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Outlines

e What is Systems Biology?

e How to cross the bridge from math to biology or from biology to math?
e How to build a simple model?

e How to analyze RNA-seq data and integrate the results with a simple
model?

e How to identify new biomarkers?
e Can we build a whole-cell model?
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Simple Problem AT =
Q 000 O
O O O Q O Enzyme
| Q0O O
25 circles O O O
O 000 O O

Metabolite Kcat = three molecules per hour per one Enzyme Metabolite
Substrate Flux <= kcat [number of enzymes] Product

Flux <= V,,4x

Converts three circles to square per hour Chemical Reaction

D-glucose 6-phosphate =) D-fructose 6-phosphate

PGI1
Q. How many circles remain after two hours?

A. This man can convert 6 circles after two BIO
hours, so there are 19 circle after two hours.
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17 circles

Converts thre 1 circles to triangle per hour Converts three circles to square per hour

B
[ »
»

How many squares can this man convert after

How many triangles can this man moves two h 5
after two hours? 0 hours?

Changes color of 0.5 triangel to blue per hour

A ’A ] d |

How many red squares can this man convert after two hours?

1o EE

Changes color of two squres to red red per hour

How many triangle can this man change after
two hours?



Mathematical Modeling

SO If we have 25 circles

How manys objects
do we have after two
hours

We can also estimate g
the wait time?
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https://www.ncbi.nlm.nih.gov/pubmed/24658329

Genome-Scale Metabolic Models
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If we know the uptake rate of
glucose,

Can we estimate the growth
rate?

For example,

yeast can consume glucose
with the rate 13 * 6.023 x 1018
molecules per cell per hour,

We know the copies numbers of
nucleotides, amino acids, lipid
species, and carbohydrates per
yeast cell

The growth rate is 0.1 per hour



Quantitative description (Proteomics and Metabolomics)

s

Conditionl (normal or WT) Condition2 (Disease or mutant)
000 O
. (@] O%O
So If we have 25 circles %%O Q 0000 @
LY 0000
@eo If we have 25 circles %%% %
How manys objects OOO% 9)
do we have after two 3
hours How manys objects

do we have after two
hours

We can also estimate pgg 4
the wait time?
A !

Please note the change in number of Circles and Squares.

j{ Increase or decrease } Increase or decrease
N

Increase (up-regulated) Decrease (Down-regulated)

1 We can also estimate g 4
the wait time?
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Formal Definition of Systems Biology

e to obtain new insight into the molecular mechanisms occurring in living
cells or sub-systems of living cells, through the combination of
mathematical modeling and experimental biology and

e to obtain a quantitative description of biological systems in the form of
mathematical models that can be used for predictive analysis.

Mathematical
Modeling

Math:
Linear programming

Phyisics:

Thermodynamics,

FEBS Letters Volume 583,

Experimental Quantitative
biology description
Genomics,

Fermentation

Enzyme Kinetics E,I-\clﬁésoiili'cs
13C flux

Metabolomics

Issue 24, 17
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https://www.sciencedirect.com/science/journal/00145793
https://www.sciencedirect.com/science/journal/00145793/583/24

What is the aim of the Systems Biology?

The aim is to to find the cellular components and how these components are
connected together.
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We need genome-scale methods not small 2L
models

WESTERN HEMISPipy

Solar System

http://www.biokemi.org/biozoom/is https://www.dreamstime.com/stock-illustration-vector-
sues/514/articles/2285 old-globe-map-world-new-discoveries-image60583134
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Math Background (Linear programming)

x+y—z =0 - v =0
X
oy orso e [ L L)
1 — —1 Z 0
XY,/ Z >=0
The problem
ZA we need a point that maximizes z
» Solution space Max z
each point is a solution
R for this system S.L.
X
Sv=0,
We can use the computer to
P 0< v<100

Y solve this problem
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Simulation: Flux balance anaylsis

