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CELLULAR METABOLISM
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Pathway Evolution

» No fossil record of metabolism available

* The evolutionary history must have left imprints in the present structure

Existing hypotheses on metabolic evolution
retrograde evolution (Horowitz, 1945)
o0 o . —p ‘ 4>. —P .
depletion of a required substrate

forward evolution

. —> . —P . —p . [ N N J
substrates in the environment trigger 'invention' of new metabolites

patchwork evolution (evolution to increased specificity)
(Jensen, 1976)



A simple forward approach: Network Expansion
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Concept of Network Expansion
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Concept of Network Expansion
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Concept of Network Expansion
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Concept of Network Expansion
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Concept of Scopes

Scope: set of compounds that is reached by a network expansion

final network

seed compounds

The Scope describes the synthesizing capacity of the metabolic network,
if it is provided with the seed compounds

Handorf, Ebenh6h & Heinrich, IME, 2005



The expansion process

Initial conditions: availability of inorganic, 'prebiotic' compounds
(Martin and Russell, 2003)

carbonic acid: H,CO (carbon)
methanethiol: CH_SH (carbon, sulfur) Expansion on the
ammonia; NH, (nitrogen) complete KEGG network
pyrophosphate: P O_* (phosphate)
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The expansion process

Initial conditions: availability of inorganic, 'prebiotic' compounds
(Martin and Russell, 2003)

carbonic acid:  H CO (carbon)
methanethiol: CH_SH (carbon, sulfur) Expansion on the
ammonia; NH, (nitrogen) complete KEGG network
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Single Organisms



Producibility in the flux language

What are the biosynthetic capabilities of a network?

Let U denote the set of available nutrient metabolites.

A metabolite is producible from the nutrients U if there exists a flux
solution such that

e |tS own concentration increases

 only nutrients are consumed

 all others are at least balanced

Metabolite k is producible if 3v: [Sv],>0 A [Sv]=0 V igU

Let P(U) denote the set of all metabolites producible from nutrients U



Growth and Dilution: Toy models

R U=(A] P=(B]

— > A Y B
\ C j / X and Y not producible from A!
X s

.‘"‘-—-.__._-—"'

What if the cell is growing?  ——> Dilution! = X,Y - 0

B is not producible under growth!
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Sustainability

A metabolite is sustainable from nutrients U if there exists a flux solution
such that

* its own concentration increases
 only nutrients are consumed
« all other required intermediates are sustainable

Let U denote the set of available nutrient metabolites.
Let P(U) denote the set of all metabolites producible from nutrients U

Recursive definition of sustainable metabolites:
Let P, = P(U)
Define forbidden set of reactions: F, = {j | 3 ig¢P, : 5;<0]

P, =1k |3v:v=0V jeF, A [Sv]>0 A [Sv]>0 V jgU]

Let S(U) denote the set of all metabolites sustainable from U, defined by
S() =Ilim,__P

n

Takes a long time to compute!



Relating scopes to flux models

Let > (U) denote the scope of U

It can simply be shown that

>(U)=S(U)sP(U)

Numerical experiment for the network of E.coli (Reed et al., 2003)

determine X (U) and S(U)

for all sets U={k,H,0O}

Observation:

for most metabolites:
>(U) = S(U)

—» Agreement even better for
more complex sets U

(Kruse and Ebenhd6h, GI 2008)
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scope

he role of cofactors

Common cofactors (ATP/NADH) are of the type
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We add cofactors to the seed
(ATP does not have to be produced to be used as a cofactor)
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We tend to overestimate the 'true’ biosynthetic capacity (under constant growth)

But that's OK to give a meaning to “The scope of glucose”



Single organisms

Investigate biosynthetic capacities of organisms on various carbon sources:

» 447 organism specific networks (KEGG)

e 200 carbon sources

:> CARBON UTILIZATION SPECTRA
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Matrix representation of carbon utilization spectra
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Single organisms

Investigate biosynthetic capacities of organisms on various carbon sources:

» 447 organism specific networks (KEGG)
e 200 carbon sources

:> CARBON UTILIZATION SPECTRA

selected carbon utilization spectra . : G
A) P Matrix representation of carbon utilization spectra
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It is In principle possible to distinguish between generalists and specialists




Single organisms

A phenetic tree based on
carbon utilization spectra

Organisms clustered by carbon utilization spectra

Enterobacteriales
Pseudomonadales

Xanthomonadales

Q Pasteurellales
e Thiotrichales
Others
|
g ]
sl
many intracellular
parasites \ H H

