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Systems biology is an
approach to connect all
information about the
biology of an organism into
a network

"I think the next century (21st) will be the century of compléxity.
Stephen Hawking
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#1) background on the existinge. coli metabolic network
#2) update the existing. coliK-12 metabolic model
#3) construct &. colipangenome metabolic network

#4) construct additional metabolic models for fizecoli
strains, four of which are human pathogens

#5) Validate the computational metabolic models with
comparison to experimental data

#6) Evaluate strains in an evolutionary perspective
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Genome Annotation

1. Automated Reconstruction

(KEGG, BioCyc)
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For E. coli K-12 the current metabolic
model consists of ~ 2,300 reactions and
~1,100 metabolites

(Thiele I.et al. 2009 PLOS Comp. Bial.)

Flux Balance Analysis (FBAJBA calculates the flow of metabolites through
this metabolic network, thereby making it possible to predegtowth rate of an
organism or the rate of production of a biotechnologicatlyartant metabolite.
V3 Va V3
Constraints Optimization
1)Sv=0 maximize Z
2) aj< vi< b,
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Allowable
solution space

Unconstrained

solution space Optimal solution

V2 Va Va
-With no constraints, the flux distribution of a biological netkvmay lie at any pointin a
solution space.

-When mass balance constraints imposed by the stoichiometrig ®and capacity constrain
imposed by the lower and upper bourgjsidb;) are applied to a network, it defines an
allowable solution space.

-Through optimization of an objective function, FBA can iderdifjingle optimal flux
distribution that lies on the edge of the allowable solutionespa

(Orth, Thiele, and Palssdtat. Biotect2010)
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B consecutive addition of constraints

Steady-state Thermodynamics ~ Maximumenzyme  Mass balance of Kinetics
assumption [reversibility) capacity metabolites
Complete knowledge
v ¥ Solutionisasingle
paint
" " "
] vy Vi
Ve S 10 Vvt =0 vi=k[A]

\ Increasing knowledge

The successive addition of constraints will shrinkhe solution space by eliminating
biologically infeasible steady-state solutions. Copfete knowledge would reduce the steady-
state solution space to a single solution. Sinceraplete knowledge is not available for the
majority of biochemical reaction networks the invesigation of properties and capabilities of
the solution space is very useful.
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Applications of the genome-scale modeEoftcoli
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Exploring evolutionary relationships -

3

Significant interest exists in using metabolic GENREs to investigate functional
evaolution of metabolic and regulatory netwaorks, especially considering the strongly
evolutionary-based assumptions underlying analysis techniques such as FBA,
Some studies have examined the phenomenon of short-term adaptive evalution,
and have shown that as a particular strain adapts to media it is grown in, its
growth characteristics will converge toward the FBA-predicted optimal solution
(Fong and Palsson, 2004; Fong et 3/, 2005), Although these studies support the
theory that evolution has honed organisms to optimize for fitness-related
phenotypes (Maynard Smith, 1978), the historical evolutionary process itself
remains fairly unstudied in context of metabolic GENREs, This fascinating research
direction represents a promising area of study. There have been a few recent
attempts to use metabolic models toward this end. In particular, it has been
suggested that certain topological properties of metabolic networks (such as
degree distribution) might be formed as a byproduct of selection for some other
phenotypes (such as growth rate]), rather than because the topological properties
themselves elicit a selective advantage (Pfeiffer et 5/, 2001; Papp et 5/, 20097,

Genome-scale metabolic models have yet to be significantly used toward
answering these important questions, but the breadth of organisms for which
GEMREs are available today (see Figure 3) represent a tremendous opportunity to
merge evolutionary genomics with network-based metabolic analysis, and gain
unique insight into the evolutionary forces that have on metabaolism,

# $

© 2005 Oxford University Press Nuclec Acids Research, 2003, ¥ol. 31, No. | 147-I51
DOL: 16,1093 nar e 25

. ASAP, a systematic annotation package for
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E. coliK-12 strain MG1655
& strain W3110

“The Good”

E. coli CFT073 & UTI89

“The Ugly”

%

0i=1.248 Mb

i=genomic islands

K0O=396 kb

Ki=329 kb

KOC=3.711 Mb

—— K-12 (Good)

1.125 Mb L 0157:H7 (Bad
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%

E. coliCFT

(Darling et al. 2004)

I I O\o

E. coliCFT
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%

E. coliCFT

Genome sequenced, and

Old ancestor

(300'500 MYaReid et al. Nature 20()0
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orthologous ORFs
determined in ASAP

databaseslasneret al.2006
Nucleic Acids Res.)

