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2. Overall Objectives

2.1. Computational Challenges in Structural Biology

Many of the processes within living organisms can be studied and understood in terms of biochemical
interactions between large macromolecules such as DNA, RNA, and proteins. To a first approximation, DNA
and RNA may be considered to encode the blueprint for life, whereas proteins make up the three-dimensional
(3D) molecular machinery. Many biological processes are governed by complex systems of proteins which
interact cooperatively to regulate the chemical composition within a cell or to carry out a wide range of
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biochemical processes such as photosynthesis, metabolism, and cell signalling, for example. It is becoming
increasingly feasible to isolate and characterise some of the individual protein components of such systems,
but it still remains extremely difficult to achieve detailed models of how these complex systems actually work.
Consequently, a new multidisciplinary approach called integrative structural biology has emerged which aims
to bring together experimental data from a wide range of sources and resolution scales in order to meet this
challenge [57], [42].

Understanding how biological systems work at the level of 3D molecular structures presents fascinating
challenges for biologists and computer scientists alike. Despite being made from a small set of simple
chemical building blocks, protein molecules have a remarkable ability to self-assemble into complex molecular
machines which carry out very specific biological processes. As such, these molecular machines may be
considered as complex systems because their properties are much greater than the sum of the properties of
their component parts.

The overall objective of the Capsid team is to develop algorithms and software to help study biological systems
and phenomena from a structural point of view. In particular, the team aims to develop algorithms which
can help to model the structures of large multi-component biomolecular machines and to develop tools and
techniques to represent and mine knowledge of the 3D shapes of proteins and protein-protein interactions.
Thus, a unifying theme of the team is to tackle the recurring problem of representing and reasoning about large
3D macromolecular shapes. More specifically, our aim is to develop computational techniques to represent,
analyse, and compare the shapes and interactions of protein molecules in order to help better understand how
their 3D structures relate to their biological function. In summary, the Capsid team focuses on the following
closely related topics in structural bioinformatics:

e new approaches for knowledge discovery in structural databases,
e integrative multi-component assembly and modeling.

As indicated above, structural biology is largely concerned with determining the 3D atomic structures of
proteins, and then using these structures to study their biological properties and interactions. Each of these
activities can be extremely time-consuming. Solving the 3D structure of even a single protein using X-ray
crystallography or nuclear magnetic resonance (NMR) spectroscopy can often take many months or even
years of effort. Even simulating the interaction between two proteins using a detailed atomistic molecular
dynamics simulation can consume many thousands of CPU-hours. While most X-ray crystallographers, NMR
spectroscopists, and molecular modelers often use conventional sequence and structure alignment tools to help
propose initial structural models through the homology principle, they often study only individual structures
or interactions at a time. Due to the difficulties outlined above, only relatively few research groups are able to
solve the structures of large multi-component systems.

Similarly, most current algorithms for comparing protein structures, and especially those for modeling protein
interactions, work only at the pair-wise level. Of course, such calculations may be accelerated considerably by
using dynamic programming (DP) or fast Fourier transform (FFT) techniques. However, it remains extremely
challenging to scale up these techniques to model multi-component systems. For example, the use of high
performance computing (HPC) facilities may be used to accelerate arithmetically intensive shape-matching
calculations, but this generally does not help solve the fundamentally combinatorial nature of many multi-
component problems. It is therefore necessary to devise heuristic hybrid approaches which can be tailored to
exploit various sources of domain knowledge. We therefore set ourselves the following main computational
objectives:

e classify and mine protein structures and protein-protein interactions,

e develop multi-component assembly techniques for integrative structural biology.

3. Research Program

3.1. Classifying and Mining Protein Structures and Protein Interactions
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Context

The scientific discovery process is very often based on cycles of measurement, classification, and generali-
sation. It is easy to argue that this is especially true in the biological sciences. The proteins that exist today
represent the molecular product of some three billion years of evolution. Therefore, comparing protein se-
quences and structures is important for understanding their functional and evolutionary relationships [54],
[32]. There is now overwhelming evidence that all living organisms and many biological processes share a
common ancestry in the tree of life. Historically, much of bioinformatics research has focused on developing
mathematical and statistical algorithms to process, analyse, annotate, and compare protein and DNA sequences
because such sequences represent the primary form of information in biological systems. However, there is
growing evidence that structure-based methods can help to predict networks of protein-protein interactions
(PPIs) with greater accuracy than those which do not use structural evidence [37], [5S9]. Therefore, develop-
ing techniques which can mine knowledge of protein structures and their interactions is an important way to
enhance our knowledge of biology [24].

