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Akey functionality of proteins is based on their ability to form interactions with other proteins or peptides.
These interactions are neither easily described nor fully understood, which is why the design of specific
protein—protein interaction interfaces remains a challenge for protein engineering. We recently developed
the software ATLIGATOR to extract common interaction patterns between different types of amino acids
and store them in a database. The tool enables the user to better understand frequent interaction patterns
and find groups of interactions. Furthermore, frequent motifs can be directly transferred from the database
to a user-defined scaffold as a starting point for the engineering of new binding capabilities. Since
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three-dimensional visualization is a crucial part of ATLIGATOR, we created ATLIGATOR web—a web server
offering an intuitive graphical user interface (GUI) available at https://atligator.uni-bayreuth.de. This new
interface empowers users to apply ATLIGATOR by providing easy access with having all parts directly
connected. Moreover, we extended the web by a design functionality so that, overall, ATLIGATOR web
facilitates the use of ATLIGATOR with a more intuitive Ul and advanced design options.

Introduction

The specific recognition of binding partners in protein-protein
or protein—peptide interactions is established by mutual inter-
actions of amino acid residues. While each residue’s contribu-
tion shapes the binding affinity and specificity to agonist or
antagonist binders, certain residue-residue interactions are
more crucial than others. With this in mind, it is likely that in
the context of optimized binding partners, pairwise interactions
with a higher influence will be found more often than others.
Following this hypothesis, Singh and Thornton [1] already iden-
tified some frequent interaction residue pairs and defined their
spatial arrangement. Amino acid pairs have also been investi-
gated energetically [2-4] or in a generalized form with focus
on functional groups [5]. Within densely packed interaction
surfaces, however, a pairwise residue-residue interaction is
affected by its context. This structural context and identities of
neighboring residues were successfully incorporated in recent
analyses [6-9].

Another idea is to investigate groups of residues that act as
a binding partner for single residues. For this approach, we
created the software package ATLIGATOR [10]. It extracts pair-
wise interactions from protein structures to find patterns in
frequent residue-residue pairs and stores these in a data struc-
ture called atlas. By varying the input structures, the structural
and evolutionary context of underlying data can be modulated
and compared. Moreover, by mining the atlas for frequent inter-
action groups, interaction motifs can be extracted, visualized,
and analyzed. Additionally, ATLIGATOR enables direct graft-
ing of frequent interaction motifs (pockets) onto a user-defined
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scaffold protein. Since working with three-dimensional inter-
action motifs or designing binding pockets is a highly visually
demanding task, it also allows to plot atlas or pocket data.

To enable everyone to try and use ATLIGATOR instantly
without installation, we developed a web interface. This graph-
ical interface connects all data structures visually and even
extends the design options of ATLIGATOR. It is freely acces-
sible at https://atligator.uni-bayreuth.de and creates an intuitive
starting point for working with the software.

Results and Discussion

ATLIGATOR web expands the functionality of the ATLIGATOR
python package by a user-friendly interface, thereby providing
easy access and supporting users to utilize its features instantly.
For the analysis of pairwise interactions, we provide a list of
pre-generated atlases and pocket collections that can be explored
in detail. All data can be visualized similarly to the python APL
However, a unique aspect of the web interface is the connection
between the different sections, i.e., an atlas to its input struc-
tures, pockets to its underlying atlas, etc. This connection is
accomplished mainly by hyperlinks to superior data structures.
Additionally, the representation of the plotted data points
clearly highlights these connections in several ways: The orig-
inal structural environment of data points is directly displayed
by clicking on data points and, in this visualization, all atoms
are labeled with their origin.

While the focus of ATLIGATOR web is the representation
of data structures in a more intuitive way, we additionally pro-
vide the opportunity to design protein interaction sites. This is
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useful, because ATLIGATOR data can comprise potential start-
ing points for shaping binding surfaces. Hence, by supplying a
protein-protein or protein—peptide complex and defining ligand
and binder chains, pockets can be grafted directly onto the binder
chain. Additionally, manual mutations can be applied to extend
or fine-tune grafts with new mutations.

