. (F) Kratky plots as obtained by the
SAXS experiments. Error bars in grey represent the standard deviation
for each data point.

correctly assembled heterotrimers (SB24-nnn = 108.9 kDa,
SB24-ncn = 108.6 kDa) (Fig. 6B and F, and S1I, J and Table S17).
The thermodynamics of the interaction between the subunits
was analysed by ITC. Either SB6 or cySB6 was titrated into an
equimolar mixture of SB9b and SB9c. The determined Ky
pointed to a substantially higher affinity for the complex formed
with the linear SB6 (K4 = 6.9 nM) compared to its cyclized
counterpart cySB6 (Kg = 195.1 nM) (Fig. S81). The linear subunit
is more flexible in solution and has a higher conformational
entropy than the cyclic subunit. This could contribute towards
the higher affinity observed with the linear subunit, which
however form a misfolded assembly upon binding to the other
two proteins.

The size and shape of the complexes in the solution were
assessed by SEC-SAXS. Experimental SAXS analysis of the
complex SB24-nnn, comprising only linear chains, matched
the theoretical scattering curve of a model with a collapsed
subunit (x> = 1.97) (Fig. 6C and D). On the other hand, the
complex SB24-ncn was shown to fit best to the scattering
profile of models with a concave octahedral conformation (x>
= 1.64) (Fig. 6G and H), with a Dpax (Dmax = 14.7 £ 0.05 nm),
lower than SB24-nnn (Dyax = 16.1 + 0.3 nm) (Table S17). The
difference between the experimental scattering profiles of the
complexes and the theoretical scattering profile of an “ideal-
ized” model of an irregular octahedron were analysed with the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Design and characterization of heterotrimeric octahedral
assemblies SB24-nnn (A-D) and SB24ncn (E-H). (A, E) Topological
scheme of designs where linear 9-segment components SB9b (blue)
and SB9c (green) connect via coiled-coil interactions with either
a linear SB6 (red) or a cyclic cySB6 (orange) 6-segment to form het-
erotrimeric complexes SB24-nnn and SB24-ncn, respectively. (B, F)
SEC-MALS reveals the relative elution times depending on the size of
the individual components and complexes. The theoretical mass
calculated from the amino acid sequence corresponds to the
measurements (theoretical Mw of SB6 = 26.1 kDa, cySB6 = 25.8 kDa,
SB9b = 42.2 kDa and SB9c = 40.6 kDa, SB24-nnn = 108.9 kDa, SB24-
ncn = 108.6 kDa). (C, G) Molecular model of the complexes SB24-nnn
and SB24-ncn exhibiting the best fit to the experimental SAXS data (x?
=1.97 and x? = 1.47, respectively). Both models are shown from three
angles (top, side and front view). Scale bar = 5 nm. (D, H) Experimental
SAXS profile (black scatter) of a complex SB24-nnn and SB24-ncn
fitted with a theoretical scattering (red line) of the model structures
shown in panels (C) and (G), respectively.
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Fig. 7 Comparison of the experimental SAXS profiles of SB24-ncn,
SB24-nnn and a theoretical scattering curve calculated for the ideal
SB24 conformation. (A) SAXS curves of the compared profiles SB24-
nnn, SB24-ncn, and ideal SB24. (B) SAXS similarity matrix for SB24-
nnn, SB24-ncn and the ideal SB24 evaluated using the volatility of ratio
(V;) metric. (C) Multiple viewing angles of a molecular model of ideal
SB24 and models that matched the scattering profile of experimental
SAXS data. Scale bar = 5 nm.

volatility of ratio (Fig. 7), which is a metric that can identify
local changes in otherwise structurally similar particles from
their scattering profile.” This revealed that the cyclized version
of the complex, SB24ncn, assumed a conformation closer to
the ideal model of a designed octahedron, suggesting that
cyclization of the smaller subunit is sufficient to stabilize the
complex and allow it to assume a conformation close to the
original design.

4. Discussion

Rational design of designed supramolecular assemblies can be
facilitated by modularity, as demonstrated before on organic
molecules,” DNA nanotechnology’ and polypeptide assemblies
(e.g. using coiled coils,"* foldons*® and repeated protein
domains®'). Designed polypeptide assemblies are often charac-
terized by a certain level of structural flexibility and heterogeneity
(e.g. antigen presenting cages®® or multidomain struc-
tures*****%). Here, we have shown that the preorganization of
subunits introduced through genetically encoded cyclization and
intramolecular interactions allows greater control over structural
flexibility and predictability in arranging tri-dimensional poly-
peptide assemblies, a principle that is likely to facilitate the self-
assembly of modular protein complexes independently from the
type of building blocks employed in the design.

While particularly significant in the field of synthetic
biology, where CC and CC-based structures have been widely
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employed, understanding the rules governing the folding and
assembly of molecular architectures is relevant for the use of
synthetic proteins in biomedicine and biotechnology. In this
context, this study introduces a strategy that enhances the
stability and predictability of CC-based assemblies.

