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Biochemistry

An amplified sensitivity arising from covalent modification in
biological systems

(protein modification/metabolic regulation/switch mechanism/enzyme cascades)
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Signal Transduction
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Exploration of trade-offs between
steady-state and dynamic properties
in signaling cycles

A Radivojevic'2, B Chachuat?, D Bonvin? and V Hatzimanikatis'



Introduction

Metabolic pathways Signal transduction pathways

Transfer of mass

Transfer of information

Determined by presence of enzymes
catalyzing the reactions

Compounds of different types: highly
organized complexes

Metabolites uM - mM

10-10% molecules per cell

Enzyme vs. substrate: lower amount of
enzyme

Enzyme vs. substrate: same order of
magnitude
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Signaling Paradigm

external stimulus

@
-

External stimuli:

hormones

pheromones

heat

cold

light

osmotic pressure
appearance

Change in concentration of
substances

(glucose, K+, Ca+, cCAMP)
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Signaling Paradigm
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/ external stimulus
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receptor
activation _;
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Importing a signal:
= the stimulus may penetrate the cell

membrane and bind to a respective
receptor in the cell interior.

= Activation of the cytosolic domain

Receptor-ligand interactions:

= Many receptors are transmembrane
proteins; they receive the signal and
transmit it.

* |n the active form they are able to
initiate a downstream process
within the cell

ligand —.

receptor, ——_

binding site gxtracellular space
i membrane
receptor, intracellular spacs

cylosolic domain

inactive active
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Signaling Paradigm

/ external stimulus

receptor —
activation

MAPkinase
cascade

* The active receptor
stimulates an internal
signaling cascade

* This cascade often includes a
series of changes in protein
phosphorylation states
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Signaling Paradigm
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/ external stimulus
_ O | Cell membrane

receptor
activation _
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e

“response”

metabolic or
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® Reconstruct signaling networks for specific pathways

SIGMA Method

of interest.

freoctome

Signaling network
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® Reconstruct signaling networks for specific pathways

SIGMA Method

of interest.

® Navigate the signaling network to study the

information flow.
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Signaling network
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® Reconstruct signaling networks for specific pathways

SIGMA Method

of interest.

® Navigate the signaling network to study the

information flow.

S e

-

¥ reoctome ® Identify the flow of information from receptors to

Signaling network . e .
: : transcription factors or proteins.
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Reconstruct signaling networks for specific pathways

SIGMA Method

of interest.

Navigate the signaling network to study the

information flow.

ngmmmgmmmmmmamh‘

§ reoctome ® Identify the flow of information from receptors to

Signaling network . e .
: : transcription factors or proteins.

Study deregulation in signaling pathways in a

consistent manner.



Reconstruct signaling networks

SIGMA Method Signaling model
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Reactome signaling network
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Connections 46834




From Reactome to selected pathways network

The need for reconstructing signaling networks around selected

pathways.

1)Allowing manual curation of the selected Reactome pathways.

2)Reducing the network size and complexity.
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The need for reconstructing signaling networks around selected pathways.
1) Allowing manual curation of the selected Reactome pathways.

2) Reducing the network size and complexity.

Signaling Network Reconstruction Workflow:

4 )

Define the set

of signaling
species of

interest

\_ J
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The need for reconstructing signaling networks around selected pathways.
1) Allowing manual curation of the selected Reactome pathways.
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The need for reconstructing signaling networks around selected pathways.

1) Allowing manual curation of the selected Reactome pathways.

2) Reducing the network size and complexity.

Signaling Network Reconstruction Workflow:
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From Reactome to selected pathways network

The need for reconstructing signaling networks around selected pathways.

1) Allowing manual curation of the selected Reactome pathways.

2) Reducing the network size and complexity.

Signaling Network Reconstruction Workflow:

-

\_

Define the set
of signaling
species of

interest

~

J

4 )

Collect the
pathways
where the

selected species

exist

\_ J

4 )

Expand the list
of pathways

selection

\_ J

4 )

Curate
manually all the
pathways of
the final list

\_ J




BDNF signaling in cancer
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Brain-derived neurotrophic factor (BDNF)

@ proBDNF
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Survival
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MTOR signaling in cancer
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Mammalian target of rapamycin (mTOR)

Rapamycin,
dietary restriction
mTORC1
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MTOR regulation through BDNF

Cell Death
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Wilson, A. M., and A Di Polo, Gene Therapy, 2012



AMPK in Cancer
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Signaling network reconstruction

1. Define the set of signaling species of interest
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1. Define the set of signaling species of interest

-

* Brain-derived neurotrophic factor (BDNF)

\_




Signaling by
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Signaling network reconstruction

1. Define the set of signaling species of interest

/

* Brain-derived neurotrophic factor (BDNF)

* Mammalian target of rapamycin (mTOR)

\_




MTOR signaling in Reactome

mTOR signaling

Gillespie M., et al. “The Reactome Pathway Knowledgebase 2022.” Nucleic Acids Research, 2022
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Signaling network reconstruction