Analysis of binding interfaces

Below, we will elaborate the web interface and each section in
more detail to showcase potential usage and highlight special
features. To do so, we will guide through the data structures of
ATLIGATOR web with the same example as examined before
[10]. Namely, we will look for interaction motifs to use in a
designed armadillo repeat protein to change specificity from
an arginine to a leucine as a residue of the native peptide bind-
ing partner [11,12].

The interface

The ATLIGATOR web interface is built around five main sections,
namely, Structures, Atlases, Pockets, Scaffolds, and Designs (see
Fig. 1). The landing page gives access to all sections as well as
frequently asked questions (FAQ) and an example page. The
footer of each web page includes the current color scheme and
a switch to activate the tutorial mode. If activated, info boxes
that explain function and handling of applications are shown.

ATLIGATOR

Web interface of the ATLas based LIGAnd binding ediTOR

Structures

Manage colledions of PDB structures providing the input
for the generation of atlases and the discovery of pockets.

- binder design.
Create Explore

e

Scaffolds Designs

Discover pair-wise interaction patterns between amino
acid residues, forming the basis for pocket discovery and

We could start our redesign example in the section Atlases, but
to understand where the atlas data originate, we will visit the
section Structures first.

Structure collections

Interaction data stored in atlases or pockets originate from pro-
tein structures. In contrast to the ATLIGATOR python package,
ATLIGATOR web integrates these structures as an explorable
section. Within this section, input structures are grouped in
collections that typically consist of all structures assigned to a
SCOPe database identifier. Our example protein scaffold
[Protein Data Bank (PDB) identifier 5AEI] is not classified in
the SCOPe database (version 2.08) because of its synthetic
nature. However, since it originates from natural armadillo
repeat proteins (a.118.1.1 in SCOPe), we can utilize the struc-
tures attributed to a.118 (a-a-superhelix). The structure collec-
tion comprises 2,584 structures, each hosting a binder
chain and all potentially interacting ligand chains. Each
three-dimensional structure can be observed and downloaded
individually.

Atlases

Atlases are based on pairwise interactions derived from single
structure collections. Thus, atlases in the web interface contain
a link to the corresponding structure collection. As a landing

Structure, Atlas, Pocket, ...

The input structures usually host interactions from one ligand
amino acid to more than one amino acid of the binder. In an
atlas we sometimes find distinct combinations of ligand
amino acid and interacting binder amino acids more
frequently. Such frequent groups of interactions are called
pockets and can be browsed here.

Info Pockets Info

W

A

Discover, inspect, and annotate binding pockets
automatically discovered by an atlas based itemset
analysis.

manual design of novel binders for given ligands.

design of novel binders.

Toggle Color Scheme

@ Tutorial mode Colors: shapely ~

Fig.1.Landing page of ATLIGATOR web. It comprises links to the five main sections, namely, Structures, Atlases, Pockets, Scaffolds, and Designs. The header includes a navigation
bar as well as a search box and a context box for user accounts. The footer features a switch for tutorial mode that enables one to switch on info boxes with explanations to
guide new users as shown. The common color scheme can be selected and an overview of the color scheme can also be activated in the footer.
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page, atlas statistics visualize the frequency of the data points.
The a.118-based atlas contains 43,645 data points, i.e., pairwise
interactions. Our design target amino acid leucine (Leu) com-
prises 3,577 interactions—with other Leu (705), histidine (His;
517), and aspartate (Asp; 325) being the most frequent binding
partners (Fig. 2A). The atlas can be browsed for atlas maps and
atlas pages where the number of data points is described and
the data points can be viewed in three-dimensional plots. The
plot of leucine’s atlas map reveals point clouds with high density
of those Leu/His/Asp interactions that can be revisited, e.g., for
the leucine-to-leucine interactions in the corresponding atlas

page (Fig. 2B). Clicking on individual data points exhibits the
entire side chains of both interaction partners of the underlying
pair (Fig. 2B—full-atom view). Furthermore, pairwise distances
of all displayed atoms can be measured. The positions in com-
bination with their Ca to CP orientation can already provide
first ideas for the design of such interactions.