Human Pathogens

Insect Pathogens
/Endosymbionts

-Arsenophonus

[wigglesworthi

-Calymmatobacterium  -Moellerella

-Citrobacter

-Morganella

-Plesiomonas

-Edwardsiella

-Enterobacter
-Escherichia

-Proteus

-Providencia
-Rahnella

-Ewingella

-Hafnia

-Salmonella

-Serratia

-Klebsiella

-Kluyvera

-Leclercia

-Shigella

-Tatumella

-Yersinia

-Leminorella

-Yokenella

Environmental/
Animals/Industrial
-Alterococcus
-Budvicia
-Buttiauxella
-Obesumbacterium
-Pragia

-Trabulsiella

<

Phytopathogens,
Plant-associated
-Brenneria
-Dickeya
-Erwinia

-Pantoea

-Pectobacterium|
-Phlomobacter
-Sacchararobacter

-Samsonia




* +
If at least two of these criteria are met for the pair of genes in question they
are typically assigned as orthologs.

*Percentage identity and alignment percentage are in the typical range
(>60% positive identity; >40 % exact match)

«Local genome context, the conserved gene is part of an operon with other
genes that are already considered orthologs.

sLarger scale conservation of genomic context, the conserved gene is in
the same general genomic context as other orthologs.

«Functional conservation, the conserved gene is predicted or known to
perform the same function as the potential ortholog in another genome.

Reciprocal Best Blast hits

BlastP
>60% '

BlastP Y
>60%

Generated from 180 orthologs (Perna unpublished data)

10/20/2011

10



#1) background on the existitfify colimetabolic network
#2) update the existinge. coli K-12 metabolic model
#3) construct ak. colipangenome metabolic network

#4) construct additional metabolic models for fizecoli
strains, four of which are human pathogens

#5) Validate the computational metabolic models with
comparison to experimental data

#6) Evaluate strains in an evolutionary perspective

—

New GPR
| candidates
to add

GPR: Gene Potein Reaction
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BETA
GLCTR4
HBCD
ACOAH
PHACOAQ
KACOAT
AHDODH
GST
OXCOAC
FORCOAT
DHMPTPS
DOGDH
KDONI
24DCOAR
R1PK
R15BPP
FRUP
RAC
XYLSD
GALAMDA
6PGCNP
CRBETR
PYDXPP
FMNP
PYDG2
N5GLMT
SSALx
2DG6P
SEHCCS
SHCHCS
SELRED
MANISO
PSUDS
THDPO
PFOR
GSHPO
PGGH
UNK4
HIBD
FMETDF
CHCOAL
LYSAM

Choline dehydrogenase

glucosyltransferase IV (LPS core synthesis)
3-hydroxybutyryl-CoA dehydrogenase

acyl-CoA hydratase

predicted multicomponent oxygenase/reductase subur
Beta-ketoadipyl-CoA thiolase
7-alpha-hydroxysteroid dehydrogenase, NAD-depende!
glutathione S-transferase

oxalyl-CoA carboxylase

formyl-CoA transferase

6-pyruvoy| tetrahydrobiopterin synthase (PTPS)
2-deoxy-D-gluconate 3-dehydrogenase

