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Abstract 

Residue interaction networks (RINs) are a valuable approach for representing contacts in protein str uct ures. RINs have been widely used in 
various research areas, including the analysis of mutation effects, domain-domain communication, catalytic activity, and molecular dynamics 
simulations. T he RING serv er is a po w erful tool to calculate non-co v alent molecular interactions based on geometrical parameters, providing 
high-quality and reliable results. Here, we introduce RING 4.0, which includes significant enhancements for identifying both co v alent and non- 
co v alent bonds in protein str uct ures. It now encompasses seven different interaction types, with the addition of π-h y drogen, halogen bonds and 
metal ion coordination sites. The definitions of all a v ailable bond types ha v e also been refined and RING can now process the complete PDB 

chemical component dictionary (o v er 350 0 0 different molecules) which pro vides atom names and co v alent connectivity inf ormation f or all kno wn 
ligands. Optimization of the software has impro v ed e x ecution time b y an order of magnitude. The RING web server has been redesigned to 
provide a more engaging and interactive user experience, incorporating new visualization tools. Users can now visualize all types of interactions 
simultaneously in the str uct ure vie w er and netw ork component. T he w eb serv er, including e xtensiv e help and tutorials, is a v ailable from URL: 
https:// ring.biocomputingup.it/ . 
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Introduction 

Proteins are large macromolecules whose tridimensional
structure and motion in conjunction with the molecular en-
vironment, provide the functional toolkit of the cell. Non-
covalent interactions contribute to the stability of the folded
structures ( 1 ), they are responsible for the interaction with
other molecules in the formation of supra-molecular struc-
tures and are crucial in molecular communication such as al-
losterism and signaling processes, with the latter often medi-
ated by transient interaction events ( 2 ). 
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Network theory provides an alternative approach to de- 
scribe protein structures emphasizing the non-covalent pro- 
tein’s interactions. Residue interaction networks (RINs), also 

known as protein structure networks (PSNs), represent amino 

acids as nodes and the connections between them as edges 
( 3 ). The definition of these connections, or contacts, typically 
takes into account parameters such as physico-chemical prop- 
erties and geometrical constraints (distances and angles), en- 
abling the analysis of the network properties and characteri- 
zation of specific types of interactions. 
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Analysis of RINs is offered by a number of different solu-
ions ( 4 ), of particular success is the Residue Interaction Net-
ork Generator (RING) which we have been developing and
aintaining since 2011 ( 5–7 ). 
The analysis of RINs has progressed from initially demon-

trating the feasibility of network parameters in static
tructures to encompassing a range of more specialized
pplications. 

In the last two years, RING has made significant contribu-
ions to numerous studies covering a diverse range of topics in
rotein research, including binding and allosterism, interfaces,
rotein stability, protein engineering, ligand binding predic-
ion, software development and molecular dynamics analysis
 8–10 ). 

A recent study examines the relationship between the size
f protein complex interfaces and the likelihood of cotrans-
ational assembly. RING was employed to calculate contact-
elated properties of the interfaces, characterizing the different
inds of interactions between subunits ( 11 ). 
Structural ensemble analysis is one of the main applications

f RING. It is commonly used to analyze molecular dynam-
cs simulations by calculating probabilistic contact networks
 12 ,13 ), and to analyze protein stability and perform virtual
creening ( 14 ,15 ). 

Here, we present the new RING 4.0 version of the web
erver that has been redesigned to offer a more engaging and
nteractive user experience, including new visualization tools
nd additional data. The underlying software library has been
ptimized to enhance the calculation speed significantly. The
oftware has been improved and is now able to process all the
hemical compounds ( > 35 000 different molecules) available
n the PDB chemical component dictionary. RING is now able
o detect π-hydrogen and halogen bonds, as well as metal ion
oordination types in addition to previously available types,
hose definitions have been refined. RING 4.0 can now pro-

ide comprehensive interaction networks for various com-
inations of proteins, nucleotides, lipids, ligands, and small
olecules and all different types of interactions can be visu-

lized in the structure viewer and in a graph representation
imultaneously. 

aterials and methods 

he RING web server has at its core the RING application,
hich has been extensively modified and improved compared

o the previous version ( 7 ). In terms of calculating interac-
ions, advancements were made to align with current stan-
ards. This involved broadening calculations to include any
igand present in the PDB database, and introducing novel in-
eraction categories. Additionally, we improved the execution
ime of about one order of magnitude. In the following, we
xplain what changes have been introduced since the previ-
us version, to the application and the web server. 

tructure internal representation 

he RING application takes as input protein structures, in the
ormat of PDB or PDBx / mmCIF file, requiring parsing and
onversion into an internal protein representation. 

