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Systems Biology Research

& Systems biology Is the quantitative and gqualitative study of
Interactions among the components of biological systems,
and how these interactions give rise to the function and be

havior of that system

¢ Omics: genome, transcriptome, proteome, metabolome

& Genome-scale metabolic model and other cellular models
¢ Simulation: metabolic flux analysis and dynamic simulation
¢ Integrated analysis at a whole system level
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White Biotechnology = Industrial Biotechnology

enabled through systems and synthetic biotechnology
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Global Warming

Kyoto Protocol World CO2 output to rise 59 p by

2030: U.S. Traffic passes downtown Los
Carbon tax Angeles onthe 10 freeway in this file
photo, November 19, 2005, Global
: emissions of the main gas scientists link to
SATCe Il IRl gl I  olobal warming will rise 59 percent from
2004 to 2030, with much of the growith
i . coming from coal burning in developing
RINNCORIENINEEIUVIGEE - rtries like China, the U.S. government
forecast on Monday. REUTERS/Lucy
Micholson
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Current system for Sustainable system for Research
chemicals and materials chemicals and materials
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Feedstock: renewable biomass
170 billion tons per year
only 6 billion tons are currently used
3.5% of this amount is used in non-food applications

170 billion tons of biomass
= 75% carbohydrates
20% lignin
5% others (olls, proteins, etc.)

BioEnergy

BioFuels
BioMaterials e
BioChemicals




Microsoft

hemicals Research

arboxylic acids
iIcarboxylic acids
lIchohols

lols

EINIRES

romatics

mino acids

& and many others

& + Unnatural chemicals

=BioCentury
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Fuels Research

Ethanol

Diesel

Butanol/Isobutanol
Alkanes

Isoprenoids
Hydorxycarboxylic esters
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Matenals Research

Polysaccharides

Poly (amino acids)
yhydroxyalkanoates
Unnatural polymers

n vitro polymerization of MONOMErs s s

Organic/inorganic hybrids R CRENE S
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Primary metabolites
Secondary metabolites
Proteins/Peptides
) Enzymes
Lipid/Fatty acids
Carbohydrates

Whole cell catalyst

Microsoft

Research
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Metabolic Engineering Research

Purposeful modification of
metabolic network to achieve... (after Jay Bailey)

¢ Enhanced production of metabolites and other
biologicals that are already produced by host organism

Production of modified or new metabolites and other biologicals that
are new to the host organism

Broadening the substrate utilization range METABOLIC
ENGINEERING

¢«

¢«

Designing improved or new metabolic pathways
for degradation of various chemicals, especially xenobiotics

Modification of cell properties that facilitate bioprocessing
fermentation and product recovery)

= |oCentury
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Complex Network of Network of Network Research

 Giucos
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Metabolic networkyy Acetate
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Genotype

Lee et al. DNA RNA Protein Metabolite

(2005) Trends

Biotechnol.,

23: 349-358 Ribosome
DNA _

Protein

Equipment L_EJ B -i

DNA sequencer Microarray GC/MS, NMR
DNA sequence data mRNA profile Metabolite profile
High-
throughput
data
UG
= BioCentury 4
B Genome Transcriptome Proteome Metabolome
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Sang Yup Lee
Editor

Systems Biology

and Biotechnology
of Escherichia coli

@ Springer




KAIS T-Microsoft Collaborative Project Research
for Developing Systems Biology.Net (SB.NET)

& An integrated computational
environment linking all data = e
with theory, modeling, Wi
simulation, and experiments and Optimization m
to help understand the > _/
biological system as a whole ' e o

Model

Database
of Models and for Integrating
Simulation and Sharing Data
Results

o Management \
Packs

Dr. H. Yoon Ms. J. Chu

M’.c Oﬂ® —BloCentury

Your potential. Our passion.”



http://genomicsgtl.energy.gov/compbio/index.shtml
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Research

Systems Biology.Net

Data Mining
for re-generation of the
Knowledge

Visualization
Of models and simulation
results

Language development
for defining and
standardization of the model

Microsoft

NEt

Framework

Systems Biology .NET

Databases
for integrating and
sharing data/models

High performance
computing
for analysis of large-scale
models

Mathematical
modeling, simulation and
optimization

— KAIST
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KAIST-Microsoft Project on SB.NET (1phase) =~ Research