Define the set of signaling species of interest

/

* Brain-derived neurotrophic factor (BDNF)

* Mammalian target of rapamycin (mTOR)

* AMP-activated protein kinase (AMPK)
-




AMPK signaling in Reactome
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Signaling network reconstruction

2. Collect the pathways where the selected species exist
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2. Collect the pathways where the selected species exist

4 BDNF A 4 mTOR )

Signaling Amino Cellular TP53
by PTEN acids MTOR response Regulates
NTRK2 Regulation regulate signalling (I DEISIE L to heat Metabolic
(TRKB) mTORC1 stress Genes
Energy ) Activation .
of Regulation
| . dependent Ve Integration SLC2A4 " s of TP53
Mitochondrial regulation Regulates . Carnitine receptors L
biogenesis of mTOR Metabolic o G SR ETECEREE HPEEER metabolism and Activity
9 metabolism to the . through
by Genes B A POStSYnaptic | py, s bhorylation
LKB1-AMPK A — events )




Signaling network reconstruction

2. Collect the pathways where the selected species exist

4 BDNF A 4 mTOR )

Signaling Amino Cellular TP53
by PTEN acids MTOR response Regulates
NTRK2 Regulation regulate signalling ATAHIEIEE to heat Metabolic
(TRKB) mTORC1 stress Genes
Energy 0 Activation .
of Regulation
. . dependent W Integration SLC2A4 " ol Bhe of TP53
Mitochondrial regulation Regulates f G h . h Carnitine receptors o
biogenesis of mTOR Metabolic of energy SR acroautophag Lipophagy metabolism and Activity
metabolism to the . through
by Genes plasma postsynaptic hosphorylation
LKB1-AMPK A — events )

The pathway collection is not only based in the original state of the species but
also in modified states of the species
(e.g. phosphorylated state, ubiquitinated state, complex component)



Signaling network reconstruction

2. Collect the pathways where the selected species exist

4 mTOR )
Amino Cellular TPS3
Reguiation | | reguiate | | signailing | acroautophagy | "RCRRRE 1 e
\ mTORC1 stress Genes
Active mTORC1 complex [l] mTORC1:Ragulator:RagA,B:GTP:RagC,D:GDP:SLC38A9 [I]
mTORC1 [c] mTORC1:RHEB:GTP:AKT1S1 [I]
mTORC1 dimer [n] mTORC1:RHEB:GTP:p-S183,T246-AKT1S1:YWHAB [I]
mTORC1 with p-S722,5S792-RPTOR:Ragulator:Rag:GNP:RHEB:GTP [l] MTORC1:RHEB:GTP:p-S758-ULK1:ATG13:RB1CC1:ATG101 [I]
MTORC1 with p-5722,5792-RPTOR:Ragulator:Rag:RHEB:GTP [I] mTORC1:RHEB:GTP:p-T246-AKT1S1 [I]
MTORC1 with p-5722,5792-RPTOR:RHEB:GTP:p-S758-ULK1:ATG13:RB1CC1:ATG101 [I] MTORC1:RHEB:GTP:ULK1:ATG13:RB1CC1:ATG101 [I]
mTORC1:p-T246-AKT1S1:YWHAB [l] v-ATPase:Ragulator:RRAGA,B:GDP:RRAGC,D:GDP:mTORC1:RHEB:GTP [l]
mTORC1:Ragulator:Rag:GNP:RHEB:GDP [l] v-ATPase:Ragulator:RRAGA,B:GTP:RRAGC,D:GDP:mTORC1 [l]
MTORC1:Ragulator:Rag:GNP:RHEB:GDP [l] v-ATPase:Ragulator:RRAGA,B:GTP:RRAGC,D:GDP:mTORC1:RHEB:GTP [I]

MTORC1:Ragulator:Rag:GNP:RHEB:GTP [l]

A The pathway collection is not only based in the original state of the species but
also in modified states of the species
(e.g. phosphorylated state, ubiquitinated state, complex component)
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3. Expand the list of pathways selection

Signaling by NTRK2 (TRKB)

Gillespie M., et al. “The Reactome Pathway Knowledgebase
2022.” Nucleic Acids Research, 2022



Signaling network reconstruction

3. Expand the list of pathways selection

Signaling by NTRK2 (TRKB)
(NeuroTrophic Receptor Kinase 2; Tyrosine Protein Kinase))

Gillespie M., et al. “The Reactome Pathway Knowledgebase
2022.” Nucleic Acids Research, 2022



Signaling network reconstruction

3. Expand the list of pathways selection

Signaling by NTRK2 (TRKB)

— =" |E]

' d “  PIP3 activates AKT signaling

O

PI3K (phosphatidylinositol 3-kinase)
and Akt (protein kinase B)

O Gillespie M., et al. “The Reactome Pathway Knowledgebase

2022.” Nucleic Acids Research, 2022



Signaling network reconstruction

3. Expand the list of pathways selection

Signaling by NTRK2 (TRKB)