%zv2 —v,—v; =0
%:vfrﬁ —v, =0
dD

Max Growth=v,

' st
—»
Growth SV =0
—100 =V =100,
v, =1
_E}i—i_ 1 _1'-__
dt| r A"
ﬁJ_j_fj,1—1—1{}:}@{}1_‘m
d32010—1—1001-:ﬂ
i o o 11 0 -1 0 L
di oo o o 1 1 -1 | |0
e ls l 1

Stoichiometric Matrix §
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What is Flux Balance Anaylsis (FBA)

Chemical reactions

a Curate metabolic reactions b Formulate S matrix

Reactions

© A= B+C (n " : 2 L
B+2C—D (2) ¢ B|11
3 C|1-2
2 o[ 1
(n) .
m

¢ Apply mass balance constraints d Define objective function Z

v(nx1)
m mass balance v
S (mxn) euetions c' (1xn)
v, +.=0
3 = po__ - o] =
1 — 0 —_» v,-2v,+..=0
v,+..=0 v,
’ sets reaction 1 as
the objective

z
q point of maximize: Z
optimal v such that:
Sv=0
wSySe
Osy,se

Nat Biotechnol. 2010 Mar:; 28(3): 245—-248
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Biomass reaction

Organism of interest Cellular biomass Equation Units
measurement
‘ ‘ and
RNA or DNA Lipid Protein assessment

0.56 g protein g per gDW
+021gRNA + ..

inweight percent — 1gDW

M m O Macromolecular
content
{ !

| b_ Nucleotides Lipids Amino acids  lons and T i
cofactors
I NS ? 3 o  Co* Building blocks of X L-Ala+y L-Met + .. mmol |
/N\./QN / \ H;C/ H In?* macromolecules +mUTP +n ATP + .. per SDW
A J 16014 B in molar fractions = {x4y+.) H,O |
] P N }gg 181 +(mene.) PP + .
B OH OH . OFl
[ ¢ Esental " Essential e . T
lipids o, Analysis to
oo?and determine X L-Ala +y -Met + ... mmol
Nucleotides Amino adkdh essential building +mUTP +n ATP + .. per gDW
womoy S bloda pmeand | o ki) HO4
| ols0%s: Cor component | (mene.)PPs. |
\ ~  essentiality
X data required)
| Scale to 1gDW compounds per 1 gDW cell (if necessary) Core BOF I

Nature Reviews | Microbiology

Nature Reviews Microbiology volume7, pages129-143 (2009)

DTU
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https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=20212490

How can you reconstruct the model

Maodel reconstruction

= - 1+S2>P1l+P2
Literabure Dha babarses Genome S1+ S3 ->P3 + P4 gl and gZ
GEM S3 > P5 gl or g3
Reactions
10 0 0 o0
1 =1 o q
g1 =1 6 0 E
| 37 0 00|E
a0 i 1=

R -

Please remember this rule:

You input the glucose uptake rate as 1 mmol/gDW/h

Computational analysis

e o
s e
¥ ll'l o
—_— s
Vi
Ve Ty T3
¥

i Mielsen J, 2017,
{ Annu. Rev. Biochem. 86:245-T5

FBA maximizes the growth rate

The model predicts the growth rate
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Simulation: Flux balance anaylsis

%zv2 —v,—v; =0
%:vfrﬁ —v, =0
dD

Max Growth=v,

' st
—»
Growth SV =0
—100 =V =100,
v, =1
_E}i—i_ 1 _1'-__
dt| r A"
ﬁJ_j_fj,1—1—1{}:}@{}1_‘m
d32010—1—1001-:ﬂ
i o o 11 0 -1 0 L
di oo o o 1 1 -1 | |0
e ls l 1

Stoichiometric Matrix §
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Finding antibiotics (deleting one reaction or gene)

Reactive oxygen species (ROS) such as H202 can kill bacteria, can we attack the resisentce machanism in bacteria

Network
perturbations
ROS generators

ROS metabolic

Flavin
models

quinone
trans. metal

Metabolic model

Predicted
ROS production

OC

Experimental
validation

ROS measurement

Fluorescence

B Wild type B Mutant

Killing assays

Nature Biotechnology volume31, pages160-165 (2013)
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Simulation: Flux balance anaylsis