This internal representation aims to accurately reflect the
omposition and chemical connectivity between atoms neces-
ary for interaction calculations. In the new version of RING
e expanded connectivity calculations beyond amino acids
and nucleic acids in order to detect typed interactions for all
possible compounds. Compounds chemical bonds and aro-
maticity are taken as external input from the PDB Chemical
Component Dictionary (CCD) ( 16 ) that contains over 35 000
entries and covers all structures available in the PDB. After es-
tablishing atom connections, a Depth First Search (DFS) algo-
rithm is employed to identify all possible rings, which are then
filtered based on the presence of all atoms listed as aromatic
in the CCD and their coplanarity within a fixed threshold. 

RING can place hydrogen atoms in those input structures
lacking them, as the presence of hydrogens is crucial for many
interactions. When missing, RING can add hydrogens coor-
dinates based on the bond angle and dihedral angle with the
neighboring atoms. Since angles are fixed parameters and de-
pend on the type of atoms involved, in the new RING version
we retrieved all possible parameters for all compounds avail-
able in the PDB and stored them in a helper file. 

During atom loading, various properties are assigned to
them. These properties include their van der Waals radius,
which has been expanded to encompass all known radii, as
well as indicators specifying whether an atom is a metal ion
or a halogen atom. 

The integration of these data files into RING alleviates the
burden of real-time parameter calculations, mitigating the ex-
ecution time and possible errors. Moreover, users retain the
flexibility to modify this information as needed for customized
chemical components. When new compounds (not available
in the PDB) are analyzed, connectivity information, including
hydrogen placement, can be directly provided by the user. 

Non-covalent bond calculation 

In the latest version, significant modifications have been made
to the majority of prior interactions, including hydrogen
bonding ( 17 ), π–π stacking ( 18 ), π–cation interactions ( 19 )
and van der Waals interactions. These changes were motivated
by several factors: expanding the definition of the interactions
to encompass all chemical components where feasible, opti-
mizing the software’s performance, and finally to align with
the latest advancements in defining non-covalent bonds as per
state-of-the-art publications. 

Additionally, three new categories of interactions have been
introduced: the π–hydrogen bond ( 20 ), halogen bonds where
the acceptor can be an atom containing a lone pair of electrons
( 21 ) or a π system ( 22 ), and the metal ion coordination ( 23 ).
For a comprehensive understanding of how these interactions
are computed, please consult the documentation available on
the web server ( https:// ring.biocomputingup.it/ about ). 

Execution time 

In this updated version, significant improvements have been
made to the overall performance of the application. Previ-
ously, the implementation was designed to be versatile across
different uses, which meant the data structure was not well-
optimized for specific tasks. The latest update brings signifi-
cant enhancements to the software’s underlying logic and data
structures, resulting in a significant decrease in both memory
accesses and execution time. These improvements are facili-
tated by the implementation of efficient data structures like
hash maps, known for their average constant-time complex-
ity in operations such as search, insertion, and removal of el-
ements. This optimization expands the software’s utility be-
yond standard amino acids and nucleic acids, while also incor-

https://ring.biocomputingup.it/about
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porating the latest C++ standards to enrich the overall APIs.
Addressing performance issues, we utilized advanced profil-
ers like perf ( https://perf.wiki.kernel.org ), which allowed us
to identify and address time-consuming segments through it-
erative refinement of algorithms and optimization of memory
utilization, including the management of heap memory. 

For instance, processing times for complex structures like
the RNA polymerase-Gfh1 (PDB code: 3aoh) have been no-
tably reduced, with RING 4 completing computations in just
3.2 s compared to the 22 s required by RING 3.0. Similarly,
handling larger structures such as the Virus-like particle of
bacteriophage AC (PDB code 6yf7) is now accomplished in a
mere 5.9 s, a considerable improvement over the 33 s previ-
ously needed. Even for conformational ensembles like the di-
hydrofolate reductase with multiple models (PDB code: 4p3r),
RING 4 demonstrates its efficiency, completing computations
in 9 s as opposed to the 30 s taken by RING 3.0. 

Web-server implementation 

The web server utilizes DRMAAtic ( https://drmaatic.
biocomputingup.it ) as its backend, an in-house solution
designed for executing jobs remotely using our cluster in-
frastructure. DRMAAtic interfaces with the SLURM ( 24 )
scheduler via the Distributed Resource Manager Applica-
tion API ( 25 ), managing job submission, permissions, user
management, and file retrieval. It incorporates throttling
mechanisms to prevent service misuse. Built on the Django
REST Framework ( 26 ) that provides most of the functionality
to create the REST APIs that are then used by the front-end
interface to submit the jobs and download the results. DR-
MAAtic facilitates the creation of REST APIs utilized by the
front-end interface for job submission and result retrieval.
Authentication to DRMAAtic is achieved through OAuth 2.0
implicit flow, with ORCID ( https:// orcid.org/ ) serving as the
identity provider. 

