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ABSTRACT

In the last decade, significant advances have been
made towards the rational design of proteins, DNA,
and other organic nanostructures. The emerging
possibility to precisely engineer molecular struc-
tures resulted in a wide range of new applications in
fields such as biotechnology or medicine. The com-
plexity and size of the artificial molecular systems
as well as the number of interactions are greatly
increasing and are manifesting the need for com-
putational design support. In addition, a new gen-
eration of Al-based structure prediction tools pro-
vides researchers with completely new possibilities
to generate recombinant proteins and functional-
ized DNA nanostructures. In this study, we present
Catana, a web-based modelling environment suited
for proteins and DNA nanostructures. User-friendly
features were developed to create and modify re-
combinant fusion proteins, predict protein structures
based on the amino acid sequence, and manipu-
late DNA origami structures. Moreover, Catana was
jointly developed with the novel Unified Nanotechnol-
ogy Format (UNF). Therefore, it employs a state-of-
the-art coarse-grained data model, that is compatible
with other established and upcoming applications. A
particular focus was put on an effortless data export
to allow even inexperienced users to perform in silico
evaluations of their designs by means of molecular
dynamics simulations. Catana is freely available at
http://catana.ait.ac.at/.
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INTRODUCTION

Novel methods in the field of bio-nanoengineering allow to
precisely design proteins (1) and DNA nanostructures (2)
leading to a wide range of new applications in medicine,
biotechnology and engineering. To investigate protein—
protein interactions directly in cells, Martel ez al. engineered
a split horseradish peroxidase (HRP) comprising two non-
catalytic subunits (3). Each subunit was fused to two specific
proteins of interest. If the two proteins interacted, the HRP
subunits came into close proximity, refolded, and reassem-
bled a catalytically active HRP-fusion protein complex that
was exploited for the visualization of the protein—protein in-
teractions. Another bio-nanoengineering example illustrat-
ing the high potential of functionalized DNA nanostruc-
tures in medicine is a DNA-based nanorobot that was in-
jected into mice as a cancer therapeutic (4). The thrombin-
functionalized nanostructure was able to specifically bind
to surface proteins of tumour cells via aptamers and to per-
form a structural change upon target recognition result-
ing in the activation of thrombin proteins that led to the
destruction of the tumour. These two highlighted studies
are representative examples in the rapidly advancing nano-
engineering field and illustrate the emerging possibilities for
novel in vitro and in vivo applications.
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Computational tools are essential for the design of such
nanostructures and can significantly facilitate their func-
tionalization and in silico evaluation, thus helping to reduce
time- and resource-intensive wet lab experiments. While it
remains extremely challenging to identify design paradigms
for proteins, the base complementary of nucleic acids al-
lows the creation of computational algorithms for the pre-
dictable design of DNA nanostructures. The release of Cad-
nano democratized the DNA nanotechnology field giving
every user the possibility to design self-assembling DNA
nanostructures resulting in a remarkable number of new
studies (5). A manifold of other DNA nanostructure design
tools was subsequently published, providing additional de-
sign features to the users (Daedalus (6); Adenita (7); Magic
DNA (8); V-helix (9); Tiamat (10); Vivern (11); Oxview
(12)). However, most of these design tools were either de-
pendent on commercial software solutions and platforms,
or not fully functional, especially with respect to the 3D
visualization of the nanostructures and free-hand manip-
ulations. In most cases, the tools and the underlying data
models also did not allow for an in silico evaluation of
the design using molecular dynamics simulations and were
limited to nucleic acids only. In contrast to protein-based
structures, however, it was nevertheless possible to gener-
ate DNA nanostructures with arbitrary shapes using these
tools.