5-keto 4-deoxyuronate isomerase

2,4-dienoyl-CoA reductase, NADH and FMN-linked
ribose 1-phosphokinase

phosphoribulokinase

fructose-1-phosphatase

retro-aldol cleavage

alpha-xylosidase

Galactosamine-6-phosphate deaminase
6-phosphogluconate phosphatase

crotonobetaine reducatase

Pyridoxal 5-phosphate phosphatase

FMN phosphatase

new pyrimidine degradation pathway

N5-glutamine methyltransferase
succinate-semialdehyde dehydrogenase (NAD)
2-deoxyglucose-6-phosphate
2-succinyl-5-enolpyruvyl-6-hydroxy-3-cyclohexene-1-c¢
(1R,6R)-2-succinyl-6-hydroxy-2,4-cyclohexadiene-1-ca
selenate reductase

mannose isomerase

pseudouridylate synthase

thiol peroxidase

pyruvate flavodoxin oxidoreducatase

glutathione peroxidase
6-phospho-beta-glucosidase
2-keto-4-methylthiobutyrate transamination
3-hydroxyisobutyrate dehydrogenase
formylmethionine deformylase
6-carboxyhexanoate-CoA ligase

lysine 2,3-aminomutase

Updated K12: iIEc01339MG1655

79 new CDS additions = 42 new reactions & 33

isozymes for reactions 36 new metabolites

PGMT2
X5PL3E
MCPST
SSALy
AGM3PA
AGM4PA
AM3PA
AM4PA
FBP
G1PPpp
GSPMDS
PGL

ACS
ACALD
FE2abcpp
ACOAD1f
ACOAD2f
ACOAD3f
ACOADA4f
ACOADS5f
ACOADGf
ACOADTf
ACOADB8f
G1PPpp
TRE6PP
ADPRDP
PFL
LGTHL
GALUI
ALCD2x
CBLAT2
ACHBS

phosphoglucomutase

L-xylulose 5-phosphate 3-epimerase
3-mercaptopyruvate sulfurtransferase
succinate-semialdehyde dehydrogenase (NADP)
N-Acetyl-D-glucosamine(anhydrous)N-Acetylmuramyl-
N-Acetyl-D-glucosamine(anhydrous)N-Acetylmuramyl-
anhydrous-N-Acetylmuramyl-tripeptide amidase
anhydrous-N-Acetylmuramyl-tetrapeptide amidase
fructose-bisphosphatase
Glucose-1-phosphatase

Glutathionylspermidine synthetase
6-phosphogluconolactonase

acetyl-CoA synthetase

acetaldehyde dehydrogenase (acetylating)

iron (1l) transport via ABC system (periplasm)
acyl-CoA dehydrogenase (butanoyl-CoA)
acyl-CoA dehydrogenase (hexanoyl-CoA)
acyl-CoA dehydrogenase (octanoyl-CoA)
acyl-CoA dehydrogenase (decanoyl-CoA)
acyl-CoA dehydrogenase (dodecanoyl-CoA)
acyl-CoA dehydrogenase (tetradecanoyl-CoA)
acyl-CoA dehydrogenase (hexadecanoyl-CoA)
acyl-CoA dehydrogenase (octadecanoyl-CoA)
Glucose-1-phosphatase

trehalose-phosphatase

ADPribose diphosphatase

pyruvate formate lyase

lactoylglutathione lyase
UTP-glucose-1-phosphate uridylyltransferase
alcohol dehydrogenase

cob(l)alamin adenosyltransferase
2-aceto-2-hydroxybutanoate synthase

~92 % based on experimental data ~8% inferredcbaa homology

79 new CDS additions = 42 new reactions & 33

Updated K12: iIEc01339MG1655

42 new reactions classified into metabolic subsystems

isozymes for reactions 36 new metabolites

10/20/2011
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Comparison of the composition of iAF1260 (M-matrix), iIMC10IE9,
matrix, and iDJB1339
Reconstructed Metabolic

Network (iAF1260) Transcriptional regulatory and
metabolic network (iMC1010)

(Covert M.W. et al. 2004 Nature)

(Feist A.F. et al. 2007 Mol. Sys. Big)

Coming
soon, OME
matrix
>2,000 gene

)

Updated Reconstructed - .
. Transcriptional and translational
Metabolic Network machinery (E-matrix)

