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Scientific overview

Research concept

A major goal in current genome research is to predict the influence of human ge-
netic variation on disease phenotypes. One idea is that large sequencing endeav-
ors, e.g. whole genome sequencing of multiple individuals or large GWAS stud-
ies, will provide enough information to make better predictions for risk, cause,
pathogenesis or medication of patients vs. control groups (Figure 1a). Molecular
interaction networks, such as protein-protein interaction (PPI) networks, are very
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useful for studying genotype to phenotype relationships. Integrative computa-
tional analyses that largely rely on molecular interaction data result in a more ac-
curate interpretation of genomic variation but remains probabilistic (Figure 1b).
However, we want to go beyond improving statistical predictions more towards
specific information about an individual. This means we need to consider differ-
ent sources of molecular, environmental and behavioral variation in addition to
individual genomic sequence information. Thus we need to measure — e.g. at the
level of cellular networks — to generate additional molecular information about
the individual reflecting this variation. To do so, high quality molecular network
information will be a necessity (Figure 1c). Differential network analysis will be
informative on sets of decisive molecules such as drivers in cancer or transcrip-
tional “master-regulator” proteins and their connections and then guide measure-
ments to better understand and classify individual phenotypes in model systems
and ultimately humans.
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In the OWL group Molecular Interaction Networks we do not work specifically
on the interpretation of genetic variation, but aim to provide the network infor-
mation to better describe disease relevant cellular processes and thus contribute
to genotype to phenotype predictions. We work on the generation and analysis of
human interaction data and study interaction network dynamics. The later point
is particular important as interactome networks are extensively re-wired during a
cellular response e.g. during development or during the processing of internal or
environmental cues. Differential interaction patterns imply mechanistic changes
that are the result of these responses and will thus be most informative when
studying genotype to phenotype relationships (Figure 1c).

Specifically, our work aims at i) improving data generation and analysis of hu-
man protein-protein interaction networks, ii) integrative approaches to analyze
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protein interaction dynamics and iii) experimental approaches to directly investi-
gate conditional protein-protein interactions, such as interactions that e.g. require
triggered phosphorylation of one interaction partner mediating the response to
changing conditions.

Scientific methods and achievements / findings

Systematic generation of high quality human protein-protein interac-
tion networks

Several studies to systematically map protein-protein interaction (PPI) networks
on a large scale have been successful and proven very useful in further studies.
Nevertheless, for most species including human only a small fraction of all pos-
sible interactions has been mapped today. High quality PPI data collection and
independent assessment of data quality remain important tasks.

To provide independent measures of interaction confidence, we have developed a
cluster-based method for the assessment of protein-protein interaction confidence
and implemented this as a web tool. The method (CAPPIC) exploits the modular
network architecture independently of prior parameters or reference sets for con-
fidence scoring of interactions.

In an international collaboration led by the Vidal Lab (Harvard/CCSB, Boston)
we have assessed protein interaction data empirically demonstrating that system-
atic Y2H interaction data, including those generated with our setup are of high
precision. The study also revealed that the coverage of the data is low due to rela-
tively low sensitivity of the method. To overcome this limitation, we developed a
Y2H-seq approach which enables very high PPI sampling through a second gen-
eration short read sequencing readout. Importantly, the method has significantly
improved sensitivity and provides a quantitative readout that is indicative of the
quality of the PPI information. It will accelerate large-scale interactome mapping
efforts.

As Y2H-seq test case, we comprehensively screened proteins involved in meth-
ylation and demethylation, i.e. protein methyltransferases and demethylases such
as AOF2/LSDI, for interacting partners. Protein methylation of non-histone
proteins is a largely unexplored posttranslational modification. We report 523
interactions between 22 methyltransferases or demethylases and 324 interact-
ing proteins. The methyltransferase network is experimentally validated, com-
prehensively annotated and defines novel cellular roles of non-histone protein
methylation. It will thus serve as a major informational resource to the scientific
community and is the basis to study methylation dependent protein interactions
in the lab in more detail (see below).

Focusing on neurodegenerative diseases, we generated a PPI network connect-
ing proteins implicated in Alzheimer’s disease (AD) with the Aloy Lab (IRB,
Barcelona). The study suggests novel roles for central proteins in the network
that link between oxidative stress, inflammation, and mitochondrial dysfunction
in AD. With the Beyer Lab (TU Dresden) a map of human protein interactions
was inferred using combined random forest / Bayesian networks to distinguish
functional from physical interactions. The map was in part experimentally val-
idated and used to explore the relationships of candidate genes from GWAS of
neurodegenerative diseases, such as AD.
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Dynamic alterations in protein-protein interaction networks: integrative
approaches

The goal here is to reveal differential network states that describe changing cel-
lular processes in vivo. Successful analysis of network dynamics through data
integration will focus on a specific biological process with interesting dynamic
behavior and requires data of very high quality.