Quantifying Structural Similarity

Often, proteins may be divided into modular sub-units called domains, which can be associated with specific
biological functions. Thus, a protein domain may be considered as the evolutionary unit of biological structure
and function [58]. However, while it is well known that the 3D structures of protein domains are often more
evolutionarily conserved than their one-dimensional (1D) amino acid sequences, comparing 3D structures
is much more difficult than comparing 1D sequences. However, until recently, most evolutionary studies of
proteins have compared and clustered 1D amino acid and nucleotide sequences rather than 3D molecular
structures.

A pre-requisite for the accurate comparison of protein structures is to have a reliable method for quantifying
the structural similarity between pairs of proteins. We recently developed a new protein structure alignment
program called Kpax which combines an efficient dynamic programming based scoring function with a simple
but novel Gaussian representation of protein backbone shape [7]. This means that we can now quantitatively
compare 3D protein domains at a similar rate to throughput to conventional protein sequence comparison
algorithms. We recently compared Kpax with a large number of other structure alignment programs, and we
found Kpax to be the fastest and amongst the most accurate, in a CATH family recognition test [39]. The latest
version of Kpax (manuscript in review) can calculate multiple flexible alignments, and thus promises to avoid
such issues when comparing more distantly related protein folds and fold families.

Formalising and Exploiting Domain Knowledge

Concerning protein structure classification, we aim to explore novel classification paradigms to circumvent
the problems encountered with existing hierarchical classifications of protein folds and domains. In particular
it will be interesting to set up fuzzy clustering methods taking advantage of our previous work on gene
functional classification [25], but instead using Kpax domain-domain similarity matrices. A non-trivial issue
with fuzzy clustering is how to handle similarity rather than mathematical distance matrices, and how to find
the optimal number of clusters, especially when using a non-Euclidean similarity measure. We will adapt the
algorithms and the calculation of quality indices to the Kpax similarity measure. More fundamentally, it will
be necessary to integrate this classification step in the more general process leading from data to knowledge
called Knowledge Discovery in Databases (KDD) [29].

Another example where domain knowledge can be useful is during result interpretation: several sources of
knowledge have to be used to explicitly characterise each cluster and to help decide its validity. Thus, it
will be useful to be able to express data models, patterns, and rules in a common formalism using a defined
vocabulary for concepts and relationships. Existing approaches such as the Molecular Interaction (MI) format
[33] developed by the Human Genome Organization (HUGO) mostly address the experimental wet lab aspects
leading to data production and curation [44]. A different point of view is represented in the Interaction Network
Ontology (INO; http://www.ino-ontology.org/ which is a community-driven ontology that is being developed
to standardise and integrate data on interaction networks and to support computer-assisted reasoning [60].
However, this ontology does not integrate basic 3D concepts and structural relationships. Therefore, extending
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such formalisms and symbolic relationships will be beneficial, if not essential, when classifying the 3D shapes
of proteins at the domain family level.

3.1.4. 3D Protein Domain Annotation and Shape Mining

A widely used collection of protein domain families is “Pfam” [28], constructed from multiple alignments
of protein sequences. Integrating domain-domain similarity measures with knowledge about domain binding
sites, as introduced by us in our KBDOCK approach [1], [3], can help in selecting interesting subsets of
domain pairs before clustering. Thanks to our KBDOCK and Kpax projects, we already have a rich set of
tools with which we can start to process and compare all known protein structures and PPIs according to
their component Pfam domains. Linking this new classification to the latest “SIFTS” (Structure Integration
with Function, Taxonomy and Sequence) [56] functional annotations between standard Uniprot (http://www.
uniprot.org/ sequence identifiers and protein structures from the Protein Databank (PDB) [23] could then
provide a useful way to discover new structural and functional relationships which are difficult to detect in
existing classification schemes such as CATH or SCOP. As part of the thesis project of Seyed Alborzi, we
have made good progress in this area by developing a recommender-based data mining technique to associate
enzyme classification code numbers with Pfam domains using our recently developed EC-DomainMiner
program [19].

3.2. Integrative Multi-Component Assembly and Modeling
3.2.1. Context

At the molecular level, each PPI is embodied by a physical 3D protein-protein interface. Therefore, if the
3D structures of a pair of interacting proteins are known, it should in principle be possible for a docking
algorithm to use this knowledge to predict the structure of the complex. However, modeling protein flexibility
accurately during docking is very computationally expensive due to the very large number of internal degrees
of freedom in each protein, associated with twisting motions around covalent bonds. Therefore, it is highly
impractical to use detailed force-field or geometric representations in a brute-force docking search. Instead,
most protein docking algorithms use fast heuristic methods to perform an initial rigid-body search in order
to locate a relatively small number of candidate binding orientations, and these are then refined using a
more expensive interaction potential or force-field model, which might also include flexible refinement using
molecular dynamics (MD), for example.