A shortcoming of pure DNA-based nanostructures con-
cerning potential applications is that DNA is in principle
catalytically not active. As an exception to this rule, a few
DNAzymes such as HRP-mimicking G-quadruplexes have
been reported, but their catalytic activity is orders of mag-
nitude lower compared to their protein-based counterparts
(13,14). RNA-based catalysts have also been reported, but
their biological instability is a significant challenge for a
wide range of applications (15). Thus, proteins remain the
molecules of choice to perform enzymatic reactions, to in-
teract with other molecules, and to functionalize nanostruc-
tures. The main challenge concerning the exploitation of
proteins for biotechnological applications is that their fold-
ing behaviour is poorly understood. A breakthrough in this
field was recently achieved by applying artificial intelligence
(AI)-based approaches to address this problem (16,17). Re-
fining and applying these structure prediction tools will al-
low us, in the future, to rationally design proteins and en-
zymes, to precisely develop recombinant and fusion pro-
teins, and to functionalize nanostructures.

In this work, we present the online modelling environ-
ment Catana for the creation of recombinant proteins and
the functionalization of nucleic acid nanostructures. Catana
provides a user-friendly interface with novel editing func-
tionalities for performing a multitude of tasks, which other-
wise require several different tools (VMD, Chimera, Mae-
stro, etc.). It is especially useful for the creation of large
macromolecules or macromolecular complexes, such as
protein—protein, protein—-DNA, DNA origami complexes,
and fusion proteins. In addition, we integrated the Al-based
tool AlphaFold (17) to predict the tertiary structure of pro-
teins based on their amino acid sequence, which is especially
useful when 3D structures are not available, or their struc-
tural files contain large portions of missing residues. Fur-
ther, Catana was developed with native support for the new
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nanotechnology file format UNF (18) to facilitate the trans-
fer and conversion of nanostructure designs made in exter-
nal tools such as Cadnano and oxView. Finally, Catana was
optimized to create structural files for molecular dynamics
simulations (MDS). To demonstrate the design possibilities
of Catana, we created two recombinant fusion proteins and
functionalized a DNA nanostructure with protein pores.

MATERIALS AND METHODS
Overview of features

The main focus of Catana lies on the development of a
pipeline for the design of recombinant proteins and func-
tionalized nanostructures. However, we ensured that the
features and user interface of Catana are suitable also for
other types of tasks and use cases, giving the user freedom
in the workflow.

The overall feature set of Catana can be divided into sev-
eral higher-level categories, as presented in the following
sections.

Visualization

Catana can visualize both all-atom and coarse-grained
structures using different representations and colour
schemes, allowing the users to perceive the data using
different abstraction levels. Moreover, the visualized con-
tent can be dynamically filtered and coloured in order to
emphasize certain structural parts. Thus, the visual side of
the web application is highly customisable, facilitating the
exploration, idea-conveying, and dissemination tasks. Us-
ing a computer with Nvidia GeForce GTX 1070 graphics
card, Catana was verified to interactively render all-atom
structures with >200 000 atoms and coarse-grained
structures with >50 000 nucleotides.

Modelling toolkit

Apart from the visualizations, Catana focuses on modelling
of structures, either starting from scratch or using an exist-
ing structure as a basis. In any case, all the modelling hap-
pens in real-time, directly in the user’s browser. The sup-
ported modelling operations can be divided into two main
groups, based on the area of focus: all-atom modelling and
coarse-grained modelling. In the first area, Catana allows
to remove parts of a structure, mutate amino acid residues
or append new ones to the polypeptide chain. As for the
second group, core operations known from the DNA nan-
otechnology domain are supported — for example, creat-
ing of single and double strands from scratch, breaking
of strands, connecting them into one, and setting their se-
quence.

Structural assembly

The individual structures loaded into Catana can be inde-
pendently visualized, modified and translated in space. To
support the creation of superassemblies of structures, giz-
mos for translation and rotation were implemented, allow-
ing to constrain the rotation or translation only along a sin-
gle axis. To make the positioning of structures even easier,
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the users can also select the operation for translation or ro-
tation and simply drag the structure along a camera-aligned
plane. Finally, when the structures are positioned as desired,
the user can export the whole assembly as one file.

Data models conversion

To foster the interoperability between the all-atom and
coarse-grained structures, and increase the usability of the
outcomes for molecular dynamics simulations, Catana al-
lows to convert between these two descriptions, respectively
data models, directly via the user interface. The conversion
from coarse-grained data model can generate up to 99 999
atoms and we are working on ways to go beyond this limit.
The opposite conversion does not have a strict limit onto
the size of the structure, as it is less challenging from the
perspective of performance and export formats.