ADP1

N.oceani
g

T.crunogena

halolel

Cryc S
E.coli_APEC

X

S.dysenteriae
H.halophila
P orv fri

B.cicadellinicola

M.succiniciprogucens

Y.pestis_Medi:

X.campestris_)

— Classification of organisms by 'lifestyle'?
(Ebenhé6h and Handorf, EURASIP, 2009)



Combining expert knowledge with mathematics

Expert knowledge Mathematics
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Combining expert knowledge with mathematics

Expert knowledge Mathematics

g
S

Every network must be able

CELL membrane ™ to produce precursors:

{lipids) . e ;

ab

Metabolism =% RNA/DNA *amino a_-C|dS
(nucleatides) * nucleotides
‘\\a )2 « lipids
proteins f:
6 (amino acids) energy
TP ' . etc...
(ATP)

e Simple greedy search algorithm
» Heuristics to prefer plausible (small, transportable) nutrients



N-{{R)-Pantothenoyl)-L-cysteine
(3)

Solution for
Homo Sapiens

Nicotinate
(216)

Pyridine-2.3-dicarboxylate
(535) Pantothenate

(241)

3.4-Dihydroxy-L-phenylalanine
)]

Pantetheine
(21)

3-(4-Hydroxyphenyl)pyruvate
(36)

5-Hyvdroxy-L-trvptophan
(86)

ALL ESSENTIAL
AMINO ACIDS
WERE
PREDICTED!

enol-Phenylpyruvate
(60)

2-Hydroxy-3-(4-hydroxyphenyl)propenoate

D-4’-Phosphopantothenate
(5

Dihydropteroate Propanoate
(271 (265)

(S)-Methylmalonate semialdehyde
(2)

L-Isoleucine
(271)

3-Methyl-2-oxobutanoic acid
2)

L-Phenylalanine
(52)

L-Valine
(269)

Orthophosphate
(76)

L-Methionine Phenvlpymvate
(270) (33)

sn-Glycerol 3-phosphate
(191)

3-Dehydroquinate

3
(93) g Riboflavin
(166)

L-Tryptophan
(185)

3-Dehydroshikimate

s (178) . :
L-Histidine Reduced riboflavin
(2700 ) (101>




D-erythro-3-Methylmalate
©7)

2-Deoxy-D-ribose 5-phosphate
(240)

Deoxyinosine
(55)

2-Methylmaleate
(145)

Deoxyuridine
(117)

Solution for
Buchnera

2-Deoxy-D-ribose 1-phosphate
(233)

Dihydrolipoamide
(23)

(2R)-2-Hydroxy-3-(phosphonooxy)-propanal (R)-2-Methylmalate

(68)

3-Phospho-D-glycerate

INTRACELLULAR
PARASITE

Dihydropteroate
(714)

D-Glucosamine
(279)

Pantetheine 4’-phosphate
(714)

DEPENDS ON
MANY
EXTERNAL
RESOURCES

D-Glyceraldehyde
(10)

Phosphoenolpyruvate
(10)

Hydrogen sulfide
49

L-Glutamate
(279)

3-Oxopropanoate
(711)

L-Phenylalanine
(5)

D-Fructose
(704)

Phenylpyruvate
13)

Deoxyguanosine
(21)

2-Phospho-D-glycerate
@

Glycerone phosphate
3

O-Acetyl-L-serine
(18)

Propanoate
(703)

6,7-Dimethyl-8-(1-D-ribityl)lumazine
(104)

8-Amino-7-oxononanoate
(293)

Riboflavin
%)

7.8-Diaminononanoate
(280)

N-Succinyl-2-L-amino-6-0xoheptanedioate

(2)

Thiamin diphosphate
2m

Thiamin monophosphate
(690)
Carbamate

6)

D-Mannose
(684)
4-(1-D-Ribitylamino)-5-aming imidine Dethiobiotin
113
D-Mannose 6-phosphate (113)
&Y



Global resource types

The comparison of the results for 400 organisms allows to define

36 global resource types
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C.5alexigens

L preumophlia_Lens
L pneumophlla_Pars
L preumophila
C.bumetl

W orevipalpls
B.aphkicola_Co
E.apnidicola_Bp
Buchnera
B.apnidicola_Sg

S Mexner

S.50nnel
Sfexnen_2457T
S.ooyd
S.dysenterae

B pennsylvanicus

B fiordanus
S.enerica_Choleraesuls
S.yohimurium
Slyohi

S.fyphi_Ty2

S .antarica_Paratyphl
E.carotovora

E.coll CFTO73
E.call_C157J

E.zal

E.coll_UTiaa

E.call_ 0157
E.coll_£38

Ecall_J

Ecall APEC

¥ pesls KIM

Y. peeudoiuberculosis

¥ pesiE_Wedlasvalls
¥ pesiE_Antiqua
¥ pesls_Wapalits

B required
optional global resource types
B not required

Handorf, Christian, Ebenhbéh & Kahn, JTB, 2008



Closing gaps in metabolism

oooEa &Y

Clutamate ]
e tabolizm —“'i
Aapanate | | s
0
I

Rattus norvegicus

T —E::( Fryuvate nmtaha]ism)