[t /== |
~_ /S 2 T ) T
— EI 7

' d ~ PIP3 activates AKT signaling

O

O = Gillespie M., et al. “The Reactome Pathway Knowledgebase

2022.” Nucleic Acids Research, 2022



Signaling network reconstruction

3. Expand the list of pathways selection

-0 e '} FET T WY

RAF/MAP kinase cascade

== m/l "-_ - | L ‘ —

DAG and IP3 signaling

-*& -------- ﬁm

RHO GTPases Activate o p—
Gillespie M., et al. “The Reactome Pathway Knowledgebase
WASPs and WAVEs 2022." Nucleic Acids Research. 2022
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3. Expand the list of pathways selection

< [BDNFJ > root species
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3. Expand the list of pathways selection

< [BDNFJ > root species

P B — layer 1




Signaling network reconstruction

3. Expand the list of pathways selection

< [BDNFJ > root species
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Signaling network reconstruction

3. Expand the list of pathways selection

BDNF root species

Signaling
by
NTRK2
7D DAG and
actvates S— I »
gAK‘rg = K = ————— saing I SS~=—_
signain . — =
- — » v ————
= IR _““§\
- - = = e _c—
S— = = ropmen | Inons —— —— —
S signaling | Interleukin-2 = Extranuciear of TP53 Intereukin5 receptor 8
by S mas et et = by e Sinaling Signaing |  DAP12 Signaling Signaling | Signaling
P = A - ly = estrogen Expression and - interleukin (FCGR) Cell
Insulin I signalling processing neurite signaling e signaling nd GM-CSF (FCER) u:cu\‘:y Apo'w - . signaling '?;‘:B . signaling dependent Re " by EGFR by FGFR1 ' interactions || by FGFR2 by PDGF by FGFR3
3 out-growth rensite Degradation signaiing signaling = o= I 2 m | phagocytosis (BCR)




Signaling network reconstruction

3. Expand the list of pathways selection

BDNF root species
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Signaling network reconstruction

3. Expand the list of pathways selection
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3. Expand the list of pathways selection —l _
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Final pathways
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Final pathways
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Signaling network reconstruction

@4 layers suffici@




Signaling network reconstruction

3. Expand the list of pathways selection

Cumulative number of

new pathways per layer

Number of pathways saturates as
we increase the layers
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Number of new pathways

Signaling network reconstruction

3. Expand the list of pathways selection

New pathways per root species
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Number of new pathways

Signaling network reconstruction

3. Expand the list of pathways selection
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Signaling network reconstruction

4. Curate manually all the pathways of the final list




Signaling network reconstruction

4. Curate manually all the pathways of the final list

Reactions and species information
can be downloaded automatically
but:

Gillespie M., et al. “The Reactome Pathway Knowledgebase 2022.” Nucleic Acids Research, 2022

Signaling by NTRK2 (TRKB)




Signaling network reconstruction

4. Curate manually all the pathways of the final list

o . Signaling by NTRK2 (TRKB)
Reactions and species information can be

downloaded automatically but: |

1) Dashed lines in the graph (e ) :
represent flow of == s
information but the data
does not exist.

—

Gillespie M., et al. “The Reactome Pathway Knowledgebase 2022.” Nucleic Acids Research, 2022



Signaling network reconstruction

4. Curate manually all the pathways of the final list

Cytoprotection by HMOX1

o

Gillespie M., et al. “The Reactome Pathway Knowledgebase 2022.” Nucleic Acids Research, 2022



Signaling network reconstruction

4. Curate manually all the pathways of the final list

Gillespie M., et al. “The Reactome Pathway Knowledgebase 2022.” Nucleic Acids Research, 2022



Signaling network reconstruction

4. Curate manually all the pathways of the final list

Cytoprotection by HMOX1

KEAP1-NFE2L2 pathway

Gillespie M., et al. “The Reactome Pathway Knowledgebase 2022.” Nucleic Acids Research, 2022



Signaling network reconstruction
KEAP1-NFE2L2 pathway

4. Curate manually all the pathways of the final list

Cytoprotection by HMOX1

KEAP1-NFE2L2 pathway

Gillespie M., et al. “The Reactome Pathway Knowledgebase 2022.” Nucleic Acids Research, 2022




Signaling network reconstruction
KEAP1-NFE2L2 pathway

4. Curate manually all the pathways of the final list

Cytoprotection by HMOX1

KEAP1-NFE2L2 pathway

Gillespie M., et al. “The Reactome Pathway Knowledgebase 2022.” Nucleic Acids Research, 2022



Signaling network reconstruction

KEAP1-NFE2L2 pathway

4. Curate manually all the pathways of the final list

Cytoprotection by HMOX1

Gillespie M., et al. “The Reactome Pathway Knowledgebase 2022.” Nucleic Acids Research, 2022



Signaling network reconstruction

4. Curate manually all the pathways of the final list KEAP1-NFE2L2 pathway

Cytoprotection by HMOX1

KEAP1-NFE2L2 pathway

Gillespie M., et al. “The Reactome Pathway Knowledgebase 2022.” Nucleic Acids Research, 2022