Data import and export

Catana can import and export various data formats as de-
scribed in the following sections. Moreover, the input files
can be loaded from the user’s device, downloaded from a
given URL, or directly imported from the RCSB database
(https://www.rcsb.org/) or the AlphaFold Protein Structure
Database (https://alphafold.ebi.ac.uk/).

Alpha fold integration

AlphaFold is an Al-based tool that can predict the struc-
ture of a protein given only its sequence and is considered
the most accurate and most reliable protein prediction tool
available to date (19). As such, it fits the pipeline proposed
by Catana and is integrated into the platform, allowing the
users to start AlphaFold predictions and retrieve their re-
sults directly via the web application interface.

Layout-based user interface

To provide a better support for different use cases, the user
interface of Catana is split into several layouts, revealing
only parts of the interface relevant to the given task. This
way, the user can focus only on features relevant to their sce-
nario. Moreover, as some operations are easier to perform
via text commands than through a graphical user interface,
Catana also provides a command-line interface.

Supporting features

Apart from the main features, additional techniques and
operations were implemented to facilitate the work in
Catana. For example, the possibility to duplicate structures,
visualize their sequences, or superimpose them onto each
other.

Architecture

Catana is designed to be a web-based application, provid-
ing easy access to its users, irrespective of their operating
system. For this reason, the core feature set of Catana is de-
veloped to be client-side. Only computationally expensive

features, such as protein structure prediction, which are not
feasible for client-side execution, are running on a dedicated
server. We have implemented a microservice architecture
consisting of a webserver hosting an API, a light-weight
task manager based on Celery and containerized workers.
This architecture allows simple maintenance and can eas-
ily be extended to other heavy tasks. From the perspective
of the user, all of the features can be accessed in a unified
manner via the Catana user interface, providing a simple
workflow.

Input and output

Catana is able to import files from a vast range of existing
file formats, ensuring that many of the existing structures
can be readily loaded into the application. The following
list divides the supported means of input into three main
categories and their most important file formats:

e All-atom structures: PDB, PDBx/mmCIF, SDF, MMTF
e Coarse-grained structures: UNF, Cadnano JSON
e General three-dimensional objects: OBJ, PLY

Since Catana focuses on modelling and modification of
structures, available means of output also play an important
role for the usability of the platform. Therefore, as of now,
Catana can export data in four formats:

e PDBfile: structures loaded into Catana can be further ex-
ported in a PDB format, potentially combining multiple
source structures in one file.

e UNFfile: thanks to this format, Catana can export whole
molecular scenes, even those combining all-atom and
coarse-grained structures in one file.

e FASTA file: Catana can export FASTA files storing se-
quences of the selected structures.

e PNG file: in order to allow generation of structural im-
ages and publication figures, Catana provides means of
customisable screenshot generation.

Data model

The data model is an integral part of the Catana applica-
tion, as it influences various factors, ranging from perfor-
mance, through visualizations, to compatibility with other
software. Catana employs two core data hierarchies. The
first one is focused on all-atom structures, describing their
chains, residues and atoms, and is based on the NGL
framework (20) data model. The second one is a coarse-
grained data hierarchy which describes the individual struc-
tures up to the amino or nucleic acid level and employs a
parametrization compatible with the UNF to facilitate the
interoperability with other tools. The parametrization plays
an important role in the case of atom generation, as it deter-
mines how precisely the position of atoms can be computed.

In the case of DNA, Catana employs a two-step genera-
tion procedure. First, the nucleotide atoms are placed based
on the coordinates computed from the parameters. Then,
for each nucleotide, various backbone conformations are
compared, differing in their dihedral angles. The confor-
mation achieving the optimal phosphodiester bond length
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is selected. To verify the suitability of the final models,
MDS were performed comparing models of the DNA crys-
tal structure with a Catana generated double helix (Supple-
mentary Figures S1-S3).

