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Abstract

Structural information of protein-protein interactions is essential for characterization of life
processes at the molecular level. While a small fraction of known protein interactions has
experimentally determined structures, computational modeling of protein complexes (protein

docking) has to fill the gap. The DOCKGROUND resource (http://dockground.compbio.ku.edu)

provides a collection of datasets for the development and testing of protein docking techniques.
Currently, DOCKGROUND contains datasets for the bound and the unbound (experimentally
determined and simulated) protein structures, model-model complexes, docking decoys of
experimentally determined and modeled proteins, and templates for comparative docking. The
DOCKGROUND bound proteins dataset is a core set, from which other DOCKGROUND datasets are
generated. It is devised as a relational PostgreSQL database containing information on
experimentally determined protein-protein complexes. This report on the DOCKGROUND resource
describes current status of the datasets, new automated update procedures and further
development of the core datasets. We also present a new DOCKGROUND interactive web
interface, which allows search by various parameters, such as release date, multimeric state,
complex type, structure resolution, etc., visualization of the search results with a number of
customizable parameters, as well as downloadable datasets with pre-defined levels of

sequence and structure redundancy.

Significance

Proteins function by interacting with other molecules, including other proteins. Characterization
of these interactions is important for understanding mechanisms of life processes and improving
our ability to treat diseases. The DOCKGROUND public resource offers various datasets of protein
structures needed for the development and testing of the techniques for computational modeling

of protein interactions. In this report we present an update on the current DOCKGROUND release.


http://dockground.compbio.ku.edu/

Introduction

Proteins do not function in isolation but by interacting with other molecules, including other
proteins. Characterization of these interactions at the atomic level is essential for understanding
biomolecular mechanisms, and for gaining insights into possible ways to modulate them.
Protein-protein interactions (PPI) regulate many physiological processes and thus are important
drug targets. The number of known PPIs has increased dramatically over the past several
years. However, it is still difficult to experimentally determine the three-dimensional structure of
protein complexes. Experimental methods do not scale well with the increasingly large sets of
proteins and their interactions. Computational methods are needed to meet the demand of the
large-scale determination of protein interactions.” Computational structure prediction of protein-
protein complexes (protein docking) is an established way to accurately determine the
structures of protein-protein complexes.?

Recent advances in deep learning-based prediction of protein complexes® have propelled
the field to a new level. However, a number of significant challenges in the docking methodology
development still remain, such as antigen-antibody complexes, multiprotein assemblies, and
conformational ensembles of the interacting proteins. Current developments in the docking field
further emphasize the need for protein-protein datasets that can be used to train and to validate
data-driven and physics-based protein docking techniques. DOCKGROUND public resource

(http://dockground.compbio.ku.edu) offers various interconnected datasets of experimentally

determined and modeled structures suitable for the development and testing of various aspects
of protein docking. In this report we present an update of the current DOCKGROUND release,

focusing on the new developments of the basic data sets and user-oriented utilities.


http://dockground.compbio.ku.edu/

Database Content and Description

The DOCKGROUND resource currently consists of five integrated and interconnected categories

of the protein-protein datasets:

1.

Bound set - experimentally determined protein-protein complexes. The core set from
which other sets are derived.

Unbound sets - (a) experimentally determined and (b) simulated unbound protein
structures determined outside of the protein-protein complex, corresponding to the
structures in the Bound set. The sets are used for studies of conformational changes
upon binding and for benchmarking of the docking routines. The simulated unbound
proteins conformations deviate from the bound ones to the degree similar to that of the
experimentally determined structures.

Model-model complexes - modeled protein structures from protein-protein complexes at
different levels of structural accuracy, for benchmarking of the docking procedures
designed for the modeled proteins.

Docking decoys (scoring benchmarks) - sets of (a) experimentally determined and (b)
modeled protein structures in incorrect (decoys) and correct docking configurations for
development and validation of the scoring functions/procedures capable of
discriminating false-positive docking predictions.