Signaling network reconstruction

4. Curate manually all the pathways of the final list KEAP1-NFE2L2 pathway

Cytoprotection by HMOX1

KEAP1-NFE2L2 pathway

Gillespie M., et al. “The Reactome Pathway Knowledgebase 2022.” Nucleic Acids Research, 2022



Signaling network reconstruction

KEAP1-NFE2L2 pathway

4. Curate manually all the pathways of the final list

Cytoprotection by HMOX1

X[ : | ‘

HMOX1 gene

KEAP1-NFE2L2 pathway

nucleoplasm

-
Create a reaction:

Kp-NFE2L2 + MAFK  —Pp-NFE2L2:MAFK

Gillespie M., et al. “The Reactome Pathway Knowledgebase 2022.” Nucleic Acids Research, 2022
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Signaling network reconstruction

4. Curate manually all the pathways of the final list

Reactions and species information can be
downloaded automatically but:

1) Dashed lines in the graph
represent flow of information but
the data does not exist.

2) The connection between

different pathways should
be checked.




Signaling network reconstruction

4. Curate manually all the pathways of the final list

Reactions and species information can be

downloaded automatically but:

1) Dashed lines in the graph New reactions added to the network after manual
represent flow of information but

the data does not exist.

curation:

2) The connection between different * Reactions from dashed lines = 820

pathways should be checked.

* Reactions between different pathways = 26

AN /
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Analysis with concepts from network theory

Degree centrality

Undirected Directed




Degree centrality of the selected pathways network
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Species Degree

ADP [cytosol] 647
ATP [cytosol] 494
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Why should we remove co-
factors from the final %

network?

Co-factors identification and removal

Signaling by NTRK2 (TRKB)
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Co-factors identification and removal

Why should we remove co-
factors from the final
network?

Avoid producing biological
meaningless results.

Signaling by NTRK2 (TRKB)




Co-factors identification and removal

Selection of co-factor list for removal:

- Based on the degree ranking of the whole Reactome network.




Co-factors identification and removal

Selection of co-factor list for removal:

- Based on the degree ranking of the whole Reactome network.

Cumulative fraction of species
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Co-factors identification and removal

Selection of co-factor list for removal: A Keep important small
second messengers:
- Based on the degree ranking of the whole Reactome network.
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Selection of co-factor list for removal:

- Based on the degree ranking of the whole Reactome network.

Co-factors identification and removal

A Keep important small
second messengers:

54 co-factors, small molecules

ATP Pi Ac-CoA Fe2+ IMP
ADP PPi GSH Mg2+ NTP(4-)
AMP H+ GSSG n2+ NO
CTP H20 PAPS NTP HCOOH
CDP Ub PAP K+ QH2
CMP NAD+ AdoMet Cl- THF
GTP NADH AdoHcy NH4+

GDP NADP+ Ké3polyUb CH20

GMP NADPH H202 NH3

UTP 02 Na+ dNTP

UDP CO2 FADH?2 BH4

UMP CoA-SH FAD HCO3-




Co-factors identification and removal
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Final network of selected pathways
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Analysis of the final network of selected pathways
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Analysis of the final network of selected pathways
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adjacency matrix
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Analysis of the final network of selected pathways

0. Degree per species

PI(3,4,5)P3 [p] —

p21 RAS:GTP [p] — -

PTEN [c]
GRB2-1:50S1 [c]

Ca2+ [c] g: 8

5811 species



Analysis of the final network of selected pathways

Degree distribution
(linear scale)

Fraction of species with
degree k
)

Degree k



Analysis of the final network of selected pathways
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Analysis of the final network of selected pathways

Path distance between species pairs
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from Signaling Models to Information

Flows



Method for connecting signaling network species

From species 1 to species 9




Method for connecting signaling network species

From species 1 to species 9

We enforce the start species (1)
and the target species (9) to be
active and minimize the
number of active connections.




Method for connecting signaling network species

Why minimize?

1) Focus on the most essential
species and connections of
the information flow.

2) Identify the parsimonious
way of cellular signal
transduction.




Method for connecting signaling network species

We exhaustively enumerate
alternative paths!

Minimal path:
4 connections




Method for connecting signaling network species

We exhaustively enumerate
alternative paths!

Minimal path:
4 connections

Alternative path:
Minimal path + 2




Studying BDNF connection to mTOR

The start species is the BDNF ligand.

What about the target species?
Need for a systematic way to identify target species.