3.2.2. Polar Fourier Docking Correlations

In our Hex protein docking program [48], the shape of a protein molecule is represented using polar Fourier
series expansions of the form

U(&) = ZanlmRnl(r)ylm(97 ¢)7 (1)

nlm

where o(z) is a 3D shape-density function, a,;,, are the expansion coefficients, R,;(r) are orthonormal
Gauss-Laguerre polynomials and y;,,, (6, ¢) are the real spherical harmonics. The electrostatic potential, ¢(z),
and charge density, p(z), of a protein may be represented using similar expansions. Such representations allow
the in vacuo electrostatic interaction energy between two proteins, A and B, to be calculated as [35]

E= %/¢A(§)PB(£)dQ+ % /qﬁB(@)pA(g)dg. 2
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This equation demonstrates using the notion of overlap between 3D scalar quantities to give a physics-based
scoring function. If the aim is to find the configuration that gives the most favourable interaction energy,
then it is necessary to perform a six-dimensional search in the space of available rotational and translational
degrees of freedom. By re-writing the polar Fourier expansions using complex spherical harmonics, we showed
previously that fast Fourier transform (FFT) techniques may be used to accelerate the search in up to five of
the six degrees of freedom [49]. Furthermore, we also showed that such calculations may be accelerated
dramatically on modern graphics processor units [8], [6]. Consequently, we are continuing to explore new
ways to exploit the polar Fourier approach.

3.2.3. Assembling Symmetrical Protein Complexes

3.2.4.

Although protein-protein docking algorithms are improving [50], [38], it still remains challenging to produce
a high resolution 3D model of a protein complex using ab initio techniques, mainly due to the problem of
structural flexibility described above. However, with the aid of even just one simple constraint on the docking
search space, the quality of docking predictions can improve dramatically [49][8]. In particular, many protein
complexes involve symmetric arrangements of one or more sub-units, and the presence of symmetry may be
exploiteAd to reAduce the search space considerably [22], [47], [53]. For example, using our operator notation (in
which R and T represent 3D rotation and translation operators, respectively), we have developed an algorithm
which can generate and score candidate docking orientations for monomers that assemble into cyclic (C,)
multimers using 3D integrals of the form

Ean(y.0.0.7) = [ [10.5.0R(a.5.7)0()] x [R(0.0.0)70.5.0) R0, 1)pn(e)| dz. - @)

where the identical monomers A and B are initially placed at the origin, and w,, = 27 /n is the rotation about
the principal n-fold symmetry axis. This example shows that complexes with cyclic symmetry have just 4
rigid body DOFs, compared to 6(n — 1) DOFs for non-symmetrical n-mers. We have generalised these ideas
in order to model protein complexes that crystallise into any of the naturally occurring point group symmetries
(Ch, Dy, T, O, I). Although we currently use shape-based FFT correlations, the symmetry operator technique
may equally be used to refine candidate solutions using a more accurate CG force-field scoring function.

Coarse-Grained Models

Many approaches have been proposed in the literature to take into account protein flexibility during docking.
The most thorough methods rely on expensive atomistic simulations using MD. However, much of a MD
trajectory is unlikely to be relevant to a docking encounter unless it is constrained to explore a putative protein-
protein interface. Consequently, MD is normally only used to refine a small number of candidate rigid body
docking poses. A much faster, but more approximate method is to use coarse-grained (CG) normal mode
analysis (NMA) techniques to reduce the number of flexible degrees of freedom to just one or a handful
of the most significant vibrational modes [43], [26], [40], [41]. In our experience, docking ensembles of
NMA conformations does not give much improvement over basic FFT-based soft docking [9], and it is very
computationally expensive to use side-chain repacking to refine candidate soft docking poses [2].

In the last few years, CG force-field models have become increasingly popular in the MD community because
they allow very large biomolecular systems to be simulated using conventional MD programs [21]. Typically,
a CG force-field representation replaces the atoms in each amino acid with from 2 to 4 “pseudo-atoms”,
and it assigns each pseudo-atom a small number of parameters to represent its chemo-physical properties.
By directly attacking the quadratic nature of pair-wise energy functions, coarse-graining can speed up MD
simulations by up to three orders of magnitude. Nonetheless, such CG models can still produce useful
models of very large multi-component assemblies [52]. Furthermore, this kind of coarse-graining effectively
integrates out many of the internal DOFs to leave a smoother but still physically realistic energy surface [34].
We are therefore developing a “coarse-grained” scoring function for fast protein-protein docking and multi-
component assembly.