Implementation

Catana is built on top of the open-source NGL framework
(20) and its web viewer, as this solution was designed for vi-
sualization of molecular structures and, therefore, offered a
wide and verified feature set serving as a reasonable starting
point. As a consequence, Catana is developed using some
of the most common web technologies; namely TypeScript,
WebGL, Three.js and Node.js. As for the server-side part,
we used the Python language and frameworks built on top
of it, such as Flask, to handle the communication between
the frontend and backend parts of the codebase.

RESULTS AND DISCUSSION

In order to showcase and verify some of the features of
Catana, we present three use cases being also developed in
vitro in our lab. They demonstrate how Catana can facili-
tate the design and assembly of various structures, all of it
realized via an easily accessible web interface.

Generation of fusion proteins

Colicin S4 is a bacteria-binding protein and was previously
used for the detection of Escherichia coli in drinking water
(21). In this work by Gutierrez del Rio et al., GFP was fused
with colicin to visualize the binding to E. coli cells.

For our first Catana use case, we designed colicin-HRP
fusion proteins to combine colicin with a more powerful re-
porter enzyme and, thus, to improve the sensitivity of the
diagnostic assay. To minimize the effort of the in vitro ex-
periments, we developed a design pipeline providing input
for subsequent M DS analysis to verify the designs and their
feasibility. To design this fusion protein, we opted for two
approaches. Both resulting structures were later analysed
using coarse-grained MDS (Figure 1C and Supplementary
Figure S8).

The first approach relied on a manual design analogous
to the standard procedure to create such fusion proteins. In
this case, the user loaded two PDBs containing the source
structures: 3FEW (https://www.rcsb.org/structure/3FEW)
for colicin S4 and 1H5A (https://www.rcsb.org/structure/
1HSA) for the HRP C1A.

Afterwards, the colicin structure was modified by man-
ually appending the 65 amino acids missing in the original
3D structure of the PDB file. This was followed by append-
ing a 100-amino-acid linker. Then, the user mutated selected
residues of the HRP and added a his-tag. Finally, both pro-
teins were positioned in close proximity to create the desired
design, followed by exporting the final fusion protein as a
PDB file. The new Catana features involved in adding long
amino acid chains allowed us to significantly reduce the de-
sign ‘hands-on’ time compared to other in silico tools such
as VMD or Maestro.

In the second approach, we used the amino acid se-
quence of the final fusion protein as an input for the Al-
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phaFold structure prediction plugin to automatically cre-
ate the structural model of the fusion protein. Both designs
are illustrated in Figure 1. The manually-designed fusion
protein is spread in space and requires a big simulation box
comprising more water atoms resulting in simulation times
increasing exponentially with the size of the box (Supple-
mentary Figure S5A). The advantage of the Al-based ap-
proach is that the resulting structure is significantly more
realistic and compact which massively facilitates a meaning-
ful MDS analysis due to the smaller box and shorter simula-
tion times (Supplementary Figure S5B). This example illus-
trates how the implemented Al-based structure prediction
algorithms can support and improve the design of fusion
proteins.

Design of DNA—protein systems

Combining the advantages of DNA- and protein-based
technologies opens up completely new possibilities for re-
searchers and biotechnologists (22-24). To evaluate our
data models and editors, we selected the plant transcrip-
tion regulator protein TAL that specifically binds to a user-
defined DNA sequence. We selected this protein because re-
combinant TAL fusion proteins were used in a pioneering
work to fold DNA nanostructures into defined shapes illus-
trating the TAL’s high potential for future biotechnological
applications (23).

First, we demonstrated with MDS that our DNA
and protein data structure models are correct and that
we could differentiate in the simulations TAL/DNA
complexes with specific and random DNA, respectively
(Supplementary Figures S4-S7). Second, the applica-
tion of AlphaFold during the design process improved
the precision of the design because the experimen-
tally obtained TAL structure 3UGM (https: //www.
resb.org/structure/3UGM) lacked ca. 50 flanking amino
acids that had to be added manually (Supplementary
Figure S4).