Studying BDNF connection to mTOR

Start Target
BDNF homodimer [e] Active mTORC1 complex [l]
BDNF homodimer [e] mTORC1 [c]

BDNF homodimer [e]

mTORC1 dimer [n]

BDNF homodimer [e]

mTORC1 with p-S722,S792-RPTOR:Ragulator:Rag:GNP:RHEB:GTP [l]

BDNF homodimer [e]

MTORC1 with p-§722,S792-RPTOR:Ragulator:Rag:RHEB:GTP [l]

BDNF homodimer [e]

MTORC1 with p-5722,5792-RPTOR:RHEB:GTP:p-S758-
ULK1:ATG13:RB1CC1:ATG101 []

BDNF homodimer [e]

mTORC1:p-T246-AKT1S1:YWHAB |[I]

BDNF homodimer [e]

mTORC1:Ragulator:Rag:GNP:RHEB:GDP [l]

BDNF homodimer [e]

MTORC1:Ragulator:Rag:GNP:RHEB:GDP [l]

BDNF homodimer [e]

MTORC1:Ragulator:Rag:GNP:RHEB:GTP [l]

BDNF homodimer [e]

mTORC1:Ragulator:RagA,B:GTP:RagC,D:GDP:SLC38A9 [l]

BDNF homodimer [e]

mTORC1:RHEB:GTP:AKT151 [l]

BDNF homodimer [e]

mTORC1:RHEB:GTP:p-5183,T246-AKT1S1:YWHARB [l]

BDNF homodimer [e]

MTORC1:RHEB:GTP:p-5758-ULK1:ATG13:RB1CC1:ATG101 [I]

BDNF homodimer [e]

MmTORC1:RHEB:GTP:p-T246-AKT1S1 [l]

BDNF homodimer [e]

MTORC1:RHEB:GTP:ULK1:ATG13:RB1CC1:ATG101 [l]

BDNF homodimer [e]

v-ATPase:Ragulator:RRAGA,B:GDP:RRAGC,D:GDP:mTORC1:RHEB:GTP [l]

BDNF homodimer [e]

v-ATPase:Ragulator:RRAGA,B:GTP:RRAGC,D:GDP:mTORC1 [l]

BDNF homodimer [e]

v-ATPase:Ragulator:RRAGA,B:GTP:RRAGC,D:GDP:mTORC1:RHEB:GTP [l]




Studying BDNF connection to mTOR

Start Target Result
BDNF homodimer [e] Active mTORC1 complex [l] NO
BDNF homodimer [e] mTORC1 [c] NO
BDNF homodimer [e] mTORC1 dimer [n] NO
BDNF homodimer [e] mTORC1 with p-S722,S792-RPTOR:Ragulator:Rag:GNP:RHEB:GTP [l] YES
BDNF homodimer [e] MTORC1 with p-5722,S792-RPTOR:Ragulator:Rag:RHEB:GTP [l] YES
) MTORC1 with p-5722,5792-RPTOR:RHEB:GTP:p-S758-
BDNF homodimer [e] ULK1:ATG13:RB1CC1:ATG101 [I] YES
BDNF homodimer [e] mTORC1:p-T246-AKT1S1:YWHARB [l] YES
BDNF homodimer [e] mTORC1:Ragulator:Rag:GNP:RHEB:GDP [l] YES
BDNF homodimer [e] MTORC1:Ragulator:Rag:GNP:RHEB:GDP [I] YES
BDNF homodimer [e] MTORC1:Ragulator:Rag:GNP:RHEB:GTP [] NO
BDNF homodimer [e] mTORC1:Ragulator:RagA,B:GTP:RagC,D:GDP:SLC38A9 [I] NO
BDNF homodimer [e] MTORC1:RHEB:GTP:AKT1S51 [l] NO
BDNF homodimer [e] MmTORC1:RHEB:GTP:p-5183,T246-AKT1S1:YWHARB [l] YES
BDNF homodimer [e] MTORC1:RHEB:GTP:p-S758-ULK1:ATG13:RB1CC1:ATG101 [I] YES
BDNF homodimer [e] mTORC1:RHEB:GTP:p-T246-AKT151 [l] YES
BDNF homodimer [e] MTORC1:RHEB:GTP:ULK1:ATG13:RB1CC1:ATG101 [l] YES
BDNF homodimer [e] | v-ATPase:Ragulator:RRAGA,B:GDP:RRAGC,D:GDP:mTORC1:RHEB:GTP [l] NO
BDNF homodimer [e] v-ATPase:Ragulator:RRAGA,B:GTP:RRAGC,D:GDP:mTORC1 [l] NO
BDNF homodimer [e] | v-ATPase:Ragulator:RRAGA,B:GTP:RRAGC,D:GDP:mTORC1:RHEB:GTP [l] NO