& Mathematical modeling, simulation and optimization
Pseudo-steady state simulation

Dynamic simulation

Hybrid simulation

Final release

¢ ¢ ¢ ¢

& Visualization of models and simulation results

Data management

Visualization of genome-scale metabolic networks
Visualization of regulatory networks

Visualization of two combined networks using 3D space
User commands

Final release

¢ ¢ ¢ ¢ ¢ ¢
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SB.NET Project Overview___ ‘Research

mlysiis of metabolic networks

Integration of biochemical data dConstruction of reaction models

UEstimation of flux distributions

U Thorough comparison of different DBs QValidation of metabolic networks

O Standardization . N - :
OMetabolic behavior in response to genetic and/or

Q Integration

-

environmental modifications

=3

e

i User 1, .|&=

QVisualization of metabolic networks

]

mc ‘DB Qu =
P> s o

Visualization

il'

Microsoft

Dynamic Your potential. Our passion.”
Simulation

KAIST
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Genome-Scale Metabolic Network Models

1. Genome sequencing

2. Genome annotation

—

- “-—'_‘4 - - y __.__ = ~
o = |
8. Comparative genomics i g P :
(Phylogeny, gene fusion, s |- e

gene neighborhood,
co-occurrence) 3. Automatic reconstruction
(KEGG, BioCyc)

4. Extraction of

. Gene —re io rrelation
biochemical reactions

6. Filling gaps in

{Literature, database!
(Pfam, BRENDA, Meta

13. Metabolic engineering

12. Systemns Biotechnology
{in silico analysis)

11 Mode| validation
(Growth rate, fermentation profile)

9. Static simulation

olic

Microsoft

Research

Biochemical
Reactions

Stoichiometry

Cofactors

Reversibility

Biomass

ATP requirement

— KAIST
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11 rxns

dX/dt=S.V Boundary 9 meta's

Steady state Mass Balance Sev=0 X f?lA \
o r1-1 000000000\ (O
FRA-TL= r3

B:+rl-r4-r2+r3=0 01-11-1000000 |n i 0

C:+r2-r5-r6-R =0 =) 00100-1-10-100("® [=|0

D:+r5+r4-r3-r7-Ry=0 000-1110-10-101¢t7 0

E:+r6+r7-R=0 0000001 100-1/ E(D; L0/
AR TR

ioCentury

S = stoichiometric matrix with K metabolites and J reactions [KxJ]V SB

v = flux vector [Jx1] e o o &




Schematic Flow Chart of MFA Research

Metabolic reactions

Stochiometric matrix
(constraints)

w Experimental
function | parameters

= BioCentury




MetaFluxNet2.0 Research

& Integrated computational environment for modeling and
simulation of the genome-scale metabolic model

— N N N N N N N N N N N N N N N N N N N N

Network Editor Database Manager

ADO. Net
Network

Manager

Model

AnalySiS Manager
Manager

eeeeee

>fi Developed by
Hongseok Yun hsyuni@kaistac kr OML BUiIder

Sang Yup Lee |eesy@kaistac kr

Metabolic & Biomolecular Engineering National
Research Laboratory

Bioinformatics Research Center Microsoft Solver

KAIST Foundation LibMFAML LibSBML B ocentury
Copyri ght 2002-2009 All rights r ’
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. a Microsoft’
Amlno ACldS Val, Leu, lle : effective in hepatic failure ResearCh
Glu : antiulcer drug
Arg : immune-enhancing effect
Val, Leu, lle : Muscle building, increase
of stamrna recovery from fatigue
Medical care
Food and animal feed Sports
Health care
Amino acid
Platform chemicals
The skin moisturizing effect
Collagen composition i
Valine Lysine Histidine Leucine .'-‘\rl‘.:rrirwl::\.lml;::l::e presine Ca‘re Of damaged CUtICIGS ::—BioCentury

Methionine Tryptophan Threonine 1e  Asparagine Aspartic acid

Phenylalanine Isoleucine Arginine EﬁICIGnt burnlng Of bOdy fat - SstB&
Sy:theetic%iotzchnology




EAIST Institute for the

m L-threonine zE;BincEntu Microsoft-

ﬁﬂ |IVQMEDA | ‘ ilvA

v
acetdhyoroxy acid 2-ketobutyrate

Synthasé'4 11, 11
_SilvBN, IIVGM,. JIVIH ilvBN, ilvGM, ilvIH

b '0. *

o \ g 2-aceto-2-
> ““ \ 2-acetolactate hydroxybutyrate

Y \ ‘I C' acetohydroxy acid ilve
C | isgmeroreductase
5 %\ K branched chain
RN 2, 3-dihydroxyisovalerate M * ilvDamino acid
\ e, aminotransferase
S | * itvp dihydroxy acid + ilvE

dehydratase .