Max Growth=v,

o st
Growth SV =0
—100 <7 <100,
v, =1
(A 1 vy
dr| i _q4 _ 1 %2
B v —v. =0 - {1} 11 01 G1 Gl E g "
g C T | o §E
e @l"oo 11 0 -1 0"
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GEM Applications: Deleting one reaction (gene) i
g = \

Fhi fl/fl Fh 1—/— CL1 Fh 1—/— CL19

shGFP

Hmox1
biliverdin = heme = aconitate

aconitase
BLVRB fumarala.
v IX \ isocitrate
bilirubin <= | bilirubin . BOH\ IDH
UDP GT T w aKG <-glutamate <— glutamine
e s - Wﬂ IX : %GDH NADH y
bilirubin-UDP = bilirubin-UDP succinyl-CoA it
LAS‘ glycine
4
glutamine
shHmox1
coproporphyrinogen |1l ALA+ALA
UroD” ALAD
Uroporphyrinogen Il pg G
\ UroS - ,/H MBS ) -
|
plasma membrane . C B Fh1
- F h 1—/— CL1

Nature volume4T7, pages225-228 (08 September 2011)
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Anti-metabolites: Deleting all reactions around
one metabolite

Max Growth=v,
S

Growth SV =0
—100 =7 =100,

Vo

dA - - o
?:vl—vz—va — dA4 Vi
1 — .

dr| - SRR
B v v, =0 - {1)_11 _01 G1 Gl 2 g i 2
a2t 7T — | di o |z
i @™o o 1 1 0 -1 0|% o
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dr dp| - Ve | T
dD dt v
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Anti-metabolite: Can the cell grow when all
reaction around one metabolite are deleted

21
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Rasmus Agren et al MSB 2014
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Cell viability
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0.5
DMSO
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https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Agren,+Rasmus
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HCV

AAs
/ 1 1 4 NNs
ARs tRjIA Glucosé™ ===+ Pyruvat » Pyruvate
R Y >

—

Aminoacyl-tRNA Acetyl-CoA < =====(Citrate

te
M TCA Cycle
N
HCV genome Y
B Acetoacetyl-CoA M\"-COA\A
ATP, CTP, LPA
GTP, UTP
Ribosome 1
tRNA cholesterol DAG «— PA

OAA ‘-.'“s

HCV proteins HEV’E-EM :
Cholesterol esters
CDP-DAG
HCV Lipid
\ HCV particle PC 4———- PE < Ps /
|
v
HCV particle
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summary [ Ref |

Liefhebber et al downregulated the acyl-CoA synthetase long-chain family (3)

Host-targets

member 1 gene to reduce HCV assembly.

Acyl-glycerol

cholesterol esters
(R)-5-diphosphomevalonate Jin Ye reviewed the role of mevalonate pathway in HCV assembly. (4)

R)-5-phosphomevalonate

(R)-mevalonate

Presqualene-PP Saito et al downregulated the squalene synthase gene to reduce HCV assembly. (5)

Squalene

Squalene 2,3-oxide Owens et al suggested that both of oxidosqualene cyclase and lanosterol (6)

erol demethylase can be used as antiviral targets for HCV assembly.

dimethylallyl-PP Ye et al and Kapadia and Chisari reported the role of geranylgeranylation in HCV (Z, 8)

farnesyl-PP replication.

geranyl-PP

isopentenyl-pPP

cholesterol Takano et al and Rodgers et al downregulated the DHCR24 and DHCR7 genes to (9, 10)
reduce HCV assembly.
Bishé et al reviewed the role of phosphoinositides in the HCV assembly. (11)

D-myo-ino
3-dehydrosphinganine Sakamoto et al downregulated the serine palmitoyltransferase gene to reduce (12)

sphinganine
sn-glycer -phosphate Sn-glycerol-3-phosphate may prevent lipid biosynthesis through Kennedy
Herker et al downregulated the DGAT1 gene to reduce HCV assembly. (13)