6 Activity Report INRIA 2015

3.2.5. Assembling Multi-Component Complexes and Integrative Structure Modeling

We also want to develop related approaches for integrative structure modeling using cryo-electron microscopy
(cryo-EM). Thanks to recently developments in cryo-EM instruments and technologies, its is now feasible to
capture low resolution images of very large macromolecular machines. However, while such developments
offer the intriguing prospect of being able to trap biological systems in unprecedented levels of detail, there
will also come an increasing need to analyse, annotate, and interpret the enormous volumes of data that will
soon flow from the latest instruments. In particular, a new challenge that is emerging is how to fit previously
solved high resolution protein structures into low resolution cryo-EM density maps. However, the problem
here is that large molecular machines will have multiple sub-components, some of which will be unknown,
and many of which will fit each part of the map almost equally well. Thus, the general problem of building
high resolution 3D models from cryo-EM data is like building a complex 3D jigsaw puzzle in which several
pieces may be unknown or missing, and none of which will fit perfectly. Although we do not have precise
roadmap to a solution for the multi-component assembly problem, we wish to proceed firstly by putting more
emphasis on the single-body terms in the scoring function, and secondly by using fast CG representations and
knowledge-based distance restraints to prune large regions of the search space.

4. Application Domains

4.1. Biomedical Knowledge Discovery
Participants: Marie-Dominique Devignes [contact person], David Ritchie.

This project is in collaboration with the Orpailleur Team.

Increasing amounts of biomedical data provided as Linked Open Data (LOD) offer novel opportunities for
knowledge discovery in biomedicine. We published an approach for selecting, integrating, and mining LOD
with the goal of discovering genes responsible for a disease [46]. The selection step relies on a set of choices
made by a domain expert to isolate relevant pieces of LOD. Because these pieces are potentially not linked,
an integration step is required to connect unlinked pieces. The resulting graph is subsequently mined using
Inductive Logic Programming (ILP) that presents two main advantages. First, the input format compliant with
ILP (first order logic) is close to the format of LOD (RDF triples). Second, domain knowledge can be added
to this input and used during the induction step. We have applied this approach to the characterization of genes
responsible for intellectual disability. For this real-world use case, we could evaluate ILP results and assess the
contribution of domain knowledge. Our ongoing efforts explore how the combination of rules coming from
distinct theories can improve the prediction accuracy [45], [55].

4.2. Prokaryotic Type IV Secretion Systems

Participants: Marie-Dominique Devignes [contact person], Bernard Maigret, David Ritchie.

Prokaryotic type IV secretion systems constitute a fascinating example of a family of nanomachines capable
of translocating DNA and protein molecules through the cell membrane from one cell to another [20]. The
complete system involves at least 12 proteins. The structure of the core channel involving three of these
proteins has recently been determined by cryo-EM experiments [30], [51]. However, the detailed nature of
the interactions between the remaining components and those of the core channel remains to be resolved.
Therefore, these secretion systems represent another family of complex biological systems (scales 2 and 3)
that call for integrated modeling approaches to fully understand their machinery.
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In the frame of the MBI platform (see Section 6.8), MD Devignes has initiated a collaboration with
Nathalie Leblond of the Genome Dynamics and Microbial Adaptation (DynAMic) laboratory (UMR 1128,
Université de Lorraine, INRA) on the discovery of new integrative conjugative elements (ICEs) and integrative
mobilisable elements (IMEs) in prokaryotic genomes. These elements use Type IV secretion systems for
transferring DNA horizontally from one cell to another. We have discovered more than 40 new ICEs/IMEs
by systematic exploration of 72 Streptococcus genome. As these elements encode all or a subset of the
components of the Type IV secretion system, they constitute a valuable source of sequence data and constraints
for modeling these systems in 3D. Another interesting aspect of this particular system is that unlike other
secretion systems, the Type IV secretion systems are not restricted to a particular group of bacteria.

4.3. G-protein Coupled Receptors

Participants: Bernard Maigret [contact person], David Ritchie, Vincent Leroux, Ana Carolline Toledo.