CITRATE CYCLE (TCA cycle)

Pyusrate
6411 -7 —(Glycnlysis | Gluconeoge nesis)
Phosphoe nol- [
4.1.1.49| prrvate
|- P N _u"+‘\_ _____
41132 A

—— —D(Fatty acid hiogwnthesiz (pathl })

metabolism

Glvoxvlate and dicarboxvlate ] 4

I
Acetyl-Cob - —— — —— L —D(Fatty acid binsvnthesis (pachD

|

- Critrate
11.1.37 235 -
A& Oxaloacetat 2338 Taocitrate

O3 {3 E-Ci-Clod

1.1

Oxalosnee inate O

Acetyvl-Cod

4136
Acetate

Suecinate

il
ol

Tyvrosing L Arzinine and proline
metabolizm 7l metabolizm ThEP
O30T
I [13991|| 1351 f_ —
f B.214d| Fuecingl-Cod glutarate
» 23161 o

H-Sne cinyl- J-Crarboxy-1-

T

] ]
Phenylalanine || ¥al, Lend Ile
e tabolism degradation

I I

o

hydrc:xyp}i'i_upyl-ThPP

dibsdmlipoamide-E

metabolisim

I
l}\— —_— —I)(Glunamate th&bDliS]‘ﬂ)

L —I)(D-Gln & D-Cln mﬂtahn]imn)

I
I
I
I
I
I
Aacorbate and aldamtej |
I
I
I
I
I

|
MISSING REACTHONS} - - - - “)

Graphics from http://www.genome.jp/kegg




Closing gaps in metabolism
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Filling the gaps
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Draft network



Filling the gaps

hedinm

e tabolomic s

(Jen0Lc 5

Prateoitrlics

Draft network embedded in larger network (from database)
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Filling the gaps
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Solution 1: minimal extension with 4 reactions
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Filling the gaps
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Solution 1: minimal extension with 4 reactions
Solution 2: minimal extension with 8 reactions



Filling the gaps

hedinm

e tabolomic s

(Jen0Lc 5

Prateoitrlics

v

Extenzion

. -

e greedy algorithm

(traversing all reactions) _ o _ _ _
« depends on the order Solution 2: minimal extension with 8 reactions

of the reaction lists

Solution 1: minimal extension with 4 reactions



Chlamydomonas reinhardtii

s Model organism of the GoOFORSYS research consortium
s (photosynthesis and growth - http://www.goforsys.de)

"

* 15143 genes (JGI)

* 6864 functional annotated genes in ChlamyCyc
» 1258 biochemical reactions (Patrick May)

* 159 measured metabolites (Stefan Kempa)

22 not producible by draft network

embed draft network in reference network (>6000 reactions from MetaCyc)

—» 598 distinct reactions in 10000 calculated minimal extensions

May et al., Genetics (2008) Chlamydomonas special issue



Chlamydomonas reinhardtii — some statistics

sizes of network extensions for Chlamydomonas

e;::ensin::n size
Minimum: 44 reactions

Maximum: 88 reactions

i
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reactions

15 ubiquitious reactions!
(found in every extension)



Some specific examples

lumichrome
esecreted by Chlamydomonas
disrupts guorum-sensing pathways in bacteria
eputative role in pathogen defense
(Rajamani et al., 2008)
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(O experimentally observed metabolite
\/ metabolites/reactions annotated in Chlamy

—® predicted reactions _
graphics from www.metacyc.org



ergosterol
ecomponent in ciliary membranes

Ergosterol synthesis

farnesyl pyrophosphate fecosteral  —— episterol

presqualzne pyrophosphate Zymostarol ergostatrienol
//’ *
stualens 4-methylzymosterol ergostatetrasnol
2,3-gpoxysqualene 3-keto-4-methylzymosterol ergosterol
lanostarol 4-Garbm-:§,r—4-rneth'yl-S-Ghﬂlesta-B,Ed-dianol

. fungi

1 W EE animals

N N [ plants

4, 4-dimethyl-cholesta-8,14,24-triencl 4 4—dimethylzymosterol



Completion of a pathway

L-4-hydroxyproline

e in animals: important structural component of collagen
e in plants: found in some glycoproteins and cell wall proteins

