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This thesis presents two separate projects in the field of protein interaction. Our first project is split in three chapters,
matching the sequential steps in the design and implementation of a new machine-learning framework for the analy-
sis of calpain cleavage and its extension to general proteolysis prediction. In a first stage, we built a publically acces-
sible database of curated calpain-related proteolytic events (1. 1), which then served as experimental support to the
development of a calpain cleavage prediction algorithm based on the Multiple Kernel Learning machine-learning
framework (1. 2). Finally, we extended the frame of our research on calpain cleavage to reach general conclusions on
the prediction of proteolytic events (1. 3). During our second project, we built a new algorithmic framework to refine
the prediction of certain motifs in gene regulatory network using high-throughput time-course gene expression
data (11).

1. Machine-L earning Framework for Proteolytic Cleavage Prediction

Calpain is a proteolytic enzyme ubiquitously expressed in mammals and many other organisms, which plays a cen-
tral role in many metabolic processes: by cleaving specific proteins, it helps regulate vital cellular functions such as
cell motility or apoptosis. Its dysfunction in humans has been linked to muscular dystrophies, diabetes and tumori-
genesis.

Despite its important roles, little is still known about the exact mechanism of calpain regulation and the nature and
configuration of the protein sequences it can cleave. Experimentally searching for such substrates and their cleavage
location is a time-consuming and costly process that cannot realistically be undertaken exhaustively, hence the need
for efficient computational methods that can predict potential calpain substrates along with putative cleavage loca-
tions.

Our first task was to build a repository of calpain and calpain-related sequences, with full annotations and cross-
references to other databases. A main section of the database was made of a number of curated, experimentally vali-
dated, substrate sequences, complemented by an extended set of candidate substrates obtained through standard se-
guence matching methods, as well as sequence data for different types of calpain proteins and calpastatin (an en-
dogenous inhibitor specific to calpain).

In addition to standard analyses of the data in our repository, we sought to provide advanced computational tools that
could be used by experimentalists to quickly screen and select potential calpain substrates of interest. While many
algorithms have been developed to predict cleavage by other types of proteases (such as caspases or HIV proteases),
they generally do not perform well with calpain, whose mode of action and preferences in substrate sequence seem to
require more complex models. A central concept of statistical prediction of cleavage by a generic protease is that the
exact amino acid sequence of the putative substrate is the main (possibly only) information needed to predict if and
where cleavage will occur. The majority of statistical methods therefore attempt to gather statistically significant se-
quence features (such as the existence of a given amino acid at a specific position) from known substrates in order to
predict new substrates. We found that these approaches might not be enough to yield satisfyingly accurate results on
calpain and suggested a new statistical method that uses both sequence and a wider set of features to predict cleavage.
Our method is based on "Multiple Kernel Learning™ (MKL) a novel extension to the well-established framework of
Support Vector Machines that allows us to combine multiple heterogeneous categories of input features into a unified
machine-learning model. For instance, we were able to add hints about secondary structure (spatial configuration)
and chemical properties of the candidate proteins, in addition to the traditional amino acid sequence information. We
also combined different mathematical models in each components (“sub-kernels') of the predictor in order to match




different aspect of the underlying biological process.

Our novel approach has produced a cleavage predictor for calpain that outperforms all existing methods and has the
potential to be applied to other difficult sequence prediction problems. In addition, it has lead to some new insight
into the biological mechanism of calpain by highlighting subtle differences between substrate affinities across calpain
sub-families (calpain 1 and 2), theretofore considered to have identical modes of action.

Our extensive work on cleavage prediction lead to an important amount of benchmark data comparing the strengths
and weaknesses of the different machine-learning techniques currently used to treat cleavage prediction problems.
We summed up our findings in an exhaustive overview of cleavage prediction methods, providing a formal basis for
approaching this class of problems.

11. Gene Regulatory Network motif inference

Our second project focussed on a different set of problems linked to Gene Regulatory Network (GRN) inference. In
this project, we aimed to use mathematical constraints based on biophysical models of gene interactions in order to
identify characteristic regulatory motifs (such as feedback or feed-forward loops) that are not well predicted by exist-
ing methods. Decomposing gene expression time-series using Fourier series, we are able to compare the fitness of
different models based on ordinary differential equations (ODE) for a given set of nodes in the GRN. Our approach
provides a computationally efficient algorithm for refining the output of existing GRN inference methods, with the
potential to be extended to a standalone method.
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