G-protein coupled receptors (GPCRs) are cell surface proteins which detect chemical signals outside a cell
and which transform these signals into a cascade of cellular changes. Historically, the most well documented
signaling cascade is the one driven by G-proteins trimers (guanine nucleotide binding proteins) [31] which
ultimately regulate many cellular processes such as transcription, enzyme activity, and homeostatis, for
example. But other pathways have recently been associated with the signals triggered by GPCRs, involving
other proteins such as arrestins and kinases which drive other important cellular activities. For example, (-
arrestin activation can block GPCR-mediated apoptosis (cell death). Malfunctions in such processes are related
to diseases such as diabetes, neurological disorders, cardiovascular disease, and cancer. Thus, GPCRs are one
of the main protein families targeted by therapeutic drugs [27] and the focus of much bio-medical research.
Indeed, approximately 40-50% of current therapeutic molecules target GPCRs. However, despite enormous
efforts, the main difficulty here is the lack of experimentally solved 3D structures for most GPCRs. Hence,
computational modeling tools are widely recognized as necessary to help understand GPCR functioning and
thus biomedical innovation and drug design.

S. Highlights of the Year

5.1. Highlights of the Year

Large ANR Grant - Investissements d’ Avenirs

Marie-Dominique Devignes and Malika Smail-Tabbone (Orpailleur Team) coordinated a work-package on
network-based science for the project “FIGHT_HF” (Fight Heart Failure) that was submitted by Nancy
University Hospital’s Federation “CARTAGE” (http://www.fhu-cartage.com/) to the ANR “Investissements
d’Avenirs” programme. This project aims to discover novel mechanisms for heart failure and to propose
decision support for precision medicine. The project has been granted € 9M.

Journal Front Cover

A figure from our article in the Journal of Chemical Information and Modeling [15] was used to illustrate the
front cover of the August issue of the journal.

6. New Software and Platforms

6.1. Kpax

KEYWORDS: Protein Structure Alignment
SCIENTIFIC DESCRIPTION

Kpax is a program for flexibly aligning two or more protein structures and for searching databases of protein
structures.
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FUNCTIONAL DESCRIPTION

The Kpax program exploits the fact that each amino acid residue has a carbon atom with a highly predictable
tetrahedral geometry. This allows the local environment of each residue to be transformed into a canonical
orientation, thus allowing easy comparison between the canonical orientations of residues within pairs of
proteins using a novel scoring function based on Gaussian overlaps. Kpax is now used by the KBDOCK
web server [3] to find structural templates for docking which might be beyond the reach of sequence-based
homology modeling approaches. In 2015, the Kpax program was extended to allow the flexible alignment
and superposition of multiple protein structures, and a new multiple alignment quality measure has been
developed. According to this quality measure, Kpax gives higher quality multiple structural alignments than
all other published approaches. A journal article describing these new developments is under review.
e Contact: David Ritchie

e  URL: http://kpax.loria.fr

6.2. KBDOCK

KEYWORDS: Protein Binding Sites
SCIENTIFIC DESCRIPTION

KBDOCK is a database of all known protein-protein interactions that have experimentally determined 3D
structures. In 2015, we used the latest version of KBDOCK in several rounds of the community-wide “CAPRI”
blind docking experiment [36]. A journal article has been accepted for publication in Proteins.

FUNCTIONAL DESCRIPTION

KBDOCK combines coordinate data from the PDB with the Pfam protein domain family classification [28] in
order to describe and analyze all known protein-protein interactions for which the 3D structures are available.

e Contact: David Ritchie
e  URL: http://kbdock.loria.fr

6.3. Hex

KEYWORDS: Protein Docking - 3D rendering - 3D interaction
SCIENTIFIC DESCRIPTION

Hex is an interactive protein docking and molecular superposition program. The underlying approach uses
our polar Fourier correlation technique to accelerate the search for close-fitting orientations of the two protein
molecules.

FUNCTIONAL DESCRIPTION

Hex understands protein and DNA structures in PDB format, and it can also read small-molecule SDF files.
Hex will run on most Windows, Linux and Mac OS X computers. The recent versions include CUDA support
for Nvidia GPUs. On a modern workstation, docking times range from a few minutes or less when the search
is constrained to known binding sites, to about half an hour for a blind global search (or just a few seconds
with CUDA). On multi-processor Linux systems, docking calculation times can be reduced in almost direct
proportion to the number of CPUs and GPUs used. In 2015, the Hex code base was re-organised to separate
the GUI and computational components into separate libraries. The computational library is now used in our
Sam and Kpax software.

e Contact: David Ritchie
e URL: http://hex.loria.fr

6.4. Sam

KEYWORDS: Protein Symmetry Assembly - Protein Docking
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SCIENTIFIC DESCRIPTION

Sam is a program for building models of protein complexes having arbitrary point group symmetry. The Sam
program was developed in the frame of the ANR “PEPSI” project with The Nano-D team at Inria Grenoble
— Rone Alpes. A journal article describing Sam has been accepted for publication in the Journal of Applied
Crystallography [16].