After confirming that our implemented data models were
correct, we used Catana to design a recombinant fusion
protein comprising two TAL proteins each flanked with a
subunit of the split HRP developed by Martel et al. (Fig-
ure 2) (3). The user started the design process by request-
ing the AlphaFold plugin to predict the 3D structure of the
TAL protein based on the primary amino acid sequence. Af-
terwards, the resulting PDB was loaded to Catana, where
the user created a DNA double strand and positioned it
accordingly to have the TAL wrapped around the DNA.
After this step, the exported PDB was again imported to
Catana, where the structure was duplicated, followed by
loading the HRP isoenzyme 1CA (HS5A PDB structure;
https://www.rcsb.org/structure/lH5A). Upon transforma-
tion of the TAL complexes in close proximity to the HRP
termini, minor modifications such as residue mutations, re-
moval and re-appending, to prevent sterical clashes, were
performed. Finally, a DNA clamp was added to bring the
two HRP subunits to close proximity to allow refolding
in the presence of the correct oligonucleotide. Due to the
used data model, the resulting structure can be exported
and analysed using both all-atom and coarse-grained
MDS.
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Figure 1. Illustrations of the designed fusion protein and their analysis using MDS. Screenshots of the colicin(blue)-HRP(red) fusion protein when (A)
designed manually based on the structural PDB files and when (B) predicted by AlphaFold from the primary amino acid sequence. Filter-based colouring
was used to highlight the different elements of the fusion protein. (C, D) Prior to MD simulations, systems were geometry optimized (1000 SD steps in
vacuum followed by 3000 SD steps in explicit solvent), solvated and equilibrated. The (C) RMSD and (D) RMSF were calculated during the coarse-grained

simulations. The RMSF was calculated for the first 13 ps of the simulation.

Figure 2. Screenshot of the split HRP-TAL fusion protein. Two TALs pre-
dicted by AlphaFold are connected to the N and C terminus of a split HRP
while Catana-generated DNA acts as a clamp.

Functionalization of DNA origami nanostructure

Functionalized DNA nanostructures hold a great potential
for future theranostic applications. The DNA nanostruc-
ture acts as carrier protecting the load from the immune sys-
tem and allows a target-specific release at the site of action
(4). Furthermore, DNA nanostructures can be easily func-
tionalized with aptamers and antibodies to bind to their
targets and even induce structural switches releasing their
cargo. The recent advances concerning the Al-based pre-
diction of RNA structures indicate that the development of
DNA aptamers might be also supported by Al-based algo-
rithms in future (25). This would open up new possibilities
for DNA nanostructure-based drugs in the field of person-
alized medicine.

To demonstrate the complex design of such an example in
Catana, we generated a two-component DNA nanocarrier
functionalized with three protein pores Figure 3. The car-
rier is based on two DNA origami structures from the sta-
tor element of a DNA nanorotor (26), loaded as cadnano
JSON files. Then, the ClyA pore (PDB 2WCD (https://www.
resb.org/structure/2WCD) was loaded and duplicated mul-
tiple times. Afterwards, the user analysed the loaded struc-
tures and searched for optimal positions on the proteins
and the DNA nanostructure to introduce linkers to cova-
lently connect them. Due to the size of the object, coarse-
grained simulations supporting protein—-DNA systems such
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Figure 3. Screenshot of the design of the DNA origami carrier function-
alized with three ClyA pores.

as ANM-oxDNA (27) are recommended for the structural
evaluation.

CONCLUSION

We have developed a user-friendly, web-based modelling
tool to design and manipulate proteins, DNA and DNA
nanostructures. State-of-the-art features from standalone
tools for modelling, manipulation, and visualization of
complex molecular systems were implemented in Catana.
The Al-based AlphaFold algorithm was embedded to sup-
port the design of protein-based structures. Support for
popular molecular modelling file formats was implemented
to facilitate the exchange of designs between different soft-
ware tools. The structural models were optimized to en-
able M DS analysis of the designs. Finally, we demonstrated
Catana’s features using three real use cases.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We would like to express our thanks to Shirley Temple for
strengthening the bonds among the authors of the paper.
Furthermore, we would like to also express our thanks to
the whole MARILIA project consortium for their feedback
and suggestions.