Studying BDNF connection to mTOR

Start Target Result| Min path
BDNF homodimer [e] Active mTORC1 complex [l] NO -
BDNF homodimer [e] mTORC1 [c] NO -
BDNF homodimer [e] mTORC1 dimer [n] NO -
BDNF homodimer [e] mTORC1 with p-S722,S792-RPTOR:Ragulator:Rag:GNP:RHEB:GTP [l] YES 22
BDNF homodimer [e] MTORC1 with p-5722,5792-RPTOR:Ragulator:Rag:RHEB:GTP [I] YES 23
) MTORC1 with p-5722,5792-RPTOR:RHEB:GTP:p-S758-
BDNF homodimer [e] ULK1:ATG13:RB1CC1:ATG101 [I] YES | 22
BDNF homodimer [e] mTORC1:p-T246-AKT1S1:YWHARB [l] YES 13
BDNF homodimer [e] mTORC1:Ragulator:Rag:GNP:RHEB:GDP [l] YES 23
BDNF homodimer [e] MTORC1:Ragulator:Rag:GNP:RHEB:GDP [I] YES 24
BDNF homodimer [e] MTORC1:Ragulator:Rag:GNP:RHEB:GTP [l] NO -
BDNF homodimer [e] mTORC1:Ragulator:RagA,B:GTP:RagC,D:GDP:SLC38A9 [I] NO -
BDNF homodimer [e] mMTORC1:RHEB:GTP:AKT1S51 [l] NO -
BDNF homodimer [e] mTORC1:RHEB:GTP:p-5183,T246-AKT1S1:YWHAB [l] YES 14
BDNF homodimer [e] MTORC1:RHEB:GTP:p-S758-ULK1:ATG13:RB1CC1:ATG101 [I] YES 26
BDNF homodimer [e] mTORC1:RHEB:GTP:p-T246-AKT151 [l] YES 12
BDNF homodimer [e] MTORC1:RHEB:GTP:ULK1:ATG13:RB1CC1:ATG101 [] YES 25
BDNF homodimer [e] | v-ATPase:Ragulator:RRAGA,B:GDP:RRAGC,D:GDP:mTORC1:RHEB:GTP [l] NO -
BDNF homodimer [e] v-ATPase:Ragulator:RRAGA,B:GTP:RRAGC,D:GDP:mTORC1 [l] NO -
BDNF homodimer [e] | v-ATPase:Ragulator:RRAGA,B:GTP:RRAGC,D:GDP:mTORC1:RHEB:GTP [l] NO -




Studying BDNF connection to mTOR

Start Target Min path No Alts|No Alts|No Alts| No Alts Target
Pmin |Pmin+1|Pmin+2|Pmin+3 Pathway
BDNF homodimer [e] mTORC1:RHEB:GTP:p-T246-AKT151 [l] 12 1 1 - - MTOR
BDNF homodimer [e] mTORC1:p-T246-AKT1S1:YWHAB [I] 13 1 1 - - MTOR
BDNF homodimer [e] mTORC1:RHEB:GTP:p-S183,T246-AKT1S1:YWHAB [l] 14 1 1 - - MTOR
BDNF homodimer [e] mTORC1 with p-S722,5792-RPTOR:Ragulator:Rag:GNP:RHEB:GTP [l] 22 2 6 10 11 :\nl\-ll-lgllz
MTOR
BDNF homodimer [e] mTORC1:Ragulator:Rag:GNP:RHEB:GDP [l] 23 2 6 10 11 AMPK
TP53
. MTORC1 with p-5722,5792-RPTOR:RHEB:GTP:p-S758-
BDNF homodimer [e] ULK")I:ATG13:RB1 CC1:ATG101 [I P 22 2 6 10 11 Macroautophagy
BDNF homodimer [e] MTORC1 with p-S722,5792-RPTOR:Ragulator:Rag:RHEB:GTP [l] 23 2 6 10 11 Macroautophagy
BDNF homodimer [e] MTORC1:Ragulator:Rag:GNP:RHEB:GDP [l] 24 2 6 10 11 Macroautophagy
BDNF homodimer [e] MTORC1:RHEB:GTP:ULK1:ATG13:RB1CC1:ATG101 [l] 25 2 6 10 11 Macroautophagy
BDNF homodimer [e] MTORC1:RHEB:GTP:p-S758-ULK1:ATG13:RB1CC1:ATG101 [I] 26 2 6 10 11 Macroautophagy




Studying BDNF connection to mTOR

No Alts|No Alts|No Alts | No Al T
Start Target Min path .ts o‘ ts o. ts o. ts _ arget
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BDNF homodimer [e] MTORC1 with p-S722,5792-RPTOR:Ragulator:Rag:RHEB:GTP [l] 23 2 6 10 11 Macroautophagy
BDNF homodimer [e] MTORC1:Ragulator:Rag:GNP:RHEB:GDP [l] 24 2 6 10 11 Macroautophagy
BDNF homodimer [e] MTORC1:RHEB:GTP:ULK1:ATG13:RB1CC1:ATG101 [l] 25 2 6 10 11 Macroautophagy
BDNF homodimer [e] MTORC1:RHEB:GTP:p-S758-ULK1:ATG13:RB1CC1:ATG101 [I] 26 2 6 10 11 Macroautophagy
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Method for generating balanced signaling networks

From species connections to reactions

* It is based on optimizing pathway topology

* The reactant-reaction-product relations are the motifs

o

Mitsos, Alexander, et al. “Identifying Drug Effects via Pathway Alterations Using an Integer Linear Programming
Optimization Formulation on Phosphoproteomic Data.” PLOS Computational Biology, 2009



Method for generating balanced signaling networks

A hybrid sequential method

1) PathTracer algorithm to identify
the minimal path between two
species.