Docking templates - experimentally determined structures of protein-protein complexes

for comparative protein docking.

Figure 1 shows the general logic of the connections between these sets. User-friendly web

interface provides a simple way to download current and previous versions of the pre-compiled

datasets as well as options for advanced search/generation of custom datasets, and

visualization of the search results.



Bound Proteins Set

The bound dataset of the experimentally determined protein-protein structures is the core set of
the DOCKGROUND resource. Most other DOCKGROUND sets are derived from it. There are various
other databases of experimentally determined protein-protein complexes.*'" The DOCKGROUND
bound set aims to distinguish itself in comprehensiveness, customizability, and integration with
various resources for the development and testing of docking techniques. Previously, the ad hoc
updates of the bound dataset had to be performed semi-manually, on an irregular basis. As a
result, many recent interesting structures have been missing in the DOCKGROUND releases,
reducing its utility for the research community. In this report, we present a major DOCKGROUND
development consisting of the comprehensive, fully automated update of the bound dataset,
which follows the weekly Protein Data Bank (PDB)'? updates. Since the previous
comprehensive DOCKGROUND report,' the bound set has increased from 215,363 to 667,331
interfaces and from 169,295 to 363,240 protein chains. Statistics on the complexes in the
current database are shown in Figure 2. New annotations have been made available for the
protein complexes such as membrane localization, presence of the disulfide bonds or nucleic
acids at the interface, and the initial release date. Protein complexes and the interacting

|."* Non-redundant

residues can now be visualized on the DOCKGROUND website using JSmo
datasets based on sequence or structure similarity criteria have been made available. The sets
are updated on a weekly basis.

The DOCKGROUND resource now contains a separate set of membrane protein complexes.
Despite their essential role in cellular mechanisms and significant progress in the structure
determination of the membrane proteins, such complexes are still significantly underrepresented
in PDB. Thus, computational approaches to prediction of membrane protein complexes are
especially valuable. The generic protein docking approaches, developed primarily for the

soluble proteins, are not well-suited for the membrane proteins because of the differences in

physicochemical environment and the constraints on the docking space imposed by the



membrane.' The current DOCKGROUND resource contains a dataset of 456 non-redundant
alpha helical binary interfaces,'® which is significantly larger and more representative than the
previously developed sets. The set will become the foundation for the development of docking

and scoring benchmarks, similar to the ones for the soluble proteins.

Benchmark Sets and Tools for Docking

Datasets of unbound proteins corresponding to the complexes of bound proteins are important
for the development and testing of the protein docking procedures. The DOCKGROUND unbound
set is an integral part of the resource and the basis for docking decoy sets of the unbound
proteins. The most recent Docking Benchmark set 4 contains 396 protein-protein complexes
(223 complexes consisting of single-chain monomers, and the rest containing one or both
protein subunits consisting of two or more chains).

The number of proteins determined experimentally in both bound and unbound
conformation is relatively small. Thus, a significant expansion of such set can be achieved by
computational simulation. DOCKGROUND set of such simulated structures contains 3,205 single
protein chains from 1,918 complexes. Proteins were selected from the bound set and subjected
to 1 ns Langevin dynamics simulation. The simulated unbound structures were selected
according to criteria derived from comparison of experimentally determined unbound vs. bound
proteins.'’

DOCKGROUND also provides carefully curated sets of representative modeled structures of
proteins with arrays of varying structural accuracy. The most recent comprehensive sets of
protein models for the development and validation of protein docking'® reflect the real case
docking scenario where the accuracy of the protein models is assessed by the modeling
procedure, without reference to the native structure, which would be unknown in practical

applications. The protein models were generated by the Phyre modeling pipeline,'® with



accuracy assessed by the Phyre ranks, for 171 and 963 binary protein complexes from the
DOCKGROUND docking benchmark set 4 and GWIDD database,?® respectively.