. (Thiele I.et al 2009 PLOS Comp. Biol.)
iDJB1339

%,-.. 1,0

Total in cellular models 1,669
2,472 left over

10/20/2011
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#1) background on the existitfify colimetabolic network

#2) update the existing. coliK-12 metabolic model

#3) construct anE. coli pangenome metabolic network

#4) construct additional metabolic models for fiwecoli
strains, four of which are human pathogens

#5) Validate the computational metabolic models with
comparison to experimental data

#6) Evaluate strains in an evolutionary perspective

E. coli genomes used to construct the pangenome metabolic n etwork

/,0 %,-.. 1)1,
/,0 2,3 1),4,
5*6722 8595 : ), 7-
8595 : .)0.2
; 342 8%$<5: 1)==7
$!1=78%<5: 1)711
2-8%<5: 1).77
.2-2=85!5: .),40
><5 +,8><5: )31,
> =427 1)02-
5021=?-7 85<5: 1)-.0
501244>855: 1)7.2
51,,.8595: )1-4
9 1)272
5,, 1)742
2. 1)73-
60 1).0-

agnterohemorrhagic E. coli (EHEC)

bUropathogenic E. coli (UPEC)
°Enteroinvasive E. coli (EIEC)

dAvian pathogenic E. coli (APEC)
¢Enteropathogenic E. coli (EPEC)

‘Enterotoxigenic E. coli (ETEC)

Total 17,647 ortho cluster groups (OCGs
1,230 unique t&almonelld T2

E. colipangenome 16,417 OCGs of whic
-3,042 are shared by all members

-3,998 have >2 members
-9,377 are unique to a single member

10/20/2011
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Total E.colipangenome metabolic network= 1,712 ORFs, 2,334 reactiong

10/20/2011
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#1) background on the existitfify colimetabolic network
#2) update the existing. coliK-12 metabolic model
#3) construct &. colipangenome metabolic network

#4) construct additional metabolic models for fiveE. coli
strains, four of which are human pathogens

#5) Validate the computational metabolic models with
comparison to experimental data

#6) Evaluate strains in an evolutionary perspective

Use of pangenome to construct  E. coli strain-specific metabolic models

1/

1,0 %,-.. )p27 0)070
/023 3 3 3 , , 3 )e2= 0)07,
+,.4 9456722 2= 7 7 0 - 4 211 0)011
+,.494 2- 7 02 2 - 4 )Pl 0)010
$<5 ;342 7 0 0. =4 . 3 )o=- 0)01-
$<5 $1=7 = 0 0- 4, - - )23, 0)01.

5 < a7 ) ol. )4, 0)201

aNecessary reactions with no orthologous ORF(s)
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E. coli strain-specific metabolic models

- - v - - s
/,0 %,-.. ,)R27 0)070
/,02.3 3 3 3 | | 3 )22= 0)07,
+,.4 94 5*6722 2= 7 7 .0 .. 4 ,)211 0)011
+,.4 94 2- 7 02 2 - 4 )21, 0)010
$<5 ;342 7 0 0. =4 .. 3 )0=- 0)01-
$<5 $!1=7 = 0 0- 4, .. - )23, 0)01.
5 < Lo 0}. )4, 0)221
New Reactions for both EHEC
New reactions
UREASE urease
UDPNAGA4E UDP-N-acetylglucosamine 4-epimerase
HQNHO putative salicylate hydroxylase
GT12DOG gentisate 1,2-dioxygenase
SUCRtran sucrose transport system not PEP
TERED tellurite reduction
FUMHYD fumurate hydratase
FUCSYN fucose synthetase
PEROSYN perosamine synthetase
Sakai unigue Reaction deletion
D-cysteine desulfhydrase
E. coli strain-specific metabolic models
- - - -
/,0 %,-.. ,)R27 0)070
/,02.3 3 3 3 3 )22= 0)07,
+,.4 94 5*6722 2= 7 7 0 4 ,)211 0)011
+,.4 94 2- 7 02 2 - 4 )21, 0)010
$<5 ;342 7 0 0 =4 ,3 ,)0=- 0)01-
$<5 $!1=7 = 0 0- 4, - )23, 0)01.
5 < 1o 0}. )4, 0)221