FUNDING

European Union’s Horizon 2020 research and innovation
program [952110 (MARILIA)]. Funding for open access
charge: H2020 MARILIA project.

Conflict of interest statement. None declared.

Nucleic Acids Research, 2022, Vol. 50, Web Server issue WI157

REFERENCES

1.

10.

11.

12.

14.

15.

16.

17

18.

19.

20.

21.

Ljubetic,A., Lapenta,F., Gradisar,H., Drobnak,l., Aupic.J.,
Strmsek,Z., Lains¢ek,D., Hafner-Bratkovid,I., Majerle,A., Krivec,N.
et al. (2017) Design of coiled-coil protein-origami cages that
self-assemble in vitro and in vivo. Nat. Biotechnol., 35, 1094-1101.

. Rothemund,P.W.K. (2006) Folding DNA to create nanoscale shapes

and patterns. Nature, 440, 297-302.

. Martell,].D., Yamagata,M., Deerinck,T.J., Phan,S., Kwa,C.G.,

Ellisman,M.H., Sanes,J.R. and Ting,A.Y. (2016) A split horseradish
peroxidase for the detection of intercellular protein—protein
interactions and sensitive visualization of synapses. Nat. Biotechnol.,
34, 774-780.

. Li,S., Jiang,Q., Liu,S., Zhang,Y., Tian,Y., Song,C., Wang,J., Zou,Y.,

Anderson,G.J., Han,J.-Y. et al. (2018) A DNA nanorobot functions
as a cancer therapeutic in response to a molecular trigger in vivo. Nat.
Biotechnol., 36, 258-264.

. Douglas,S.M., Marblestone,A.H., Teerapittayanon,S., Vazquez,A.,

Church,G.M. and Shih, W.M. (2009) Rapid prototyping of 3D
DNA-origami shapes with caADNAno. Nucleic Acids Res., 37,
5001-5006.

. Veneziano,R., Ratanalert,S., Zhang,K., Zhang,F., Yan,H., Chiu,W.

and Bathe,M. (2016) Designer nanoscale DNA assemblies
programmed from the top down. Science, 352, 1534-1534.

. de Llano,E., Miao,H., Ahmadi,Y., Wilson,A.J., Beeby,M., Viola,l.

and Barisic,I. (2020) Adenita: interactive 3D modelling and
visualization of DNA nanostructures. Nucleic Acids Res., 48,
8269-8275.

. Huang,C.-M., Kucinic,A., Johnson,J.A., Su,H.-J. and Castro,C.E.

(2021) Integrated computer-aided engineering and design for DNA
assemblies. Nat. Mater, 20, 1264-1271.

. Benson,E., Mohammed,A., Gardell,J., Masich,S., Czeizler,E.,

Orponen,P. and Hogberg,B. (2015) DNA rendering of polyhedral
meshes at the nanoscale. Nature, 523, 441-444.

Williams,S., Lund,K., Lin,C., Wonka,P., Lindsay,S. and Yan,H.
(2009) Tiamat: a three-dimensional editing tool for complex DNA
structures. In: DNA Computing. Springer, Berlin Heidelberg, pp.
90-101.

Kuiak,D., Selzer, M.N., Byska,J., Ganuza,M.L., Barisic,].,
Kozlikova,B. and Miao,H. (2021) Vivern a virtual environment for
multiscale visualization and modeling of DNA nanostructures. [EEE
Trans. Vis. Comput. Graph., 1-1.

Poppleton,E., Bohlin,J., Matthies,M., Sharma,S., Zhang,F. and
Sulc,P. (2020) Design, optimization and analysis of large DNA and
RNA nanostructures through interactive visualization, editing and
molecular simulation. Nucleic Acids Res., 48, €72.

. Ponce-Salvatierra,A., Boccaletto,P. and Bujnicki,J.M. (2020)

DNAmoreDB, a database of DNAzymes. Nucleic Acids Res., 49,
D76-Dg81.