The RING w eb-serv er 

Leveraging on DRMAAtic’s capabilities, the web server’s
front-end interface enables users to submit RING jobs with
customizable parameters and inputs, it will track the status of
the job, and retrieve the results when available. Users can login
to save submitted jobs to their account for easy retrieval across
different devices. The web server functions fully without re-
quiring user registration; past jobs are stored in the browser’s
cookies and can be associated with the account upon login. 

Input 

The home page of the web-server offers to the user an intro-
duction to what RING is, and an input form that can be used
for submitting new jobs. The form accepts as input a structure
file as PDB or PDBx / mmCIF formats, or an identifier that can
be both from the PDB ( 27 ) or AlphaFold DB ( 28 ). In the lat-
ter case, an autocomplete of the two has been implemented.
After selecting an input structure, the user can modify differ-
ent parameters, such as the chain to analyze (by default all
chains are considered), the model number (in case of multi-
ple state structure, all models are considered by default), and
many other options to change the interactions thresholds or
apply filters. While RING in principle has no limitations in the
number of models that can be processed, due to restrictions
in visualizing large structures, only files of up to 200 MB in
size are accepted by the server. For larger structural ensembles 
we recommend installing RING locally . Finally , if the job sub- 
mission passes all server checks, the user is redirected to the 
result page, which checks the job status and reloads until it 
completes. Otherwise an error message is displayed. 

Output 

When the RING job is finished, the front-end presents the out- 
puts across various graphic components, to highlight different 
aspects of the results. These include a 3D structure viewer built 
with the Mol* Viewer ( 29 ), an interactive graph, representing 
residues as nodes, and the interactions as edges and a con- 
formational dependent contact map, available only when the 
input has multiple states, shows for each residue if the selected 

interaction is present or not in a state. 
The new version of the output page has been improved in 

several ways. First, the structure viewer has been enhanced to 

reveal RING contacts and their associated details when fo- 
cusing on specific residues on the graph. Second, we created a 
probability contact map represented as a matrix highlighting 
interacting residue pairs and their likelihood of contact across 
multiple states. 

Third, we integrated a contact table that lists interacting 
residue pairs categorized by contact type, with probabilities 
for multi-state inputs. 

Notably, the structure viewer and the graph module can 

be customized, it is possible to filter the interactions that are 
displayed based on parameters like type, intra-chain or inter- 
chain designation, and interaction frequency for multi-state 
structures. 

Users can also adjust residue color schemes based on prop- 
erties such as chain, type, sequence position, secondary struc- 
ture (DSSP) assignment, and node degree. Notably, all com- 
ponents are tightly connected to each other enabling seamless 
navigation; selecting a residue or interaction in one compo- 
nent automatically highlights it across others, facilitating fo- 
cused analysis for users. 

The user can easily access and download various results,
including the original outputs generated by RING, its conver- 
sion into a network saved in JSON file format, SVG or high- 
resolution screenshots for other components, as well as tabu- 
lar exports for the contact maps and tables. 

Contact type distribution in PDB structures 

We downloaded from the PDB (updated to February 2024) 
all the structures with a resolution ≤1.6 Å, corresponding to 

31 229 PDB structures. We executed RING on all these struc- 
tures, and analyzed the distribution of contacts for different 
classes of interactions. In Table 1 , we reported the distribu- 
tion of contacts detected by RING, excluding results of PDB 

entries without protein chains, therefore limiting the analy- 
sis to 31 144 PDB structures, comprising 10 032 different 
proteins (different UniProt identifiers). For proteins, we ex- 
clusively consider standard amino acids, while for ligands, all 
non-amino acid entities are included, and for nucleic acids,
both DNA and RNA bases are encompassed. Instead of using 
the ‘auth_asym_id’ attribute, which corresponds to the chain 

identifier in the canonical PDB format, we opted to consider 
the value provided by the ‘label_asym_id’ attribute in the mm- 
CIF format as chain identifiers. This decision was made as the 
same chain identifier in the PDB format can be used to store 
different molecular entities that are not necessarily covalently 

https://perf.wiki.kernel.org
https://drmaatic.biocomputingup.it
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Table 1. Distribution of RING contacts in high-resolution PDB str uct ures 

