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At Wagner & Fell, 2001  Schuster et al., 2002 Ma & Zeng, 2003

ST ATP ATP ATP

metabolites

k- do. ADP ADP ADP
ons of NADP NADP NADP
Z%TLT;Q NADPH NADPH
NAD NAD
NADH
P, P;
H,O H,0
H+
modularity & .
Sl o
CO,
Oz

NH,



v

Sy, . . ...
£kTHE currency metabolites (a definition)

& verinsaar
% o xonar g

™

Network
modularity,
currency
metabolites
and graph
representa-
tions of
metabolism

PETTER
HOLME

modularity &
currency
metabolites




.ﬁ?@é&

fkTH% currency metabolites (a definition)

4
& verinsaar

Yo ocH KONST 9%
ised®

Network
modularity, @ currency metabolites have high degree

currency
metabolites
and graph e
representa-

tions of e
metabolism

PETTER o

HOLME

modularity &
currency
metabolites



.ﬁ@% . . o
currency metabolites (a definition)

g %
¢ KTH Y
& vevensar &
% Scnoner 32

™

Network

";;L:g:rci;v, @ currency metabolites have high degree
© they make not meaningful shortcuts

metabolites
and graph

representa- e

tions of

metabolism

PETTER
HOLME

modularity &
currency
metabolites



ady

B, q a _mgs
£KTHg currency metabolites (a definition)

& verinsaar
% o xonar g

™

Network
rﬁg:rci;v, @ currency metabolites have high degree
metabolites

and graph © they make not meaningful shortcuts

e © i.c. tie together distant parts of the network

metabolism

PETTER o

HOLME

modularity &
currency
metabolites



ady

B %, . s =
fxrHg  currency metabolites (a definition)

3% OCH KONST 9%

™

Network
rﬁg:rci;v, @ currency metabolites have high degree
e © they make not meaningful shortcuts
representa-

tions of © i.e. tie together distant parts of the network

metabolism

PETTER © i.e. tie different modules together
HOLME

modularity &
currency
metabolites



oo
currency metabolites (a definition)

225
B,
£KTH%Y
& vevensar &
% Scnoner 32

ot

@ currency metabolites have high degree

© they make not meaningful shortcuts
© i.e. tie together distant parts of the network

Network
modularity,
currency
metabolites
and graph
representa-
tions of
metabolism

© i.e. tie different modules together

PETTER
HOLME
... let’s turn this around to a definition . . .

modularity &
currency
metabolites




ady

B, q a _mgs
ﬁEKTH‘% currency metabolites (a definition)

& verinsaar
% o xonar g

ised®

Network
dularity, o azm
et Definition
metabolites X X X
and graph Remove vertices in order of (currently) highest degree. The set

representa-

o of removed vertices that gives the network the highest
modularity is the set of currency metabolites.

PETTER
HOLME

modularity &

currency
metabolites



Network
modularity,
currency
metabolites
and graph
representa-
tions of

L (I)OO
_CQOOCPAAAAAA

metabolism Bl

PETTER
HOLME

modularity &
currency
metabolites

- O currency metabolites
| A commodity metabolites

number of deleted vertices



detected currency metabolites

At Wagner & Fell, 2001  Schuster et al., 2002 Ma & Zeng, 2003

retabolite ATP ATP ATP

metabolites

. ADP ADP ADP
ons of NADP NADP NADP
PETTER NADPH NADPH
HOHE NAD NAD
NADH
P P
HZO Hzo
H+
croney PP;
metabolites CM P
CcO,
0O,

NH,



ady

B,

t3

gxriy  modularity and robustness

& verinsaar
% o xonar g

™

Network
modularity,
currency
metabolites
and graph
representa-
tions of
metabolism

PETTER
HOLME

currency metabolites
[ J
commodity metabolites

L4 .
e o
.
e o o
i. nitrogen metabolism ii. amino acid metabolism / protein synthesis jii. sugar metabolism
modularity & iv. citric acid cycle/ porphyrin synthesis  v. fatty acid metabolism vi. steroid metabolism
currency vii. metabolism of xenobiotics viii. tyrosine and tryptamine metabolism ix. DNA metabolism/ glycolysis

metabolites . nucleoside/ nucleotide metabolism ~ xi.