= KaisT

= BioCentury
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L-leucine

Jin Hwan Park



pyruvate ketobutyrate

2-aceto-2-
*iIvC + ilve
SIGNCE LY cpn—— y ivo
2=ainydroxyisovaierate
50thC=>T

* ilvE
* ilvD

2-ketoisovalerate
)ropylmalate

synthase leuA panB 3-methyl-2-oxobutanoate
hydroxymethyltransferase

L-iso.>rucine

) leuCD
Auxotrophic ilVE panE
2 mM Leu leuB
2 mM lle

@nc

1.5 uM pantoth 7E

L-lev -ine L-valine

EAIST Institute for the

ioCentury

= =8
|

i *ilvA thr dehydrat

i

ilvBN, ilvGM, ilvIH

Microsoft

Research

pKKilvBN i .

p — J
N !
pBR322 ori

Base strain

->Val {W3110(attilvG::ptac,
attilvB::ptac, ilvHA41G. C0T Al acl,
AilvA, AleuA, ApanB)}
harboring pKKilvBN

= KaisT

= BioCentury

B
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Microsoft

Fermentation and Transcriptome Analysis Research

Val : W3110(attilvG::ptac, attilvB::ptac, ilvHA41G. C30T Alacl, AilvA, AleuA, ApanB), pKKilvBN
Control : W3110 (Alacl, pKK223-3)

Medium NML1, Glucose (20 g/L), L-leucine (2mM), L-isoleucine (2mM), D-pantothenate (1.5uM)
Condition 31°C, pH 6.0

1.31 g/L L-valine
by batch fermentation

L-valine (g/liter)

KAIST

= BioCentury

$SB

Center for Systems &
Synthetic Biotechnology

Jin Hwan Park

Time (hr)



Overexpression of Genes

Relative expression level of L-valine

biosynthetic pathway genes

gene enzyme chip data

ilvB acetohydroxy acid | §4.46
synthase
isoenzyme |

ilviN acetohydroxy acid | 32.50
synthase
isoenzyme |

liv/e acetohydroxy acid | 3,74
isomeroreductase

ilvD dihydroxy acid 4.28
dehydratase

ilIVE branched chain 1.32
amino acid

N aminotransferase

— KAIST

=BioCentury

B

Center for Systems &
Synthetic Biotechnology

Chr. DNA of E. coli W3110

preg

EcoRI PstI iIVBNF ==p
pKK223-3 (4.6kb)
ori 4= ilvBNr
; PCR with primers ilvBNf and ilvBNr

Digestion with EcoRI and PstI
I Ligation _ ¢+ DNA of E. coli W3110

prec] ivon)

EcoR1 Tpstl ilvef —»

pKKilvBN (6.5kb)

ori 4= ilvCrSX
O m PCR with primers ilvCfand ilvCrSX

Digestion with Pstl
Ligati
sacI 193U Chr. DNA of E. coli W3110

ilvEDepfS
-
EcoRI ¥PstI ¥PstI Xbal

pKKilvBNC (8.0kb)
ori <= ilvEDr
O m PCR with primers ilvEDepfS and ilvEDr

Digestion with SacI and Xbal
I Ligation

Sacl

EcoRI FPstI ¥Pstl Xbal

pKKilvBNCED (11.0kb)

orl' m
Co-amplification of the ilvCED genes in pKKilvBN

Increased L-valine production (1.31 =3.43 g/L)

—
d
=
(=]
2
(5]
£
T
T
a

Microsoft

Research

Val+pKKilvBN  Val+pKKilvBNCED



Leucine responsive protein: Lrp =» Downregulated (ratio: 0.52) Migrosoft

. . . Research
Enhanced production of L-valine by overexpression of Irp

CMR)