In a recent study, we focused on PPI dynamics of the splicing cycle. Pre-mRNA
splicing is catalyzed by the spliceosome, a highly complex, dynamic and pro-
tein rich ribonucleoprotein complex that assembles de novo on each intron to
be spliced. During spliceosome assembly, activation, catalysis and disassembly,
defined large complexes are formed in an ordered, stepwise manner. A data set
describing 632 interactions between 200 human spliceosomal proteins was gen-
erated including e.g. the first contact sites between the U5 proteins and specific
U2-SF3b components at the heart of the spliceosome. We then integrated co-
complex purification information from 76 purifications of active spliceosomal
complexes with our data and performed PPI clustering. This approach revealed
several interesting dynamic PPI patterns with relevance for a better understand-
ing of the splicing cycle. For example, changing PPIs during B to C transition
(Figure 2) with one of the most central proteins, hPRPS8, are found. Together
with interaction competition experiments, these data suggest that during step 1
of splicing, hPRPS interactions with the SF3b49 protein is replaced by hSLU7,
positioning this essential second step factor close to the active site and that the
DEAH-box helicases hPRP2 and hPRP16 cooperate through ordered interactions
with the G-patch protein GPKOW.
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In another study, performed together with the Wanker Lab (MDC, Berlin, Buch)
we identified >2500 PPIs among human proteins broadly involved in cellular
signaling. To provide information about how the signal is transmitted through
the network, we developed a Bayesian learning strategy to assign direction to the
interactions reflecting the potential signal flow among the proteins (Figure 3).
The resulting directed network is a unique resource for various modeling ap-
proaches. For example, we used the model to identify previously unknown mod-
ulators of the EGF/ERK pathway, of which 18 were validated with cell-based
assays. It also enabled us to model EGF-induced protein phosphorylation dynam-
ics. We could correlate in vivo phosphorylation dynamics with the output distance
from the EGF/ERK pathway in our network resolving global protein phosphory-
lation events in a time-dependent manner.

In the two projects described, we exemplarily addressed PPI dynamics through
combined experimental and computational approaches and successfully modeled
how a signal spreads from an activated signaling pathway through a dense PPI
network to the very distant proteins as well as identified crucial sites of chang-
ing PPI patterns that contribute to the exceptional compositional dynamics (and
thus function) of the human spliceosome. In a next step, we want to take a direct
experimental approach to analyze alterations of PPI patterns.
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Planned developments

Conditional / modification-dependent protein interactions

In ongoing projects, we want to elucidate the role of posttranslational protein
modifications (PTMs), such as phosphorylation (P) and methylation, for these dy-
namic processes and investigate how genetic variations, e.g. SNPs, may change
protein-protein interaction patterns.

We have established a modified Y2H setup employing kinases to screen for P-
dependent PPIs. We identified a novel P-dependent interaction between ADAP
and Nck adaptor molecules that alter adhesion and migration of Jurkat T cells. We
also contributed to the identification of a phosphorylation—triggered interaction
between neuronal Fezl and Muncl8, mediating axonal transport of Syntaxin.
The characterization of isoform-specific and P-dependent protein interactions be-
tween tumor suppressor protein NF2 (merlin) and AOF2, EMILIN1 and PIK3R3
suggests novel regulatory loops influencing NF2 conformation and function of
the protein.

In a proteome wide approach, we have identified more than 300 novel pY-depen-
dent PPIs that show high specificity with respect to human kinases and interact-
ing proteins. P-dependent interactions are further analyzed in mammalian cell
culture systems using e.g. co-immunoprecipitation, protein complementation and
functional reporter readouts. The more detailed characterization of selected P-de-
pendent GRB2 and PIK3R3 interactions exemplarily demonstrate how these PPIs
are dynamically and spatially constrained to separate simultaneously triggered
growth signals which are often altered in oncogenic conditions. Our screening
approach is extended to other posttranslational protein modification such as
methylation. Methyltransferase-substrate relationships discovered through Y2H-
seq mapping of the methyltransferase interactome provide a reliable basis to ex-
ploit cellular functions of non-histone protein methylation. Finally, we integrate
genetic variation data in our interaction studies and investigate how disease caus-
ing missense mutations change protein interaction profiles.

Cooperation within the institute

Within the institute, the Molecular Interaction Networks group cooperates with
the following people and their groups: Ralf Herwig, Dept. of Vertebrate Genom-
ics, on computational tools and network algorithms; Sebastiaan Meijsing, Dept.
of Computational Molecular Biology, on splice variant specific protein interac-
tion studies of GR; Hermann Bauer, Phillip Grote, and Heiner Schrewe, all from
the Dept. of Developmental Genetics, on targeted protein interaction studies for
proteins involved in mesoterm formation and of t-complex distorters; with Sascha
Sauer, OWL, and David Meierhofer, Mass Spec group, on protein modification
analyses, and with Bernd Timmermann (next generation sequencing).
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