glycerophospholipid and arachidonic acid metabolism



different organisms

Network . .
modularity, organism | samples nodes edges c¢.m. modularity

metabolites animals | 5 1621 4662 6.2 0.157
T plants | 1 1561 4302 1 0.144
——— fungi | 2 1281 3654 1.5 0.150

PETTER bacteria | 99 1050 2739 1.7 0.140

HOLME

modularity &
currency
metabolites



ey .
FKTH ¢ conclusions

& verinsaar
% o xonar g

™

Network
modularity,
currency
metabolites
and graph
representa-
tions of
metabolism

PETTER
HOLME

modularity &
currency
metabolites




.@@é& .
§kTH: conclusions

4
& verinsaar
% o xonar g

™

Network
t @ proposed graph based definition of currency metabolites

modularity,
currency
metabolites PY
and graph
representa-
tions of o
metabolism

PETTER
HOLME

modularity &
currency
metabolites



ady

L, .
KTH‘%% conclusions

& verinsaar
% o xonar g

™

Network
";;L:g:rc';v, @ proposed graph based definition of currency metabolites
metabolites
and graph
representa-
tions of o
metabolism

@ metabolic networks are modular, but not so much

PETTER
HOLME

modularity &
currency
metabolites



o

F, .
f§kTH: conclusions

& vevensar &
% Scnoner 32

ot

Network

rr::jc:::elf‘rci;y, @ proposed graph based definition of currency metabolites
e @ metabolic networks are modular, but not so much
representa-

tions of @ the reason they are not more modular might be give

metabolism b t
SR robustness

HOLME

modularity &
currency
metabolites

u]

o)
I
"

it



ady

B, 0
ﬁ?KTH%&; conclusions

& verinsaar

3% OCH KONST 9%

™

Network
B @ proposed graph based definition of currency metabolites
metabolites

and graph @ metabolic networks are modular, but not so much

representa-

tions of @ the reason they are not more modular might be give

metabolism b t
SR robustness
HOLME

(Huss & Holme, 2007, IET Syst. Biol. 1, pp. 280-5.)

modularity &
currency
metabolites




fxros  subnetwork hierarchies

§ yereneasr
38 OCH KONST &

™

Network

modularity, P. Holme, M. Huss & H. Jeong, 2003, Bioinformatics 19, pp.

currency
metabolites 532—8 .
and graph
representa-
tions of o
metabolism

PETTER
HOLME

<l ]
<
subnetwork 3
hierarchies cE- J;h
L | ————
<

Y S2(ho) Si(ho)




ady

B, 0 .
fxtH: subnetwork hierarchies

& verinsaar
% o xonar g

ised®

Network

modularity, P. Holme, M. Huss & H. Jeong, 2003, Bioinformatics 19, pp.

currency

metabolites 532—8 .
and graph
representa-

tions of @ Start with a directed bipartite networks, with both reaction
metabolism . .
and substance vertices (keep the currency metabolites).

PETTER

HOLME
(]

<l ]
<
subnetwork 3
hierarchies _CE_ J;h
L | ————
<

Y S2(ho) Si(ho)




ady

B, 0 .
fxtH: subnetwork hierarchies

& verinsaar
% o xonar g

ised®

Network

modularity, P. Holme, M. Huss & H. Jeong, 2003, Bioinformatics 19, pp.

currency

metabolites 532—8 .
and graph
representa-

tions of @ Start with a directed bipartite networks, with both reaction
metabolism . .
and substance vertices (keep the currency metabolites).

PETTER

HOLME @ lteratively remove the reaction vertices with the highest

betweenness (fraction of shortest paths passing through a
vertex).

| ddloadh

Y S2(ho) Si(ho)

subnetwork
hierarchies

h ho NoO




subnetwork hierarchies

Network
modularity,

nodular P. Holme, M. Huss & H. Jeong, 2003, Bioinformatics 19, pp.
metabolitis 532—8

and graph
representa-

tions of @ Start with a directed bipartite networks, with both reaction
metabolism

PETTER and substance vertices (keep the currency metabolites).

HOLME @ lteratively remove the reaction vertices with the highest

betweenness (fraction of shortest paths passing through a
vertex).