FUNCTIONAL DESCRIPTION

The underlying approach makes use of multiple one-dimensional polar Fourier correlations (implemented in
the Hex code-base) to search rapidly a symmetry-constrained rigid body protein docking search space. The
approach may be used to build symmetrical multi-component protein complexes having a given cyclic (Cy,),
dihedral (D,,), tetrahedral (T), octahedral (O) or icosahedral (1) point group symmetry.

e Contact: David Ritchie
e URL: http://sam.loria.fr

6.5. EC-DomainMiner

KEYWORDS: Protein Domain Annotation
SCIENTIFIC DESCRIPTION

EC-DomainMiner is a recommender-based approach for associating EC (Enzyme Commission) numbers with
Pfam domains.
FUNCTIONAL DESCRIPTION
EC-DomainMiner uses a statistical recommender-based approach to infer EC-Pfam relationships from EC-
sequence relationships that have been annotated previously in the SIFTS and Uniprot databases.

e  Contact: David Ritchie

e URL: http://ecdm.loria.fr

6.6. MD-Kmean

KEYWORDS: Molecular Dynamics Analysis
SCIENTIFIC DESCRIPTION

MD-Kmean is a fast program for the analysis of large numbers of Molecular Dynamics frames. The
accurate comparison of different protein structures plays important roles in structural biology, structure
prediction and functional annotation. The root-mean-square-deviation (RMSD) after optimal superposition
is the predominant measure of similarity due to the ease and speed of computation. MD-Kmean was designed
to perform both the RMSD and the clustering step necessary to compare large numbers of protein 3D structures
stored in large datasets and was applied to a set of 2 microsecond MD simulations producing 2 million frames
to be compared and clustered.

FUNCTIONAL DESCRIPTION

We have implemented a very fast version of RMSD for graphics processing units (GPUs) using a quaternion
method for calculating the optimal superposition and RMSD that is designed for parallel applications.
This acceleration in speed allows RMSD calculations to be used efficiently in computationally intensive
applications such as the clustering of large number of molecular dynamics frames. MD-Kmean is 50 times
faster on a Nvidia GPU, on average, than the original single-threaded CPU implementation on an Intel quad-
COre processor.

e Contact: Bernard Maigret

6.7. Protein-Marshmallow

KEYWORDS: Coarse-Grained Representation
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SCIENTIFIC DESCRIPTION

A Protein-protein interaction may be considered in terms of physical interaction between two deformable
objects. The description at the atomic level of such complex objects is beginning to be feasible by MD
simulations, but this requires the use of petaflop machines which are out of reach of most laboratories.

FUNCTIONAL DESCRIPTION

The Protein-Marshmallow program represents the surface of a protein as “coarse grained” 3D triangle mesh.
In this mesh, each triangle is colored according to some biological property. In this way, a large complex
object may be represented by a much smaller number of samples in a 3D mesh. The Marshmallow program
describes deformations of such meshes under the influence of an external force field to simulate the strains
that one object may undergo over time due to the interaction with another one.

e Contact: Bernard Maigret

6.8. Platforms
6.8.1. The MBI Platform

The MBI (Modeling Biomolecular Interactions) platform (http://bioinfo.loria.fr) was established to support
collaborations between Inria Nancy — Grand Est and other research teams associated with the University of
Lorraine. The platform is a research node of the Institut Francais de Bioinformatique (IFB), which is the
French national network of bioinformatics platforms (http://www.france-bioinformatique.fr).

e  Contact: Marie-Dominique Devignes

7. New Results

7.1. Annotating 3D Protein Domains

Many protein chains in the Protein Data Bank (PDB) are cross-referenced with EC numbers and Pfam
domains. However, these annotations do not explicitly indicate any relation between EC numbers and Pfam
domains. In order to address this limitation, we developed EC-DomainMiner, a recommender-based approach
for associating EC (Enzyme Commission) numbers with Pfam domains [19]. EC-DomainMiner is able to infer
automatically 20,179 associations between EC numbers and Pfam domains from existing EC-chain/Pfam-
chain associations from the SIFTS database as well as EC-sequence/Pfam-sequence associations from UniProt
databases.

7.2. Large-Scale Analysis of 3D Protein Interactions

As part of a continuing collaboration with a former doctoral student in the Orpailleur team, Anisah Ghoorah
(now at the University of Mauritius), we used her KBDOCK database of all known PPIs to perform a large-
scale statistical analysis of the secondary structure composition of known protein-protein binding sites [14].
This showed that some combinations of secondary structure features are significantly favoured, whereas other
combinations are considerably dis-favoured. These findings could provide knowledge-based rules for the
prediction of unsolved protein-protein interactions.