The two-chain assembly of the tetrahedral topology demon-
strated here clearly illustrates the advantages of structural pre-
organization via cyclization. While non-cyclized subunits
assembled stoichiometrically, their interaction yielded a mis-
folded assembly as the interaction energy of the collapsed state of
the complex was higher compared to when we employed cyclic
subunits, which on the other hand, favored the correct folding of
the heterodimeric complex. In this case, the assembly assumed
the intended shape when at least one cyclized subunit was
incorporated into the design, which was supported by an exten-
sive biophysical characterization and SAXS analysis of the
assembly in solution. Expanding the reach of the rational design
we demonstrated the design and assembly of SB24, an irregular
concave octahedral topology, so far not implemented at the
molecular scale, crafted from 24 coiled-coil modules, which
marks the first successful design from three pre-organized chains
as well as the largest de novo 3D CC-based assembly to date.

In both cases (DiTET-cc and SB24-ncn) the molecular shape
in agreement with the design was confirmed with a high degree
of certainty by SAXS analysis. For the two-chain tetrahedron, the
validity of its shape was further confirmed through ab initio
reconstitution based on scattering profiles. Attempts to deter-
mine the high-resolution structure of both assemblies by either
X-ray crystallography or cryo-electron microscopy have not been
successful, due to the intrinsic flexibility of the assembly lack-
ing a compact core. Notably, SAXS was able to identify the
misfolded assemblies despite their correct stoichiometry. It
helped us to understand how the flexibility within the subunit
of the complex SB24-nnn caused a partial collapse, and how
replacing the flexible polypeptide chain with a cyclic chain
alleviated the flexibility of the CC segments at the termini. This
approach enabled the construction of a CCPO architecture that
assumes a defined asymmetric molecular envelope that would
be otherwise unattainable.

Interestingly, ITC results revealed a slightly lower affinity
between cyclized subunits compared to linear ones. This
discrepancy may be due to strain in the interacting cyclized
chains. A likely explanation is that the collapse of linear chains,
characterized by a higher conformational entropy, added a non-
specific contribution to the interaction energy, which however
came at the expense of misfolding.

Intein-mediated cyclization enhanced the structural stability
and definition of protein-protein interaction surfaces. This
method of subunit stabilization, utilizing highly efficient split
intein splicing during bacterial production, requires no addi-
tional steps in polypeptide subunit isolation.

Recently, computational techniques based on machine
learning benefiting from the extensive 3D structural informa-
tion of natural proteins collected to date®***** have significantly
improved the design and prediction of globular natural-like
proteins. In contrast, the reliable design of modular assem-
blies, such as CCPO, remains challenging due to their reliance

© 2024 The Author(s). Published by the Royal Society of Chemistry
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on long-range topological contacts and CC dimer orthogo-
nality.>***¢ Interestingly, algorithms, such as AlphaFold2, have
not been able to predict the structure of CCPOs.””

The rigid nature of the used triangular building blocks,
combined with the rational arrangement of interacting CC
segments allows in principle for the design of larger multimeric
CC-based architectures. Multimeric CCPO shapes could repre-
sent scaffolds for encapsulation of small cargo molecules, as the
cavity of these structures is designable in shape and size, and
most importantly, unlike cavities in virus-like particles, is not
bound to the specific symmetry of the assembly and could
harbor molecules with an asymmetric shape. Moreover, the
cavity of SB24 is notably larger than previous CC-based designs
e.g. monomeric tetrahedron,' dimeric bipyramid.*

5. Conclusions

In this study, the preorganization of structural modules has
been used as a powerful design principle for the macromolec-
ular assembly, based on polypeptides in particular, although
similar preorganization and cyclisation principles could likely
also be applied to other types of molecules. Some supramolec-
ular assemblies already used macrocycles as cyclic building
units, where however the degree of oligomerization could not be
precisely defined as in the case of CCPOs.*”

The preorganization strategy for macromolecular self-
assembly can be used to assemble asymmetric, yet precisely
defined nanostructures where each vertex or edge of the poly-
hedral structure could be individually addressed to provide the
geometric arrangement of the selected functionalities, e.g.
presentation of antigens for the stimulation of immune
response, activation of cellular receptors, positioning of cata-
Iytic centers or binding sites. Additionally, such CC complexes
could be engineered to undergo a reversible conformational
change in response to chemical signals such as metal ions,****
pH®® or biological molecules,® all cues already used to regulate
CC assemblies.

Here, we demonstrated an innovative approach to protein
assembly by integrating cyclic subunits with intramolecular CC
complementarity to overcome flexibility challenges. This
strategy enabled the design of larger CC-based structures,
marking a substantial advancement in the field. Utilizing split
intein cyclization, not only enhances the predictability in
designing interaction interfaces but also stands out for its
simplicity of implementation.
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