A1_pyrroline-3-

degradation pathway hydroxy-5-carboxylat
e . - dehydrogenase (Bt
hydroxyproline oxidase {Ha)
L—dﬁhudmxy—p@ / \ Epymline—\%cm“ume =2 L—ewthm—%—ghﬂmnaie
ﬂz EHED 4H2
_ _ 2 HA
(O experimentally observed metabolite paomyotaanate || 2 ¥Raplaste
) . . transaminase {Hn}
\/ metabolites/reactions annotated in Chlamy 26.1.23 a2 g8 V4
—® predicted reactions \v/ 4-hydroxy-2-
ketoglutarate aldolase (RBn)
41316
22 v Vi ;ﬂ 3 D-4-hydroxy-2-keto-ghrtarate

graphics from www.metacyc.org



Completion of a pathway

L-4-hydroxyproline

e in animals: important structural component of collagen
e in plants: found in some glycoproteins and cell wall proteins

A1_pyrroline-3-

degradation pathway hydroxy-5-carboxylat
e . - dehydrogenase (Bt
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2 fiyozAfiate 2 D-4-hydroxy-2-keto-glutarate

graphics from www.metacyc.org



L-4-hydroxyproline
* in animals: impo

e in plants: found in some glycoproteins and cell wall proteins

degradation pathway

hydroxyproline oxidase {Ha)

Completion of a pathway

rtant structural component of collagen
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Where are the limits of metabolism?

Formation of Macromolecules Disassembly of
Imacromolecules e.g. proteins, pectins macromolecules

Precursors: Net Degradation intermediates:

e.g. UDP-rhamnose, . e.g. rhamnose,
. conversion _
proline hydroxy-proline

Synthesis Degradation

Small molecule metabolism

Nutrient uptake




Prediction of alternative routes

4-hydroxy-L-proline

hydroxyproline
2-epimerase (Pp) allohydroxy-D-
5118 proline oxidase {(Pp)
&hydmxu—L—p@ hr? ciz-4-hydroxy-D-proline sz 1-pyrroline-4-hydroxy-2-carboxylate

A1_pyrroline-4-hydroxy-2- /——2 Hz O
0 2 Hz0 carboxylate deaminaze (Pp)

35422
k\kl ammonia

c-ketoglutaric semialdehyde
dehyd (Pp)
TCA cycle-4——2 2-katoglyfarate -« - ";: ------- 2 2, 5-dioxopentanoate

|
2 NADPH 2 HADP A |
2H0 - y

‘/ !
(O experimentally observed metabolite 20y - 12%+
S

\/ metabolites/reactions annotated in Chlamy ;
\
\

graphics from www.metacyc.org



HETEROGENEOUS AND

INCOMPLETE DATA
TESTABLE
BIOINFORMATICS INTEGRATION -l HYPOTHESES
STRUCTURAL
MODELLING Table 1: Evidence for predicted reactions.
Target Reaction/ EC number  Evidence  Comment
Ergosterol 1.14.99.7 + Blast hit (136985) against human (ERG1)
1.1.1.270 + Blast hit (191061) against human (DHBT)
1.3.1.70 + orthologs (196516, 126431) to yeast (ERG24)
1.3.1.71 +/— Blast hit (196516 ) against yeast (ERGA4)
1.14.13.70 + ortholog (196411) to Arabidopsis (AT1G11680)
1.14.13.72 + orthologs (142288 ,186886) to human (NP_006736.1)
(-8 sterol isomerase — Blast hit (160258) against Arabidopsis (AT1G20050)
but more likely C-8,7 sterol isomerase (5.3.3.5)
5.3.3.5 + ortholog (160258) to Arabidopsis (AT1G20050)
(C-22 sterol desaturase + ortholog (196874) to yeast (ER(G5)
Lumichrome 3.5.99.1 - no hit
N-acetvl-L-phenylalanine  2.3.1.53 — no sequences available
L-rhamnose 5.3.1.14 — no hit
2.7.1.5 — no hit
4.1.2.19 — no hit
2.7.7.64 + ortholog (32796) to Arabidopsis (AT5G52560)
3.1.3.23 +/— Blast hit (196269) to E. coli (SUPH)
Hydroxyproline hydroxyproline oxidase R ortholog (146649) to Arabidopsis (AT3G30775)
2.6.1.23 — maybe 2.6.1.1
4.1.3.16 — no sequences available
Phenvlacetaldehvde 4.1.1.43 + ortholog (135197) to yeast PDC5
4.1.1.53 + Blast hit (40158) to Solanum Iycopersicum AADCIA

(Christian et al., Mol BioSystems, 2009)



Evolution of metabolic functions
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Evolution of metabolic functions
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The tree of life
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Ancestral networks

How did the metabolic
networks of ancestral
species look like?
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Reconstruction of ancestral networks

How did the metabolic
networks of ancestral
species look like?