EHEC shared deletions (n=55)

10/20/2011
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E. coli strain-specific metabolic models

1/ - -
1,0 %,-.. 227 0)070
/,02,3 3 3 3 , , 3 ,)22= 0)07,
+,.4 94 5*6722 2= 7 N .0 .. 4 ,)211 0)011
+,.4 94 2- 7 02 .2 .- 4 )21. 0)010
$<5 ;342 7 0 0. =4 . 3 0=- 0)01-
$<5 $1=7 = 0 0- 4, B - )23, 0)01.
5 < 47 1o )4, 0)221
New Reactions
GALISCO galactose isomerase
PPCOAT Putative propionate CoA-transferase
HYDPYRED hydroxypyruvate reductase
UPEC shared deletions (n=47)
& 1,0

10/20/2011
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#1) background on the existitfify colimetabolic network
#2) update the existing. coliK-12 metabolic model
#3) construct &. colipangenome metabolic network

#4) construct additional metabolic models for fiwecoli
strains, four of which are human pathogens

#5) Validate the computational metabolic models with
comparison to experimental data

#6) Evaluate strains in an evolutionary perspective

@ &
"A B& B

Comparison of carbon source utilization

Flux Balance Analysis (FBA)
Given an uptake rate for key nutrients (such as glucose and
oxygen), the maximum possible growth rate of the cells ca
be predictedh silico.

=]

Comparison of batch growth

0 3A2 T2 o

3 N [ 30. >
_ ] 30 8 76:

o —
N - CBAL R _2 26:
1- - 3A, 8 76:

0 - - 3A3 5
g 8 76:

3 T 3
M gNC L™~ g o 8 76
R R - —  8*76:
(Becker SAgt al. (2007) Nature Protocols) 34
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o sx o TSI 3.4

e 23 s
l....... 0
&
4- 4- 4-
!
B&
>

Experimental = N

Insilico=Y ;& " 2 3 ,
Experimental =Y

Insilico=N " - 2 1

In general good agreementiofsilicovs experimental carbon source utilization for both
aerobic (>88% accurate) and anaerobic conditions (>83 % accurate)

-Now our models in anaerobic
conditions are >89% in
agreement with experimental data
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$& C

$1=7 60

e 23 s
l....... n

+0 D
&
4- 4- 4- 4-
40

!

B&

> -4 -
Experimental = N
Insilico=Y ;& " 2 3 ,
Experimental =Y
Insilico=N " - = 2

In general good agreementiofsilicovs experimental carbon source utilization for both
aerobic (>89% accurate) and anaerobic conditions (>89 % accurate)

+0
42
3
2

The relationship between model predictions and experimental gphwetiotypes is
statistically significant (chi-squared test yields p<0.0001)

+< 3A0E
aerobic
A0
*
*
*
3A=-
<
N
4 3a
™
" 3AL
*
30, P<0.001
3|
5A /0 5A /0 5A 5A 5A 5A A & 60
%,-.. 2,3 5%6722 +,.494 8%<5: $1=7
+,.4 94
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3124

_3A. 4

3A1

3A2.

3A2

3A0. 1

3A0+

3A, -

3A3. 1

+< 3A0E
anaerobic
*
*
P<0.005

5A /0 5A /.0 5A 5A 5A H 5A A & 60
%,-.. 2,3 5*6722 +,.494 8%$<5: $1=7

+,.4 94 8%<5:

8, 3A30 +*:
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#1) background on the existitfify colimetabolic network
#2) update the existing. coliK-12 metabolic model
#3) construct &. colipangenome metabolic network

#4) construct additional metabolic models for fiwecoli
strains, four of which are human pathogens

#5) Validate the computational metabolic models with
comparison to experimental data

#6) Evaluate strains in an evolutionary perspective

? o

& ) @A ) [

Aerobic

“Paleo systems biology”