Scoring procedures, essential for docking, are assessed on scoring benchmarks - sets of
docking poses, some of which are close to the native structure and the rest are false-positive
matches (decoys). DOCKGROUND provides two such sets for the unbound experimentally
determined proteins structures - the first set consisting of 99 non-native and one near-native
match for 61 unbound complexes in the Docking Benchmark 2, and a larger decoy set derived
from 396 unbound complexes in DOCKGROUND Docking Benchmark 4. In addition,
DOCKGROUND provides a set based on protein models from the DOCKGROUND Model - Model
Benchmark 2. The docking decoys were designed to reflect the reality of the real case docking
applications with regard to the spatial distribution of matches and their energy balance.

Comparative (homology) protein docking relies on sequence or structure similarity of the
docking targets to the available templates (experimentally determined structures of protein-
protein complexes).?’?* The key to successful template-based docking is the availability of high
quality, diverse, non-redundant template libraries. Generating a high-quality template library is
more complicated than simply selecting all pairwise protein-protein complexes from PDB.
Although such selection would result in a full set of currently known structures, such structures
would be highly redundant and thus, could bias the docking predictions, as well as decrease
computational efficiency of the docking procedures. They also would include many erroneous,
low-quality, and/or biologically irrelevant structures.??” Generally, research groups developing
comparative docking techniques generate their own template libraries by filtering the PDB for
relevant interactions, which complicates a fair comparison of these methodologies. The
DOCKGROUND resource contains sets of full and interface-only protein structures determined
within a protein-protein complex for use as templates in homology docking. The input proteins

were those with the structural resolution 3.5 A and better (for X-ray and EM structures) and the



first models in the NMR structures. Pairs of chains were compared by MM-align program,? and

redundancy removed with MM-score threshold 0.9.

Update Procedures and Development of the Core Dataset
In the current DOCKGROUND release the update procedures are implemented for the Bound set.
These will be followed by the update procedures in the other DOCKGROUND sets in the future
releases.

Details of the initial procedure for generation of the bound set were published earlier.'26-2°
Here we provide a brief summary and a description of changes that have been made since
then. The bound dataset is derived from the PDB biounit files, filtered, annotated, and inserted
into a relational PostgreSQL database. The structures in the database are organized into
pairwise complexes (binary combination of two chains within the same protein structure with a
mean buried area > 250 A? at the interface). We filtered out pairwise combinations that only
contain alpha-carbon atoms, those with the resolution lower than 6.0 A, with chains containing
invalid residues, and/or have one or both chains with < 30 residues. Entries were annotated with
relevant information such as presence of ligands, DNA or RNA at the interface, membrane
localization, etc. Statistics on the protein entries in the DOCKGROUND annotated with various
attributes are in Table 1. Users can download the whole dataset or generate a subset resulting
from various search parameters on the “Bound -> Build Database” portion of the DOCKGROUND
webpage (Figure 3). The sets can be downloaded in a tab delimited format. Figure 4 shows a
fragment of the search results page. Changes have been made to the initial generation
procedure for adding new structures. In addition to the structures derived from the X-ray
crystallography, structures from electron microscopy and solution NMR can also be added to
the custom sets. Structures are annotated and can be searched for by the initial release date.

Each protein-protein complex and its interacting residues can be visualized using JSmol™



interface (Figure 5). The bound database updates on a weekly basis, following the weekly PDB

update, and takes 2 - 3 hours to complete.

Redundancy Reduction

Redundancy can be removed between structures of the bound dataset using sequence and
structure similarity criteria. On the search result page for the bound dataset, users can reduce
the custom bound dataset by selecting the reduction method (by sequence or by structure
similarity), and the redundancy cutoff. Currently, we offer precomputed datasets for three levels
of the sequence redundancy and two levels of the structure redundancy. These reduced
datasets are also updated on a weekly basis.