(syuomiau ueisakeg) sonsiners

v

We calculated the most
likely scenario for these
networks

Ebenhéh, Handorf & Kahn, IEE Syst. Biol., 2006
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Analysis of the “global” network

The network containing all known biochemical reactions (biosphere network)

A scope of a single metabolite
characterizes its
biosynthetic potential

104

Characterize all metabolites! 100 b

frequency
|_\
<
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0 500 1000 1500 2000

scope size

(Handorf, Ebenh6h and Heinrich, J. Mol. Evol., 2005)
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Analysis of the “global” network

A scope of a single metabolite
characterizes its
biosynthetic potential
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Analysis of the “global” network
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Global organisation of metabolism

Reference network
from KEGG

calculate all single
scopes

determine all
inclusion relations

(Handorf, Ebenh6h, Kahn and Heinrich, IEE Syst Biol, 2006)
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Similarity of biosynthetic potentials

Many metabolites carry similar biosynthetic potentials

“consensus scope*“
——> (typical biosynthetic potential)

Groups with similar potentials can be identified by clustering analysis

HIERARCHY @
Indole alkaloids

“ @Elcosanmds

(Matthéus, Salazar and Ebenhéh, PLoS Comp Biol, 2008)



Similarity of biosynthetic potentials

Many metabolites carry similar biosynthetic potentials

“consensus scope*“
——> (typical biosynthetic potential)

Groups with similar potentials can be identified by clustering analysis

HIERARCHY @
Indole alkaloids

4
~300 metabolites

v

~1500 metabolites

from: ATP,CTP,GTP,UTP
dATP,dCTP,dGTP,dUTP

@Eicosanoids

(Matthéus, Salazar and Ebenhéh, PLoS Comp Biol, 2008)



Separation of biosynthetic potentials

almost identical chemical structures!
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Separation of biosynthetic potentials

almost identical chemical structures!
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dUTP 4T

L/ < \A
produces 1500 metabolites produces 300 metabolites

In agreement with experiments (growth
of Physarum Polycephalum with 4C
nucleosides)

Fink & Nygaard (1978), Eur. J. Biochem



Separation of biosynthetic potentials

almost identical chemical structures!
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OH ©OH OH |5 OH OH ©OH ¢ C
00460
dUTP dTTP

L/ < \A
produces 1500 metabolites produces 300 metabolites

In agreement with experiments (growth Exol :
of Physarum Polycephalum with 4C xplanation
nucleosides) ATP dATP
CTP dCTP
Fink & Nygaard (1978), Eur. J. Biochem GTP dGTP

jIIP\
/—/ UTP (duTP )
LN
should be low!

) ] ictl
R T R Al cloes not exist!
alone does not determine
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Organisms and their environment

No organism lives in complete isolation
Organisms shape the environment (e.g. by excreted products)

Organisms are themselves part of the environment of others (ecosystem)

Interaction on the level of metabolic networks

 Biodegradation

involves many microorganisms, requires the special metabolic capabilities
e Symbiosis

e.g. plants (fabacaea) and Rhizobia (nitrogen fixing bacteria)

e Parasitism
e.g. Wolbachia live inside insect cells



Metabolic synergy

Network of organism 1

Network of organism 2
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Metabolic synergy

Network of organism 1 _
available resources

Network of organism 2

biosynthetic capacity of
organism 1

biosynthetic capacity of
organism 2

Biosynthetic capacity for the joined network is larger than the
sum of the single capacities!



Metabolic synergy

Network of organism 1 _
available resources

Network of organism 2

biosynthetic capacity of
organism 1

biosynthetic capacity of
organism 2

Biosynthetic capacity for the joined network is larger than the
sum of the single capacities! —» Synergy



Synergy vs. network dissimilarity

Statistics...
Which pairs are best suited to yield synergetic effects?

5000

4000 —
3000 —
2000 —
1000 —

300 b max —e—
median ——

frequency

200
= 150
100
50 AT Y. e catittheeenttottilt
0 200 400 600 800 1000 1200 1400 1600
dy

(Christian, Handorf and Ebenhdéh, 2007)

A simplistic view with lots of space for improvement:

e Transport processes
« Quantification of negative effects (FBA)

——> Investigate specific examples
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