Biotechnology
Journal

www.biotechnology-journal.com

Biotechnol. J. 2016, 11, 648-661

Research Article

MapMaker and PathTracer for tracking carbon
in genome-scale metabolic models

Christopher . Tervo and Jennifer L. Reed




Method for generating balanced signaling networks

A hybrid sequential method

1) PathTracer algorithm to identify
the minimal path between two
species.

2) Oftadeh et al. formulation of the Mitsos et al.
method to identify the minimal network that
balances the minimal path.

Biotechnology Biotechnol. ). 2016, 11, 648661
Journal

www.biotechnology-journal.com

Research Article

MapMaker and PathTracer for tracking carbon
in genome-scale metabolic models

OPEN 8 ACCESS Freely available online PLOS COMPUTATIONAL BIOLOGY

Identifying Drug Effects via Pathway Alterations using an
Integer Linear Programming Optimization Formulation
on Phosphoproteomic Data

Alexander Mitsos', loannis N. Melas?, Paraskeuas Siminelakis?, Aikaterini D. Chairakaki?, Julio
Saez-Rodriguez®*, Leonidas G. Alexopoulos®*

Christopher . Tervo and Jennifer L. Reed

Journal of Receptors and Signal Transduction
Volume 38, 2018 - Issue 5-6

Research Article

Accounting for robustness in modeling signal
transduction responses

Mohammad Omid Oftadeh & Sayed-Amir Marashi &
Pages 442-447 | Received 20 Aug 2018, Accepted 25 Dec 2018, Published online: 22 Feb 2019




Method for generating balanced signaling networks

Network for From connections Network for
minimal path to reactions balanced path
PCI'l'hWGYS 115 p——— Paihways 115

Species 5811 Species 5947
Reactions 8696 Reactions 4409
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Studying BDNF connection to AMPK

Start Target Result| Min path
BDNF homodimer [e] Activated AMPK heterotrimer [n] YES 18
BDNF homodimer [e] AMPK heterotrimer (active) [c] NO -
BDNF homodimer [e] AMPK heterotrimer (inactive) [n] NO -
BDNF homodimer [e] AMPK heterotrimer [c] YES 21
BDNF homodimer [e] AMPK heterotrimer:AMP [n] NO -
BDNF homodimer [e] AMPK-alpha2:AMPK-beta:AMPK-gamma:AMP [c] NO -
BDNF homodimer [e] p-AMPK heterotrimer [c] YES 20
BDNF homodimer [e] p-AMPK heterotrimer:AMP [c] YES 21
BDNF homodimer [e] p-AMPK heterotrimer:AMP [n] YES 22
) p-AMPK heterotrimer:AMP:p-5317,467,556,638,T575-ULK1:
BDNF h d YES 23
omodimer [e] ATG13:RB1CC1:ATG101 [c]
. p-AMPK heterotrimer:AMP:p-T180,5317,467,556,638,T575-ULK1:
BDNF h d YES 24
omodimer [e] ATG13:RB1CC1:ATG101 [c]
) p-AMPK heterotrimer:AMP:p-T180,5317,467,556,638,T575-ULK1:
BDNF h d YES 26
omodimer [e] ATG13:RB1CC1:ATG101 [er]
) p-AMPK heterotrimer:AMP:p-T180,5317,467,556,638,T575-ULK1:
BDNF h d YES 25
omodimer [e] p-ATG13:p-RB1CC1:ATG101 [c]
BDNF homodimer [e] p-AMPK heterotrimer:AMP:ULK1:ATG13:RB1CC1:ATG101 [c] YES 22
BDNF homodimer [e] SESN1,2,3:p-AMPK heterotrimer:AMP [c] YES 17
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Start Target Result| Min path
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Studying BDNF connection to AMPK

Species

BDNF to Activated AMPK heterotrimer

=

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

18 19 20 21 22 23 24 25 26 27 28 29

Pmin Pmin+1
=18

Pmin + 2

Alternative paths

Pmin+3

Hl Minimal path
[ Balanced network



Studying BDNF connection to AMPK

BDNF to Activated AMPK heterotrimer

Regulation of TP53 Expression and Degradation |l

S Phase

PIP3 activates AKT signaling

Mitotic G1 phase and G1/S transition

Signaling by NTRK2 (TRKB)

Regulation of TP53 Activity through Phosphorylation
Activation of the pre-replicative complex

Cell Cycle Checkpoints

Costimulation by the CD28 family

Integration of energy metabolism

Signaling by EGFR

Fc epsilon receptor (FCERI) signaling

Signaling by Insulin receptor

Signaling by Type 1 Insulin-like Growth Factor 1 Receptor (IGF1R)
TCR signaling

Oxidative Stress Induced Senescence

MTOR signalling

Energy dependent regulation of mTOR by LKB1-AMPK
Extra-nuclear estrogen signaling

Pentose phosphate pathway

Pathways

TP53 Regulates Metabolic Genes|

NGF-stimulated transcription

Signaling by NTRK1 (TRKA)|
Metabolism of nitric oxide: NOS3 activation and regulation|