To generate the sequence-based non-redundant dataset, NCBI Blast® is used on all
unique protein chains in the bound protein database. Chains with the sequence identity above a
certain cutoff (30, 40, and 50%) are clustered using highly connected subgraphs (HCS).*'
Clusters of pairwise complexes are constructed from the chain clusters by grouping together
pairs of chains that come from the same chain clusters (e.g., if chains A and B come from the
chain cluster N and chains C and D come from the chain cluster M, then pairwise combinations
AC, AD, BC and BD, if they exist, would belong to the pairwise cluster NM, while combinations
AA and AB would belong to the pairwise cluster NN). Examples of pairwise clusters at a 30%
sequence identity are shown in Figure 6. Most clusters have 1 - 10 members, but a few clusters
have a very large occupancy. Relative frequency of cluster sizes, with the cutoff for redundancy
removal 30% sequence identity, is shown in Figure 7.

To generate non-redundant datasets based on the structure similarity, we use Foldseek®?
first, to filter out structures with very low structural similarity between protein chains. Foldseek
converts 3D structure into a one-dimensional “structural alphabet” to compare structures very
quickly using a sequence-alignment-like algorithm. Similar chains are clustered using HCS®' at

a fraction identity score 0.30 (a metric used by Foldseek similar to the sequence identity), and



then sorted into clusters of pairwise complexes. Each member of the clusters of the pairwise
complexes is validated using MM-align. Members of the cluster are removed and split into a
new cluster if their structural similarity falls below the clustering cutoff. Representative sets are
available with TM-score clustering cutoffs 0.6 and 0.9. An example of a pairwise cluster at 0.6
and 0.9 TM-score cutoffs is shown in Figure 8. Similar to the clusters from the sequence
alignment, most clusters from the structure alignment have 1 - 10 members. A few clusters have
a large occupancy, with the largest having > 500 members. The frequency of the cluster sizes

with the structure similarity cutoff TM-score 0.6 is shown in Figure 9.

Concluding Remarks and Future Development

DOCKGROUND is a comprehensive public resource for studying protein-protein recognition and
structural modeling of protein complexes. It contains integrated datasets for development and
testing of the key aspects of the protein docking methodologies. The current datasets include a
database of experimentally determined bound protein-protein complexes, datasets of
experimentally determined and simulated unbound structures, model-model docking benchmark
sets, docking decoys of experimentally determined and modeled protein structures, and sets of
templates for comparative protein docking. All sets are available for the download through a

user-friendly interface on the DOCKGROUND website at http://dockground.compbio.ku.edu.

The bound database is the core part of the DOCKGROUND from which the other datasets
are derived. It updates automatically on a weekly basis with new and updated structures from
the PDB. A number of the other datasets within DOCKGROUND are updated less frequently and
have little or no automation. A major part of the future development will be creating automated
procedures for the updates to the other DOCKGROUND datasets. The bound database can be
searched in order to generate custom protein-protein datasets. It can be reduced using either
sequence or structural similarity with several pre-defined cutoffs. In the future DOCKGROUND

releases we plan to let users specify custom cutoffs for the redundancy reduction, and make

10
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clusters of the redundant structures available, along with the datasets of representative non-
redundant structures. This can serve, for example, as a tool for studying multiple protein
conformations. We also plan to implement interfaces for generating custom sets for the other
DOCKGROUND datasets, similar to those for the bound database.