7.3. Predicting Drug Side Effects

Together with Harmonic Pharma SAS (a LORIA / Inria spin-out company), we developed the “GESSE”
method for proposing new uses for existing therapeutic drug molecules by associating the Gaussian shapes
of known drug molecules with their clinically observed side-effects [15].
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7.4. Modeling a GPCR Receptor Complex

In collaboration with the BIOS team (INRA Tours) and the AMIB team (Inria Saclay — fle de France) we
used our Hex protein docking software to help model a multi-component G-protein coupled receptor (GPCR)
complex [12]. The resulting 3D structure was shown to be consistent with the known experimental data for the
protein components of this trans-membrane molecular signaling system.

7.5. Modeling the Apelin Receptor

The Apelin receptor (ApelinR) is a GPCR which is important in regulating cardiovascular homeostasis. As part
of an on-going collaboration with the Centre for Interdisciplinary Research (CIRB) at College de France, we
modeled the interaction between the Apelin peptide and ApelinR [13]. This study provides new mechanistic
insights which could lead to the development of therapeutic agents for the treatment of heart failure.

7.6. Identifying New Anti-Fungal Agents

In this collaboration with several Brasilian laboratories (at University of Mato Grosso State, University of
Maringa, Embrapa, and University of Brasilia), we identified several novel small-molecule drug leads against
the pathogenic fungus Paracoccidioides lutzii [17] which is a serious health threat, especially in Brasilian
hospitals.

8. Partnerships and Cooperations

8.1. Regional Initiatives
8.1.1. PEPS

Participants: Marie-Dominique Devignes [contact person], Bernard Maigret, David Ritchie.

The team is involved in the inter-disciplinary “MODEL-ICE” project led by Nicolas Soler (DynAMic lab,
UMR 1128, INRA / Univ. Lorraine). The aim is to investigate protein-protein interactions required for
initiating the transfer of an ICE (Integrated Conjugative Element) from one bacterial cell to another one.

8.2. National Initiatives
8.2.1. FEDER

Participants: Marie-Dominique Devignes [contact person], Jérémie Bourseau.

The project “LBS” (Le Bois Santé) is a consortium funded by the European Regional Development Fund
(FEDER) and the French “Fonds Unique Interministériel” (FUI). The project is coordinated by Harmonic
Pharma SAS. The aim of LBS is to exploit wood products in the pharmaceutical and nutrition domains. Our
contribution has been in data management and knowledge discovery for new therapeutic applications.

8.2.2. ANR

8.2.2.1. IFB
Participant: Marie-Dominique Devignes [contact person].

The Capsid team is a research node of the IFB (Institut Francais de Bioinformatique), the French national
network of bioinformatics platforms (http://www.france-bioinformatique.fr). The principal aim is to make
bioinformatics skills and resources more accessible to French biology laboratories.

8.2.2.2. PEPSI
Participants: David Ritchie [contact person], Marie-Dominique Devignes.
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The PEPSI (“Polynomial Expansions of Protein Structures and Interactions”) project is a collaboration with
Sergei Grudinin at Inria Grenoble — Rone Alpes (project Nano-D) and Valentin Gordeliy at the Institut de
Biologie Structurale (IBS) in Grenoble. This project funded by the ANR “Modeles Numériques” program
involves developing computational protein modeling and docking techniques and using them to help solve the
structures of large molecular systems experimentally.

8.3. International Initiatives

8.3.1. Participation in other International Programs

Participant: Bernard Maigret; Project: Characterization, expression and molecular modeling of
TRRI and ALS3 proteins of Candida spp., as a strategy to obtain new drugs with action on yeasts
involved in nosocomial infections; Partner: State University of Maringd, Brasil; Funding: CNPq.

Participant: Bernard Maigret; Project: Fusarium graminearum target selection; Partner: Embrapa
Recursos Geneticos e Biotecnologia, Brasil; Funding: CNPq.

Participant: Bernard Maigret; Project: The thermal choc HSP90 protein as a target for new drugs
against paracoccidioidomicose; Partner: Brasilia University, Brasil; Funding: CNPq.

Participant: Bernard Maigret; Project: Protein-protein interactions for the development of new drugs;
Partner: Federal University of Goias, Brasil. Funding: Chamada MCTI/CNPq/FNDCT.

8.4. International Research Visitors

8.4.1. Visits of International Scientists
8.4.1.1. Doctoral Students

In the frame of a collaboration with the University of Brasilia, Dr. A. Abadio and three doctoral students (A.
Souza, J. Ribeiro, P. Alves) visited in July 2015.