Pockets

Frequent groups of interactions found in an atlas that result
from mining all atlas data points for recurring motifs are defined
as pockets [10]. On the web interface, pockets from the same

Interaction maps, grouped by ligand residue type: Mined pockets and their support values, grouped by ligand:
ARG ASP GLU THR TRP  SER  ASN ALA  HKW
(4869)  (1055)  (998) (482) (289) (287) (270) (1%
s GlU AP AN SER TR IHR or 12 of 1049)
(4089)  (927)  (673) (379) (273) (257) (237)
LEU LEU HIS AP MET ALA  THR ARG  DEE EEL DDE REE
(3577) (705  (317) (329) (198) (196) (190) (8% 7% (7% (6%
or 136 of 1612) or 120 of 1612) or 117 of 1612) or 106 of 1612)
Asp ARG s HS AN ALA  LEU
(3429)  (813)  (349) (415) (293) (258) (241)
ASN  FPT AFPT DET QFP
3D (14% (8% (4% (4%
. s . or 112 of 770) or 62 of 771) or 38 of 771) or 34 of 771)
visualization
B ASP AHHL RNK AHHLL AGHHL
Atl m (10% 7% (6% (5%
as ap or 147 of 1342) or 101 of 1342) or 85 of 1342) or 74 of 1342)
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Fig.2.Visualization of atlas and pockets. Starting at an atlas, the ATLIGATOR web gives an overview of the atlas’ content (A), and further offers the option to plot and visualize
its content in three dimensions (B). Atlas maps and pages can be inspected as Ca—Cp plots as well as in a full-atom view while concentrating on just one ligand origin. Pockets
derived from mining the atlas are grouped in pocket collections. In addition to an overview of the contained pockets (C), all pockets can be plotted in Ca—Cg plots as well as

in full-atom view (D).
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atlas are grouped in pocket collections. After opening the a.118
pocket collection, statistics are displayed for all ligand amino acid
types (Fig. 2C) of which a DHL pocket was the most abundant
Leu pocket. This pocket, being composed of the three amino
acids Asp (D), His (H), and Leu (L), was observed in interaction
with 10% of all Leu ligand residues of the initial atlas.

The pocket and its data points are visualized in different
representations: First, the most representative pocket, which
corresponds to the pocket instance with the lowest deviation
from the item set clusters’ centroids [10], is visualized in a
full-atom stick representation. Second, the clustered data
points (centroids of clusters) and all data points of the pocket
atlas are initially shown in atlas representation with ligand
and binder Ca and Cf atoms as bubbles (Fig. 2D). The pocket
atlas contains all data points and represents a filtered instance
of the original atlas. It exposes three spatially restricted clus-
ters for His Ca positions as well as two clusters for each Leu
and Asp (see Fig. 2D) and provides two additional types of
representations. On the one hand, all ligand residue atoms
can be displayed separately to see the distribution of ligand
side chain conformations. On the other hand, after clicking
on a ligand or binder atom, the corresponding single pocket
instance is plotted with all residues in full-atom representa-
tion (Fig. 2D). The full-atom representation of our example
reveals two interaction motifs: First, Leu being trapped between
2 His, 1 Asp, and 1 Leu, where the Leu-Leu interaction is
dominated by side chain-backbone interactions. Second, Leu
is attacked by Leu and His roughly at a 90° angle with the Asp
facing its carboxy group to the backbone of the target Leu.
These single pocket instances provide promising starting
points for our redesign and can be downloaded as .pdb files
or used directly for grafting onto a user-defined scaffold.

Redesign of binding interfaces

While the analysis of frequent motifs helps to extract ideas for
the redesign of interaction interfaces, we additionally included
design tools to directly use this information on specific binding
interfaces. Those tools will be briefly introduced below.

Scaffolds

Proteins on which ATLIGATOR pockets shall be grafted are
called scaffolds. Users can upload their own protein structures,
hosting two or more polypeptide chains. One of these chains
has to be defined as the ligand chain, comprising the residue
on which basis the pocket should be selected. The chain has to
be defined as the binder chain that is mutated eventually. After-
wards, mutable positions must be selected to finalize the scaf-
fold preparation.