Future development will involve larger sets of unbound (simulated) structures, and the sets
of unbound and modeled structures for multimeric assembly (beyond the pairwise docking). A
major expansion of the sets will be achieved by including structures predicted by AlphaFold.
The docking decoy sets will be significantly increased in size to become more adequate to the
real-case docking scenarios. We will develop automatic procedure for splitting of the sets into
training and testing subsets, which would exclude similarity between the training and testing
structures above certain sequence identity or structure similarity thresholds. We will add new
datasets for modeling of protein complexes, such as libraries of rotamers and rotamer—rotamer
transition probabilities.** The DOCKGROUND resource will expand to include other
macromolecular complexes (protein-RNA, protein-DNA). It will be also integrated with other
resources performing related functions, such as docking and mapping of the intermolecular

energy landscapes.
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TABLES

Table 1. Statistics on protein entries in DOCKGROUND annotated with various attributes

Attribute Number of Entries Fraction of Entries®
Disulfide Bond at Interface 7,360 0.011
DNA/RNA at Interface 125,033 0.187
Membrane 102,751 0.154
Ligand at Interface 452,751 0.678

@With respect to the total number of interfaces (667,331).



FIGURES
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Models

Figure 1. DOCKGROUND datasets and connections between them.
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DOCKGROUND
Build Database

Build a database of pairwise interactions from experimental structures of protein-protein complexes
(complexes are represented by 2 interacting chains from PDB entry)

FOCUS ON ONE PDB CODE: (4 characters eg, 1avz)

Lookup PDB

OR

FILTERS FOR PDB ENTRIES:

Resolution (A): Maximal resolution
Multimeric state: @ Minimal (= 2)

Maximal
Release Date: @ 05/19/1976 StartDate Safari Users on MacOS:

10/18/2022 End Date The text of the dates can be directly modified without using the date picker.

Complex type: @ (2]

FILTERS FOR INTERFACES:

Mean area buried / chain (A%): @ Minimal (= 250)
Maximal
Number of Interface Residues: Minimal number
Start Search

Search results will max out at 200,000 results to avoid overloading the server. The full set of pairwise interactions can be downloaded below.

Due to a current error related to CIF file formatting within the RSCB, there may be relevant structures missing from the database.

OR

Download all pairwise interactions in the DockGrouNnD database as a compressed CSV file (8.8MB, 703193 complexes).

Figure 3. The search form for the Bound database. Users can search for a specific PDB code

or search using various filters.
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Figure 4. A fragment of the search results of the Bound database.
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DockGrounD Tavz: V-1 NEF PROTEIN IN COMPLEX WITH WILD TYPE FYN SH3 DOMAIN
Atomic Structure Methodology: X-RAY DIFFRACTION
Chain B, Model 1 (151 residues) - UniProt Id; P03406
Chain C, Model 1 (57 residues) - UniProt Id; P06241

Show interface residues for chain B, model 1 (show/hide all )

®@THR 71 f@PRO 72 @®GLN 73 [@@VAL 74 @MPRO 75
®TRP 113 [M@THR 117 @GLN 118 [ETYR 120

Show interface residues for chain C, model 1 (show/hide all E):

®@TYR 91 [@ASP 92 M@TYR 93 MGLU 94 [MARG 96
@ASN 136 ETYR 137

Note: Not all complexes are manually curated.

Jmol: an open-source Java viewer for chemical structures in 3D. http://www jmol.org/

LEU 76

ETHR 97

ARG 77

MmGLU 98

Lys 82

ASP 99

Show:
Chain B, Model 1

Chain C, Model 1
[] Other chains

Interface:
@® Cartoon

O Sticks
O Spacefill

O Surface (may take a few seconds to generate)

®ALA 83 MASP 86 WLEU 87 [PHE 90

MASP 100 @ASP 118 ETRP 119 E@PRO 134

Figure 5. An example of a protein-protein complex visualized on the DOCKGROUND website

using JSmol. The two chains are in blue and red, and their interacting residues are in yellow and

green. Their interacting residues are listed at the bottom and can be displayed or hidden by

checking the box next to their name.
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Figure 6. Examples of clusters of redundant pairwise complexes. The cutoff for the redundance

removal is 30% sequence identity.
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TM score > 0.6 TM score > 0.9

Figure 8. Clusters of redundant structures with the same representative complex at different

structure similarity cutoffs.
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Figure 9. Relative frequency of cluster sizes. The structure similarity cutoff is TM-score 0.6.
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