9. Dissemination

9.1. Promoting Scientific Activities

9.1.1. Scientific Events Organisation
9.1.1.1. General Chair, Scientific Chair

Marie-Dominique Devignes is a member of the Steering Committee for the European Conference on Compu-
tational Biology (ECCB).

David Ritchie is a member of the Bureau of the GGMM (Groupe de Graphisme et Modélisation Moléculaire).
Marie-Dominique Devignes is organising a workshop (“Atelier Santé”) for the Fédération Charles Hermite.
9.1.1.2. Member of Organizing Committees

Marie-Dominique Devignes co-organised a workshop on Structural Modeling of Type IV Secretion Systems.
9.1.2. Scientific Events Selection

9.1.2.1. Member of Conference Program Committees

Marie-Dominique Devignes was a member of the programme committee for KDIR-2015, NETTAB-2015, and
MIVBM-2015.

9.1.2.2. Reviewer
David Ritchie was a reviewer for IICAI-2015.
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9.1.3. Journal
9.1.3.1. Member of Editorial Boards

David Ritchie is a member of the editorial board of Scientific Reports.

9.1.3.2. Reviewing Activities

The members of the team have reviewed manuscripts for Algorithms, AIMS Biophysics, Bioinformatics,
Current Opinion in Structural Biology, Journal of Biomedical Semantics, Journal of Chemical Information
and Modeling, Journal of Molecular Modeling, Molecules, and Proteins.

9.1.4. Invited Talks

9.1.5.

David Ritchie gave a presentation to the Plateau de Modélisation Moléculaire Multi-échelle (University of
Reims).

Seyed Alborzi presented the EC-DomainMiner approach at JOBIM-2015 (Clermont-Ferrand, France).
Bernard Maigret gave presentations for the 7 /th International Symposium on Bioinformatics Applied to Health
(State University of Maringd, Brasil) and the Workshop Franco-Brasileiro de programa Ciéncia sem Fronteira
(EMPBRAPA, Brasil).

Marie-Dominique Devignes gave a presentation to the Institute for Structural and Molecular Biology at
Birkbeck College (London, UK).

Scientific Expertise
David Ritchie has reviewed grant proposals for the French ANR and the British BBSRC.

9.1.6. Research Administration

Marie-Dominique Devignes is Chargée de Mission for the CyberBioSanté research axis at the LORIA.
David Ritchie is a member of the Commission de Mention Informatique (CMI) of the IAEM doctoral school
of the University of Lorraine.

9.2. Teaching - Supervision - Juries

9.2.1.

9.2.2.

9.2.3.

Teaching
Licence: Marie-Dominique Devignes, Relational Database Design and SQL, 30 hours, L1, Univ.
Lorraine.

Master: Marie-Dominique Devignes, Biological Data Mining and Classification, 12 hours, L3, Univ.
Lorraine.

Doctorat: Bernard Maigret, Virtual Screening, 10-17 June, EMBRAPA, Brasil.

Supervision
PhD in progress: Gabin Personeni, Exploration of linked open data in view of knowledge discovery.
Application to the biomedical domain, 01/10/2014, Marie-Dominique Devignes, Adrien Coulet.

PhD in progress: Seyed Ziaeddin Alborzi, Large-scale exploration of 3D protein domain family
binding sites, 01/10/2014, David Ritchie, Marie-Dominique Devignes.

PhD in progress: Benoit Henry, Probability theory applied to evolutionary biology, 01/10/2013,
Nicolas Champagnat, David Ritchie.
Juries

HdR: Julie Bernauer, Méthodes géometriques et statistiques pour 1’analyse et la prédiction des
interactions structurales de biomolécules, Université Paris Sud 11, 13/01/2015.

PhD: Romain Vasseur, Développements HPC pour une nouvelle méthode de docking inverse :
Application aux protéines matricielles, Université de Reims — Champagne Ardennes, 29/01/2015,
Pr Manuel Dauchez, Dr Stéphanie Baud, Dr Luiz-Angelo Steffenel.
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PhD: Clovis Galiez, Fragments structuraux : comparaison, prédictibilité a partir de la séquence et
application a l'identification de protéines de virus, Université de Rennes 1, 08/12/2015, Dr Francois
Coste, Dr Jacques Nicolas.

PhD: Alicia Zhukov, Knowledge-based generalization for metabolic models, Université de Bor-
deaux, 18/12/2014, Dr David Sherman.

9.3. Popularization

An article on our KBDOCK software has been accepted for publication in ERCIM News (edition
104, January 2016) [18].
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