Omics Analysis

Condition 1

Genel 1 1 1 1

Gene 2 30 30 30 30

Gene3 20 20 20 20

Gene

23

Condition 2

10 10 10 10 10 =log2

average P /
average N

1 1 1 1 1

19 19 19 19 19

t-test
(P,N)

0.004

i



What is the biological meaning of these numbers =

Genome

SRA file

Gene 1 Gene 2

> Read 1
AAAAATTTTAAA

>Read 2
AAAACCCCCCC

>Read 3
AAAACCCCCCC

>Read 4
AAAACCCCCCC

24

RNA-seq
these numbers are number of reads




Reporter Metabolites and Subnetworks

O
LR
} |

Gene Adjust P. Value

Fold Change

gepel gene2

gene4 gene3

T /

Z_genel=norminv(1-P_1)

Z_gene2=norminv(1-P_2)

Z_genel=norminv(1-P_3) - : Z_gene3=norminv(1-P_N)

s



Non-alcoholic fatty liver disease

Subsystems in HMR database

DTU
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Protein modification {

Glycan metab

it A GlcA 80AZ peecursor 2%
Chonaroiin state A (GaNACSS-0A) and B D00A2S-OaNALAS). precursor X
Chordrotn suliate C (GaNACES - GIcA). precursor 2

o

Chondroitin sultate
biosynthesis

Lipid droplet formation

SphinQobpid metabolism
Incsitol phosphate motaboism
Ether bpsd

Folate metabolism

Argining and proling i
Cysteirs and mathionine metabolism
Lysinoe metabolism

Aminoacy-tRNA biosynthesis

Other amino acid metabolism

Cholesterol biosynthesis

Seercid
Eicosancid metabolism
Vitamin B6 metabolism

Porphyrin metaboism
Biotin metabolism

Nucleotide metaboksm

Fructose and mannose metabolism

Starch and sucrose metabolism

Other pathways

26

PHGDH

PSAT1

NADsc]
ate(c]
Catarnadnic)

BCAT1

A\{

b Glucoseic] = = 9 3-Phospho-o-glyceratefc] = = » Pyruvate|c] w3 Lactatelc)
NAD+f¢} !

Nature Communications volume5, Article number: 3083 (2014)



Whole Cell Modeling

External
environment

)
20

S

RNA
modification

=) ‘ Rnbosome :
™ Terminal organelle
1 assembly assemgly
\ tRNA Protein
ot . RNA processing aminoacylation 5 translocation
8 g rotein
‘ v - processing interactior
<o
p; Host epithelium
Transcription seadd N
ranscnptlonal Macromolecular . Translation

regulation complexation Protein

dﬂ modification Protei

i mﬁ 1 rotein
» P'i%?ign 2& folding

DNA
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= B Protein
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rep?ca%on

FtsZ
polymerizatio

Cytokinesis
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segregation
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Cell.

2012 Jul 20; 150(2): 389—-401.
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https://www.ncbi.nlm.nih.gov/entrez/eutils/elink.fcgi?dbfrom=pubmed&retmode=ref&cmd=prlinks&id=22817898

Please Remember this Systems Biology Cycle

Maodel recomstruction

Reconstruction

Omics Data Anaylsis

Gene

Adjust P. Value

Fold Change

Integration

i

New questions

i

New

Biological
Experiments




Omics Data and tools

https://cancergenome.nih.gov/

https://www.ebi.ac.uk/ena

https://galaxyproject.github.io/training-material/

http://kbase.us/

Genome-Scale Metabolic Models

http://biomet-toolbox.chalmers.se/
http://www.metabolicatlas.com/
http://sbrg.ucsd.edu/optimizing-genres/

https://vmh.uni.lu/
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More Free Courses

s

https://www.youtube.com/watch?v=nHkYIEWNxeM

https://www.edx.org/course/case-studies-functional-genomics-harvardx-ph525-7x-0

https://www.video.ethz.ch/lectures/d-math/2014/spring/402-0112-14L/015a0d57-9372-4635-
868c-342c0aleb61d6.htmi?autoplay=true
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