//—\\'“\

pTrc184irp \>

]

Val+pKBRIilvBNCED

~—~
—
~
(=)
~
c
o
-
©
S
=)
c
D)
o
c
(@)
o
(5]
=
'©
>
-

Val+pKBRIilvBNCED
Val+pKBRilvBNCED

+pTrcl84

21.6% increase (3.572>4.34 g/L) in L-valine production with Irp overexpression
36.2% decrease (3.7322.38 g/L) in L-valine production with Irp deletion

=BioCentury

—->Lrp plays an important role in L-valine production
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Identification of the E. coli gene homologous to Corynebacterium glutamicum brnF

= e T
aCcare = &

Identiti

QGLETSLAAGLGNYPIGIAFGLLYIQYGYEWWAAPLFSGLIFAGSTEMLVIALVVGALPL
+G K 3L + P+ AFGL + G+ + FS 4+I4+4G4+4++ +4+ L++ + L
SQFVITAMLALGSSL

158

ALT + ++ BEHV ¥ S 4+ E+ A + F L DE +A A+

GATALTTLLYVNFRHVF TAFSFPLEVV-———-FNPIARFYSVFALIDEAYAVTAAR——--PA

WA ALTVHANDYVERHVLYGPSLESRIIORLOEKSKETALW——AFGLTDEVF RAATAKLVENNE
GUWSAWRL ISHOIAFHSYIIWF ————-GGLTGVAIAEL IPFEIEGLEF ALCSLFVTLTLDSCR

wa +I + + 5 WVF G +G + + P LFL +LF++ L 5 +
RS ENWNIGIAF S SWS S WWFGTVIGAF SGSGLLOGYPAVEAALGFHLPALFMSFLLASFO

TEKOI-PSLLLAGLSFTIALVVIP 224
E+ + + L G + L IP
REKQSLCVTAALVGALAGVTLFSIP

ErnrFi

L-valine exporter in E. coli ?

Exporter

Engineering

YgaZH: hypothetical protein

Microsoft

Research

Downregulated to 0.61-0.75 during Val production

ernr F

— KAIST

=BioCentury
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Synergistic effect of ygaZH and Irp on L-valine production Research

113% (3.57->7.61 g/L)

-Tac

P-
.-'J'VBNCED

pKBRiIIVBNCED

ﬂR op
A

pBRHZ ori

~—~~
-
~~
(@)
~—
b}
=
'©
>
-

+pTrcl84ygaZzH

CED+pTrcl184

+pTrc184lrp
Val+pKBRilvBNCED

Val+pKBRIilvBN
Val+pKBRilvBNCED
Val+pKBRIilvBNCED

pTrc184Irp
= KaIsT

—=BioCentury
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Metabolic engineering of E. coli for L-Valine production Microsoft
(flask culture for 48 h @ 31C; 50 g/L glucose) Research

-Removed feedback inhibition

-Removed transcriptional attenuation control

-Removed major competing metabolic pathways
-Stepwise improvement based on transcriptome analysis

Exporter
engineering

pcBysaziff o)
Ncol "KpnI ¥ Pstl
“
[ o]

engineering

pathways

puiczz o Val+pKBRIilVBNCED+pTrc184ygaZHIrp
Val+pKKilvBN

1.31 g/L 761 g/L
Any more targets to engineer? isi

B

Center for Systems &
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Experimental Difficulti ‘Research

. Combinatorial gene knockout
1000C> = 499,500

1000C3 = 166,167,000

1000C4 = 41,417,124,750

|oCentury

“C$SB
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“Synthetic Biotechnology
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Developed by

Hongseok Yun hsyuni@kaistac kr

Research Laboratory

KAIST

Sang Yup Lee |eesy@kaistac.kr

Metabolic & Biomolecular Engineering National

Bioinformatics Research Center

[KAIST ]

— - —
Rt

MetaFluxNet® & ‘Research

Yersion 2.0

- Genome sequencing 13. Metabolic engineering

senome annotation:

'Y

12. Systemnms Biotechnology
(in sifico analysis)

8. Comparative genomics
(Phylogeny, gene fusion,
gene neighborhood,
co-occurrence)

3. Automatic reconstruction
(KEGG, BioCyc)

ooy

-

D-Glucose = Dl

Acetaidehyde + NAD+ + H20 <> Acetate + MADH + H+ - et
o 11. Model validation

P = ADP +

b G are 55 s ADP + * coz
e - - (Growth rate, fermentation profile)
4. Extraction of
<o, biochemical reactions
Knockout strain
’7/1}) o
s . ==

5. Manual
(Literature, databas
(Pfam, BRENDA., M

Biomass (W)

Acetic acid (mmoligDCWih)

N




Genome-scale Gene Knockouts

o°
o

In silico L-valine production rate (mmol x gDW1 X hr'1)
o
w

o
F =9
I

0.2

0.1

= aceE/F/IpdA

sdhA/B/C/D _ ¢in « pfkA/B
oy
fumA/B/C .,
L
h ]
Val
(PKKIIVBN)
0.1 0.2 0.3 04

In silico growth rate (hr”)

Single knockout

0.5

In silico L-valine production rate (mmol x gDW1 X hr'1)

o
(3}
I

o
F =9
|

o
w
I

0.2 -

¥ Val
(PKKilvBN)

0 0.1

0.2

0.3 0.4

In silico growth rate (hr™)

Double knockout

Microsoft

Research

'
/

Tae Yong Kim

= KaisT
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In silico triple gene knockout Research

o
o

'
/

Tae Yong Kim

e
»

m Val
(PKKilvBN)

‘_4—-.
.
=

>
(=)
o
>
S
E
E
S—
2
3]
S
S 0.3
2
o
=
©
[=]
|
o
Q
£
®
=
1
-l
o)
2
=
0
=

o
—

0.1 0.2 0.3 04
In silico growth rate (hr™)
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fumABC f 0.78

FUM

sdhABCD
0.78

NP

.I 85
pla ackA

ICIT acek

fcdA
0.1

sucCD
ﬂ 05

Microsoft

Flux redirection Research
by triple knock-out

ED and PPP

wruva e Acetyl-CoA

Ingoing reaction Outgoing reaction

malae/

37.75 g L-valine
from 100 g glucose

—BloCentury

[ J
aceF/E'pdA pyruvate dehydrogenase cs s B

Center for Systems &

pfkA/B phosphofructo kinase Synthetic Biotechnology

mdh malate dehydrogenase

b Selection of genes
for triple knock-out

mutation



Systems metabolic engineering of E. coli for L-valine production e
d 3 3 P Research

Power of
Replacement of flroe
.. - h \ A

attenuator with tac pBR322 ari g Sy S t e m S

promoter

-Tac

IVBNCED > ilvBNCED >
)W Ap

/\ } o) Metabolic
ERECapese  Engineering

Transcriptome
sove analysis
®

¥ Dihydroxyiso ¥
valerate

3 ,.,ilvb Sl A A
G L-valine

overproducer

L-Leucine ' AR N
pKKilvBN ApR R ) !

Base strain
TGARTCAGGCGCGTTATCCCGCGTGATT

In silico knock-out
simulation

i
@

mdh_ppe
gigC “RLwPa!
= folE wtgd

o
o

e
=

o
w

H3C—C—CH3

o
N

TGAATCAGACGCGTTATTCCGCGTGATT

HN—C—C0O0H

— KAIST

=BioCentury

e

Removal of feedback inhibition

in silico L-valine production rate (mmol x gDW' x hr)

H

o

0.4 02 03 0.4 05
In silico growth rate (hr)

B

Center for Systems &
Synthetic Biotechnology

valine
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In silico Perturbation Analysis Research
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Genome-scale metabolic model in aerobic condition (Fisher et al., Anal. Chem. 2004)
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Systems metabolic engineering of E. coli for the production of L-threonine wicrosoft
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Fed-batch Fermentation of Research
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First round

Target product

Target organism

Selected organism
Known vector system? No Metabolic pathway? No

Optimized fermentation? No

Construction of vector system Set-up of fermentation process Construction of metabolic pathway

Construction of engineered base strain

General Strategy for Systems Setabolic Engineenng

Moving towards
genome-scale synthetic biology

Second round

High-throughput analysis @
e Engineered base strain
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In silico simulation
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negatlve regulation
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Metabolic
engineering with
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Nutrient
addition Transporter

engineering

Third round
Optimizing process parameters

Process optimization

“systems metabolic engineering”
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Green Growth