Senescence-Associated Secretory Phenotype (SASP)
Transcriptional Regulation by VENTX

Pmin

Oncogene Induced Senescence|

PI3K Cascade| |

18

40

10

Number of reactions

18 steps from BDNF to
AMPK
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BDNF to Activated AMPK heterotrimer

Regulation of TP53 Expression and Degradation |l

S Phase

PIP3 activates AKT signaling

Mitotic G1 phase and G1/S transition

Signaling by NTRK2 (TRKB)

Regulation of TP53 Activity through Phosphorylation
Activation of the pre-replicative complex
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Costimulation by the CD28 family

Integration of energy metabolism
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Signaling by Insulin receptor

Signaling by Type 1 Insulin-like Growth Factor 1 Receptor (IGF1R)
TCR signaling
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Energy dependent regulation of mTOR by LKB1-AMPK
Extra-nuclear estrogen signaling

Pentose phosphate pathway

Pathways

TP53 Regulates Metabolic Genes|
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Signaling by NTRK1 (TRKA)|
Metabolism of nitric oxide: NOS3 activation and regulation|
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Transcriptional Regulation by VENTX
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Oncogene Induced Senescence|

PI3K Cascade| |

18

40
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Number of reactions

18 steps from BDNF to
AMPK

Total of 104 reactions
(including the peripheral)
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BDNF to Activated AMPK heterotrimer
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BDNF to Activated AMPK heterotrimer

Regulation of TP53 Expression and Degradation
S Phase

PIP3 activates AKT signaling

Mitotic G1 phase and G1/S transition

Signaling by NTRK2 (TRKB)| |

Regulation of TP53 Activity through Phosphorylation
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Cell Cycle Checkpoints
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Signaling by EGFR
Oncogene Induced Senescence
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Extra-nuclear estrogen signaling

Pentose phosphate pathway

TP53 Regulates Metabolic Genes|
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Metabolism of nitric oxide: NOS3 activation and regulation
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Transcriptional Regulation by VENTX
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Number of reactions

18 steps from BDNF to
AMPK
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(including the peripheral)

These 104 reactions from 27
pathways

Max of 30 reactions in
Regulation of TP53
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BDNF to Activated AMPK heterotrimer

Regulation of TP53 Expression and Degradation
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Min of 2 reactions in 9
pathways
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BDNF to Activated AMPK heterotrimer

Regulation of TP53 Expression and Degradation |l

S Phase

PIP3 activates AKT signaling
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Metabolism of nitric oxide
does not participate in this
path
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BDNF to Activated AMPK heterotrimer
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BDNF to Activated AMPK heterotrimer
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Connecting signaling to metabolism
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Connecting signaling to metabolism
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From ligand to transcription factor

Transcription factor Gene

GSR
From BDNF to NFE2L e

(NRF2) transcription HMOX1

factor IDH1
p-NFE2L2 [n] ME1

PRDX1
SRXN1
TALDO1
TKT
G6PD
GCLC
GCLM
GSTA1
NQO1
PGD
SLC7A11
TXNRD1
p-NFE2L2:MAFK [n] HMOX1

p-AcK-NFE2L2:CREBBP, EP300 [n]




From ligand to transcription factor

From BDNF to NFE2L
(NRF2) transcription
factor

Metabolic
stress

FTL1
Iron/heme FTH1
homeostasis, ¢
resistance to
ferroptosis HMOX1
Iron
metabolism
GSR GCLM
SLC7A11 GCLC

Glutathione GPX2
metabolism

'@l Wu WL, Papagiannakopoulos T. 2020.

ﬂi Annu. Rev. Cancer Biol. 4:413-35

Oxidative
stress

Oncogenic
stress
G6PD

TXN1 TXNRD1

PRDX1 SRXN1

Thioredoxin
metabolism

\

Detoxification of
ROS, drugs, and toxins

PGD
Increased

ME1 —3 reducing
potential

IDH1

NADPH
production
ABCC1 ABCC2

Multidrug resistance-
associated proteins



From ligand to transcription factor

Start Target Result| Min path
BDNF homodimer [e] p-NFE2L2 [n] YES 10
BDNF homodimer [e] | p-AcK-NFE2L2:CREBBP, EP300 [n] | YES 12
BDNF homodimer [e] p-NFE2L2:MAFK [n] YES 11




From ligand to transcription factor

Start Target Result| Min path
BDNF homodimer [e] p-NFE2L2 [n]
BDNF homodimer [e] | p-AcK-NFE2L2:CREBBP, EP300 [n] | YES 12
BDNF homodimer [e] p-NFE2L2:MAFK [n] YES 11
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Perspectives

Create dynamical signaling models
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Create dynamical signaling models
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Analysis of the final network of selected pathways
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Analysis of the final network of selected pathways
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Analysis of the final network of selected pathways
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Studying BDNF connection to AMPK
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Studying BDNF connection to AMPK
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