Intra-chain Inter-chain 

Interaction partners AA-AA AA-Ligand ∧ AA-AA AA-Ligand AA-Nucleic acid 

Number of PDBs 30 244 3166 12 605 25 062 462 
Number of contacts 9 431 609 33 074 300 687 324 296 9311 
Hydrogen bond 8 442 301 89.5% 31 410 95.0% 229 295 76.3% 229 855 70.9% 8517 91.5% 

π- π stacking 620 405 6.6% 1475 4.5% 36 301 12.1% 33 175 10.2% 608 6.5% 

π-cation 87 262 0.9% 102 0.3% 7278 2.4% 2836 0.9% 180 1.9% 

Ionic bond 234 741 2.5% − − 25 025 8.3% − − − −
Disulfide 23 526 0.2% − − 890 0.3% − − − −
π-hydrogen bond* 23 374 0.2% 35 0.1% 1898 0.6% 962 0.3% 6 0.1% 

Halogen bond* − − 43 0.1% − − 831 0.3% − −
Metal ion coordination* − − − − − − 56 637 17.5% − −
Only contacts involving at least one amino acid (AA) as an interacting partner are reported. Each column represents distinct interaction partners, and it is 
indicated whether the interacting groups are in the same chain (Intra-chain) or different chains (Inter-chain). The ‘Number of PDBs’ refers to the total number 
of PDB structures in which the interaction has been observed. For categorized interactions, we also provide the fraction of contacts observed for each category. 
The statistics are derived by considering the ‘label_asym_id’ attribute in the mmCIF format as chain identifiers. (*) Interaction types introduced in the new 

version of the RING software. ( ∧ ) The intra-chain AA-Ligand column includes cases where standard amino acids interact with non-standard amino acids of 
the same chain. Currently, non-standard amino acids are automatically processed by RING as ligands. However, in the current implementation of RING, ionic 
bonds are detected only when amino acids are involved, and π-cation interactions are detected only when the cation is on the amino acid partner. Therefore, 
their contribution in ligand interactions is missing. 
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onded. By using the ‘label_asym_id’ attribute, we avoid the
otential pitfalls of inaccurate statistics and incorrect attribu-
ion of many inter-chain interactions to the intra-chain class.
oth the web server and the RING executable now offer the
ption to choose which field to consider for the selection of
he chain identifier. 

The analysis of non-covalent contacts across biomolecular
nteractions in Table 1 unveils notable trends. 

Hydrogen bonds emerge as ubiquitous as expected. The dif-
erence in the percentage of intra- and inter-chain AA–AA hy-
rogen bonds (89.5% and 76.3%) could be explained by the
ifferent roles of this type of interaction in different contexts.
ntra-chain hydrogen bonds are predominant in the stabiliza-
ion of secondary structure elements, whereas surface inter-
hain interactions in protein-protein complexes are stabilized
y a more heterogeneous set of contacts that include a signif-
cant fraction of π–π stacking (12.1%) and π–cation (2.4%)
ontacts among others. 
π–π stacking prominently characterizes both protein–

rotein (AA-AA) and protein–ligand (AA–ligand) inter-chain
nteractions, indicating their importance in the stabilization of
upramolecular complexes. 

Although the π–hydrogen bond is relatively uncommon
0.3%, inter-chain AA–ligand), its presence in interactions be-
ween proteins and ligands emphasizes its potential signif-
cance in stabilizing particular structural patterns. Protein–
igand π–π stacking and π–hydrogen bonds are now detected
y the new version of RING for the first time thanks to the
act that the software is now able to recognize aromatic rings
or all known PDB ligands. 

As an example, RING was able to detect a very rare π–
ydrogen contact between an amino acid of the 50S ribosomal
rotein L33 (PHE 39, label_asym_id / chain A) and a base of
 23S rRNA (G 2374, label_asym_id / chain BA) of the 8b0a
DB. 
Metal ion coordination stands out prominently in ligand

nteractions (AA–ligand) accounting for 17.5% of the total
nter-chain interactions. This highlights the significant role of
onic coordination in molecular recognition and binding. 

Finally, halogen bonds are extremely rare (0.3%) and only
bserved in protein–ligand interactions. 
Despite the great improvement in the classification of con-
tacts involving a ligand molecule, RING in its current imple-
mentation still presents some limitations. The software pro-
vides ionic bonds exclusively for amino acids, therefore ionic
contacts are not detected in protein–ligand complexes. More-
over, RING detects π–cation interactions only when the cation
is on the amino acid partner, therefore their abundance is un-
derestimated when a ligand is involved. 