Designs

A design is defined by the scaffold and the residue types that
will be used in mutable ligand positions. Each design can harbor
multiple design tasks where the binder can be altered by apply-
ing different mutations. After selecting a pocket collection for
the design task, the user can start designing. Within the tool
manual graft, two ways of mutating the scaffold are imple-
mented. The first method is based on choosing a pocket from
the pocket collection for each ligand residue that will be grafted
automatically onto the scaffold (Fig. 3). The grafting applies
mutations based on the selected pocket onto the best fitting
mutable binder positions as in ATLIGATOR [10]. However,
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the selection of mutated positions heavily depends on the
underlying pocket data, which might not fit flawlessly with
the scaffold if the geometry of the interaction is not perfectly
alignable. Moreover, the best graft is not guaranteed to fit better
than the next best grafts due to the lack of scoring for resulting
shape complementarity or actual interactions. Thus, as the
second mutation method, we implemented an option to choose
manual mutations. Mutations can be added independently for
all mutable binder residues and override mutations from pocket
grafting.

Since grafted mutations incorporate the side chain con-
former of the pocket data point and the manual mutations do
not include a side chain conformer at all, the rotamers do not
resemble realistic conformations. Thus, a refinement of the
designed interface might be necessary to judge the design’s
quality. Manual graft offers to repack the mutable interface
using Rosetta’s fixbb protocol to generate more realistic side
chain conformations [13].

Conclusion

The development of ATLIGATOR opens up the possibility to
collect and learn from protein—protein interactions in a stream-
lined and automated fashion. ATLIGATOR web empowers
users to leverage its functionality in a user-friendly and easily
accessible environment. Additionally, the web interface extends
ATLIGATOR tools with novel functions like connecting atlas
data points to the underlying structural data and an advanced
design tool for pocket grafting and rational design. In summary,
the easy access via this graphical interface enables a broader
user base to apply ATLIGATOR and helps to understand its
principles. Thus, ATLIGATOR web might also be a starting
point and encourage users to directly apply the python package
for extended analysis and design.

Implementation

Code implementation

The web interface for ATLIGATOR is implemented in the
Python 3 web framework Django [14] in combination with
uWSGTI as a reverse proxy and javascript for client code han-
dling. We use jQuery and bootstrap 5 as css and javascript
frameworks for web design and celery in combination with
rabbitMQ for asynchronous task handling.

Visualization

The JavaScript library plotly.js is used for responsive plotting of
statistics data. Three-dimensional plotting is performed by two
JavaScript libraries. Plotly.js is handling atlas and pockets as well
as full atom plotting of these [15]. NGL viewer is implemented
for visualization of proteins and protein complexes [16].

Availability

The sections structures, atlases, and pockets are openly accessi-
ble for discovering the data in the pre-built data structures. The
protein structures were collected by searching the SCOPe data-
base [17] with the corresponding queries. The starting structure
collections were chosen based on known peptide binding capa-
bilities, a diverse classification in SCOPe and multitude of avail-
able structures in the PDB. The protein structure files were
preprocessed to generate files with one protein chain and
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Pocket: ILE-4 DFY v

Derived from Pocket Collection:

Update Manual Design

Add Manual Mutation: v Add

Mutate residue 159 to:

u ASP v
! GLN ”

Repack sidechain rotamers

Mutate residue 156 to:

Switch off pocket highlighting  Reset View

Download as PDB

Fig. 3. Design interface including grafting and manual mutations. Two tiles provide dropdown menus to design the scaffold protein by grafting a pocket of choice or applying
manual mutations. Changes are applied after clicking the “Update Manual Design” button or the “Repack sidechain rotamers” button, while the latter also applies the Rosetta
repacking protocol to the mutable side chain rotamers. Changes can be observed directly in the preview tile with an option to colorfully highlight the mutated positions or by

downloading the .pdb file of the designed protein.

cropped ligand chains. The resulting structure files were used
for atlas generation and subsequent pocket mining. All process-
ing parameters were used as previously described [10]. The
design sections including scaffolds and designs can be fully
explored via a user account that only requires a username, email
address, and password. We also offer a scaffold and design
example that correspond to the ones discussed above.

Documentation

The web server includes a tutorial mode that offers comments
and explanations for the different features and sections directly
on the web pages. It also links to videos for showcasing sections
of ATLIGATOR web to enable an easier start.
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