Ahmadi,Y., Soldo,R., Rathammer,K., Eibler,L. and Barisic,I. (2021)
Analyzing criteria affecting the functionality of G-Quadruplex-Based
DNA aptazymes as colorimetric biosensors and development of
quinine-binding aptazymes. Anal. Chem., 93, 5161-5169.

Wilson,T.J. and Lilley,D.M.J. (2021) The potential versatility of RNA
catalysis. WIREs RNA, 12, e1651.

Tunyasuvunakool, K., Adler,J., Wu,Z., Green,T., Zielinski,M.,
Zidek,A., Bridgland,A., Cowie,A., Meyer,C., Laydon,A. et al. (2021)
Highly accurate protein structure prediction for the human proteome.
Nature, 596, 590-596 .

. Jumper,J., Evans,R., Pritzel,A., Green,T., Figurnov,M.,

Ronneberger,O., Tunyasuvunakool,K., Bates,R., Zidek,A.,
Potapenko,A. et al. (2021) Highly accurate protein structure
prediction with alphafold. Nature, 596, 583-589.

Kuiak,D., Poppleton,E., Miao,H., Sulc,P. and Barisi¢,1. (2022)
Unified nanotechnology format: one way to store them all.
Molecules, 27,63.

Jumper.,J., Evans,R., Pritzel,A., Green,T., Figurnov,M.,
Ronneberger,O., Tunyasuvunakool, K., Bates,R., Zidek,A.,
otapenko,A. et al. (2021) Applying and improving Alphafold at
CASPI14. Proteins Struct. Funct. Bioinf., 89, 1711-1721.
Rose,A.S. and Hildebrand,P.W. (2015) NGL viewer: a web application
for molecular visualization. Nucleic Acids Res., 43, W576-W579.
del Rio,I.G., Marin,L., Fernandez,J., Millan,M.A.S., Ferrero,F.J.,
Valledor,M., Campo,J.C., Cobian,N., Mendez,I. and Lombo,F.

ze0oz AInr 61 uo Jasn yayiolaig uaip NL AG #E¥Y859/2S LM/ LA/0G/2I01E/Jeu/woo dnodlwapede//:sdiy Wolj papeojumoq


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkac350#supplementary-data

W158 Nucleic Acids Research, 2022, Vol. 50, Web Server issue

22

23.

24.

(2018) Development of a biosensor” protein bullet as a fluorescent
method for fast detection of Escherichia coli in drinking water. PLoS
One, 13, ¢0184277.

. Soderberg,O., Gullberg,M., Jarvius,M., Ridderstrale,K.,

Leuchowius,K.-J., Jarvius,J., Wester,K., Hydbring,P., Bahram,F.,
Larsson,L.G. et al. (2006) Direct observation of individual
endogenous protein complexes in situ by proximity ligation. Nat.
Methods, 3, 995-1000.

Praetorius,F. and Dietz,H. (2017) Self-assembly of genetically
encoded DNA-protein hybrid nanoscale shapes. Science, 355,
eaam5488.

Douglas,S.M., Bachelet,I. and Church,G.M. (2012) A logic-gated
nanorobot for targeted transport of molecular payloads. Science, 335,
831-834.

25.

26.

27.

Townshend,R.J.L., Eismann,S., Watkins,A.M., Rangan,R.,
Karelina,M., Das,R. and Dror,R.O. (2021) Geometric deep learning
of RNA structure. Science, 373, 1047-1051.

Ahmadi,Y., Nord,A.L., Wilson,A.J., Hutter,C., Schroeder,F.,
Beeby,M. and Barisic,I. (2020) The brownian and flow-driven

rotational dynamics of a multicomponent DNA origami-based rotor.

Small, 16, 2001855.

Procyk,J., Poppleton,E. and Sulc,P. (2021) Coarse-grained nucleic
acid—protein model for hybrid nanotechnology. Soft Matter, 17,
3586-3593.

220z Ainr 61 uo Jasn yayjolqig usip NL AQ #E¥859/2S LM/ LM/0S/8I01HE/Jeu/woo dno-dlwepede//:sdiy woly papeojumoq