10/20/2011
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& ) @A ) [

Anaerobic

~10 mya

“Paleo systems biology”

)

-comparative genomic approach was successful for building@ualE. coli
metabolic computational models

-strain-specific phenotypes can be predicted using compuahti@iabolic
models

-In comparison to the K-12 straitts, coliEDL933 and CFTO73 are better suited
for aerobic biomass production

-In comparison to the K-12 strains ,all of the pathogéneages are better suited
for efficient anaerobic biomass production and pos&titganol production

-Most likely this is an ancestral trait lost in kel 2 lineage

~5 mya
300-500 mya ~10 mya
~100 mya

10/20/2011
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Earth 500 million
years ago (MYA)

Earth 200 MYA

Earth 100 MYA

-The prefix paleo comes from the Greek work

“Paleo Systems Biology”

palaios, meaning “ancient”

In the context of microbial systems biolog)
shall consist of two subfields:

1) models generated from ancient genom
DNA

2) models generated representing the
ancester through examination of genomic
DNA from modern decedents

Are there viable microbes from the past still out there?

Some organisms have been cultured from
the guts of dead insects from ~125
million years ago (Prof. Raul J. Cano)

Some organisms are culturable from water
inclusions in crystals from ~250 million
years ago (Prof. Russell Vreeland)

10/20/2011
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1) models generated from ancient genomic DNA
What if the microbes are not culturable is there genomic
DNA out there?

100,000 years — 8 million years

(Degradation due to cosmic radiation renders DNA with a ¥2
life of 1.1 million years)

If not protected, DNA breaks down into ~25-100 bp pieces,
from various types of physical, and chemical damage.

The basic timeline is a 4.5 billion year old Earth:
* 3.8 billion years of simple cells (prokaryotes),
* 3.5 billion years ago split between bacteria anthaea
* 3 billion years of photosynthesis,
* 2 billion years of complex cells (eukaryotes),
* 1 billion years of multicellular life,
* 600 million years of simple animals,
* 570 million years of arthropods (ancestors ogts, arachnids and crustaceans),
* 550 million years of complex animals,
* 500 million years of fish and proto-amphibians,
* 475 million years of land plants,
* 400 million years of insects and seeds,
* 360 million years of amphibians,
* 300 million years of reptiles,
* 200 million years of mammals,
* 150 million years of birds,
* 130 million years of flowers,
* 65 million years since the non-avian dinosaumsddiut,
* 2.5 million years since the appearance of theugdtiomo,
* 200,000 years since humans started looking liey tdo today,
* 25,000 years since Neanderthals died out.

10/20/2011
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Generated from 180 orthologs (Perna unpublished data)

> >
>
>
< % &
! &
D <
. . & )!
-iSalcoli980core
2,053 reactions s
& )+
-Reactions deleted 3001 - = 3,01 -,
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Generated from 180 orthologs (Perna unpublished data)

Enterobacterialancestral core
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Analyze substrate utilization using FBA to maximize bé@s production for
individual carbon, nitrogen, iron, phosphorous, and sulfurces under both

aerobic and anaerobic conditions similar to compartisdiolog phenotypic
data(Feistet al.Mol. Sys. Biol. 2007)
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How well does this
match experimental
data from modern
day descendents?
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Experimental data from Bergey’s Manual of systemiagicteriology

Overall how well did our
enterobacterial model
predictions agree with
experimental data
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)

What does this infer about enterobacterial ancestrelboésm?

They could most likely utilize:

-30(aerobic) and 30(anaerobic) carbon sources

-16 nitrogen sources, 14 phosphorous sources

-1 iron sources, and 2 (aerobic) and 1 (anaerobic) sulfucess

How many of these metabolites are present in the hinody?

(Raghunatharet al.
BMC Sys. Biol. 2009)

(Keitel et al Blood
1955)

(Putnam NASA
contract report 1971)

(images courtesy of http://nih.nim.gov/)
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If you want to learn more:
CS 635: Tools and methods of optimization

CBE 782: Biological modeling methods
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