In conclusion, the three new types of interactions intro-
duced (metal ion coordination, π–hydrogen bond and halogen
bond) expand RING capacity of investigating processes such
as molecular recognition and protein–ligand binding. 

Use case 

The use case studies reported below illustrate how the new
RING version can extract valuable biological information
from molecular interactions. 

The androgen receptor (AR) is a ligand-dependent tran-
scription factor involved in male sexual development and
the etiology of pancreatic cancer (PCa). Therefore, it is con-
sidered an excellent pharmacological target for the treat-
ment of prostate cancer. An X-ray crystallography study
(PDB code: 8e1a) of AR in complex with the antagonist
compound VPC14368 is presented in Figure 1 A. The recep-
tor comprises three main functional domains: an N-terminal
domain (NTD), a highly conserved DNA binding domain
(DBD), and a C-terminal ligand binding domain (LBD).
VPC14368 binds to the androgen binding site (ABS) located in
the LBD. 

RING generates a comprehensive network of interactions
between the protein and ligand, also expanding on intra-chain
protein-ligand interactions which were excluded in the pre-
vious version. This facilitates the study of molecular details
governing the AR-LBD ligand interaction (Figure 1 A). The
compound highlighted in the figure is stabilized in the bind-
ing pocket by a network of electrostatic interactions, includ-
ing van der Waals and aromatic interactions. The phenyl ring
of the ligand forms van der Waals interactions (gray) with
the surrounding side chains of M749, V746 and F764, estab-
lishing a π–π stack interaction (orange). The thiazole ring is
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Figure 1. Molecular insights into androgen receptor (AR) interactions calculated by RING 4.0. ( A ) AR-LBD complex with antagonist compound VPC14368 
(PDB code: 8e1a) highlights electrostatic, van der Waals, and aromatic interactions. ( B ) AR’s DNA-binding domain (DBD) bound to DNA (PDB code: 1r4i) 
sho w cases h y drogen bonding and π-cation interactions crucial f or DNA recognition. 
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stabilized by an electrostatic interaction with L704 and a π–π
stack with W741. Additionally, the morpholine group inter-
acts with the side chains of M780 and A877 via van der Waals
interactions (Figure 1 A). 

As a transcription factor, the androgen receptor, when
activated by endogenous ligands (testosterone and 5 α-
dihydrotestosterone (DHT)), translocates into the nucleus and
initiates the transcription of target genes. In Figure 1 B, the
crystallized structure of the AR DNA-Binding Domain bound
to the Direct Repeat Response Element (PDB code: 1r4i) is
depicted. An interaction involving the R568 residue includes
two hydrogen bonds (blue) with guanine and a π-cation inter-
action (green) with the underlying selected nitrogenous base,
adenine. Furthermore, the α-helix, colored in purple, is stabi-
lized by π–π stack interactions between the nitrogenous bases.

RING 4.0 not only provides information on protein-protein
interactions but also offers molecular details on protein-
ligand and protein-nucleic acid interactions. This informa-
tion can be utilized to study differences in endogenous
protein-ligand and protein-inhibitor interactions or guide the
structure-based design of new molecules targeting specific
proteins. 

Conclusions 

RING has become a milestone for generating the increasingly
popular residue interaction networks. The RING web inter-
face has been re-designed to provide a richer and more inter-
active user experience, with novel visualization aids as well as
more data. The help and about pages have been significantly 
expanded to cover the new features. 

This new version extends the previous server RING in sev- 
eral ways. First of all, the underlying software library has been 

carefully optimized to make the software about one order of 
magnitude faster than RING 3.0 (or about 100 times faster 
than RING 2.0). 

Usage of the complete PDB chemical component dictionary 
now provides the full range of 10 different non-covalent bond 

types for over 35 000 different chemical compounds including 
all known ligands. Of relevance, we have added π–hydrogen 

and halogen bonds as well as metal ion coordination types.
Together with tightened definitions for all other non-covalent 
bond types, RING 4.0 is now able to provide rich interac- 
tion networks for any combination of protein, nucleotides,
lipids, ligands and small molecules. RING aims to deepen our 
understanding of the intricate interplay of molecular forces 
in governing biomolecular stability and function, offering 
valuable insights for drug design and molecular engineering 
endeavors. 

The RING server is included in the Service Delivery Plan of 
ELIXIR-Italy, implying a strong commitment to its continued 

availability over the coming years. 

Data availability 

No new data were generated or analysed in support of this re- 
search. The web server, including extensive help and tutorials,
is available from URL: https:// ring.biocomputingup.it/ . 

https://ring.biocomputingup.it/
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