Sustainable system for
chemicals, fuels and materials

Systems biotechnology
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Sang Yup Lee

Infectious diseases Microsoft
Research

- Incidence of infectious disease: 540 million per year
- 15 million annual deaths worldwide

Medscape® www.medscape.com

Cardiovascular diseases 16,733,000 (29%)

Infectious and

parasitic diseases 14,867,000 (26%)

Malignant neoplasms 7,121,000 (12%)

Violence/injuries/

accidents/suicides 5,168,000 (9%)
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> % Chronic lung 3,702,000 (6%) = s
. - diseases —=BioCentury
&\ . L Pregnancy-related deaths 2,972,000 (5%) c s s B
Other 2,398,000 (4%) Center for Systems &

Synthetic Biotechnology

Total deaths
1,112,000 (2%) 57,029,000

988,000 (2%)
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Digestive diseases

1,968,000 (3%)

Neuropsychiatic disorders

Diabetes mellitus
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Continuous emergence of super bacteria JUCEEIEL

Staphylococcus sp. Acinetobacter baumanii

MRSA, VRSA Increasing nosocomial pathogen
Increased after the Iraqi war

Sang Yup Lee



Cell wall synthesis
Cvcloserin
Vancomycin
Bacitracin
Penicillins-{p-lactams)
Cephalosporins
Monobactams
Carbapenems

Folic acid me
Trimethroprim
Sulfonamide

Cellwall

Cytoplasmic membrane structure

Polymyxins

Cytoplasmic membrang

Multiple
enzymes?

Protein synthesis

(tRNA)
Mupirocin
Puromycin

Tetracyclines
Spectinomycin
Streptomycin
Gentamicin.
tobramycin

(30s inhibitor)

DNA gyrase
Nalidixic acid
Norfloxacin
Novobiocmn

DNA-directed
RNA
polymerase

Rifampin

Protein synthesis
(50s inhibitor)
Ervthromycin
Chloramphenicol
Clindamycin
Lincomyvcin

Kanamycin
Amikacin__
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Breaking the robustness Microsoft
Research

as a way of killing pathogens

Robusthess

—Blocenturv

CssB

l:ln'hl I Systems &
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Organisms can survive even with many of disrupted genes

Sang Yup Lee



Use of Flux Balance Analysis Research

Single gene deletion tests
reaction flux (J) =0

If biomass =0

then, reaction flux (j) = primary
drug target candidate
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Metabolite Essentiality Research

Kim et al. PNAS 104:13638 (Aug 2007) Metabolic network including the essential and non-essential metabolites
In collaboration with Prof. H. Jeong, KAIST Kim stal. PNAS104:13638 (Aug 2007)

:E-Bit;Century

SB

Centor for Systems &
ynthetic Biotochnology

METABOLITE:

From gene knockout to .

Essential and

m et a.b O I I te k n O C k O u t ? V_ | " ' | ': | | constituting biomass

Non-essential

. .
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+1 Ao —

: — _}—-—‘/4/.
- Size of each circle/box corresponds to the amount of flux
associated with a metabolitefreaction, while thickness of each
-1 & REACTION: line denotesthe flux acrosstheline
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™ Glycolysis/gluconeogenesis & —@— TCAcycle = j= Linear pathway to biomass
2 pentose phosphate pathway (peptidoglycan)
o L Membrane lipid metabolism ) Cell envelope biosynthesis
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Genome apnotathn data — [ warature Research
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Constraints-basedflux analysis for

single and multiple drug talgeting
Sang Yup Lee
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Combinatorial drug targets Research
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Combined analysis of universally essential reactions, choke points, and metabolite
essentiality provides potential gene targets ! Sang Yup Lee




Conclusions ‘Research

& Systems biology allows systems-level understanding of
cellular and metabolic characteristics

& Systems biotechnology allows development of bioprocesses
that are much more efficient than those developed by
traditional strategies

& Systems biological analysis of cellular network allows
identification of new targets for treatment

& KAIST-Microsoft Collaborative Research Project on SB.NET
provides a computational platform for systems-level studies
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