@ Study the dendrogram of this process.

<l |
<
subnetwork 3
hierarchies _CE_ J;h
L | ————
<

Y S2(ho) Si(ho)




# B0, : :
gxtH: Sshell- vs community-type ordering

& verinsaar
% o xonar g

™

Network
modularity,

currency
metabolites
and graph
representa-

tions of
metabolism

PETTER
HOLME

subnetwork
hierarchies




ady

ugeﬁ%a
sxtH: dendrogram

& verinsaar
% o xonar g

™

Network (@)
modularity,

currency
metabolites

L —

representa-
_ (b)

tions of
metabolism

PETTER

=

«

i

=
=
=

subnetwork
hierarchies



ady

B,
fxtH: modules

VETENSKAP
e
ised®

Network
modularity, Iucosamme 1- Hate
currency —mcetyl cosamine % J
metabolites acetyl I m
and graph dj hydro |p am|

representa- - Vi uanosme
tions of 2-deoxy—-D- nboge 1 ﬁi&osp

metabolism = enosmg

PETTER

ribos: E ate

HOLME aD-1bose 12 pyroé oaB ate

= adeno |ne

hypoxant |ne

orthophosphate

subnetwork
hierarchies




ady

B,
FKTHS

& verinsaar
% o xonar g

ot

Network
modularity,
currency
metabolites
and graph
representa-
tions of
metabolism

PETTER
HOLME

subnetwork
hierarchies

modules

® ® O substrate hypoxanthingd_ a-D-ribose 1-phosphate
[ reaction node
v link \
in—flow
—» out-flow /

deoxyadenosine

_ . _ ATP, ADP
2-deoxy-D-ribose 1-phosphate @ NADPH, NADH

0 pyrophosphate

HO
N —acetyl- D_gllucc:g%argtlge pyrophosphate b,
COA / . / X
guanosm
(] acetyl -CoA guanme
deoxyguanosnne

é/y pyruvate, CO»
D-aliicosamine 1-nhosnhate /D\



ady

D@'A%ﬂ
§xrHy  modules

™

Network

rotein N—pros-phosphohistidine
representa: enzyme lIGIc l_I|\I|l;—phots,phcr)1h|?tc;(_:||n

: r protein histidine
metabolism enzyme lIFru NP—Bhosphohisti in

PETTER enzyme |[IFTU
toie enzyme llIScr Np—phOSpf\'IIOhIStldln

Rep
6.5.1.2,.DNA ligase
open prepriming corr% Seé

2.7.7.7.DNA'\F0| merase |
DNA helicase I
2.7.7.7.DNA polymerase Il
5.99.1.3.DNA topoisomerase
5.99.1.2.DNA topoisomerase |
primosome complex

subnetwork
hierarchies

modularity, eennzzlngneelnl:/clgg
currbenl_cy enzyme |||Scr
metabolites Man — istidi

S H?przgme [lIMan AP_phosphohistidin

|




S,
fxTH: modules

4
& verinsaar
% o xonar g

™

modularity, enzyme |||G\r. NP-phosphohistidine 7.7.7.DNA polymerase |

currency enzyme llMan \ enzyme IIIFTU .\E'M
4 e /. NP-phosphohisti@Aé..3.DNA topoisomeras SSB

metabolites NP-phosphohistidin
F’”’"OS"’"Q C X \‘DNA helicase Il

and graph "\ IQ_/v.enzyme e CTPQ‘ 5.1.2.DNA ligase
rto)

representa- &P
HPr protein N-pros— hosphategpen prepnmmg complex
ATP
UTP repriming complex

tions of
- enzyme |||Man phosphohistidine
metabolism Y HPr F}&e' Stidine orloph(gphale
1= @enzyme niser
@ enzyme I1IScr @a primer—primosome complex

Network Gle
enzyme Ill -~ 2.7.7.7.DNA polymerase I"f .99.1.2.DNA topoisomerase |

PETTER ‘\' NP-phosphohistidine
.pyruvale

HOLME
phosphoenolpyruvate

subnetwork
hierarchies



v

Sy,
FKTHY

& verinsaar
% o xonar g

™

Network
modularity,
currency
metabolites
and graph
representa-
tions of
metabolism

PETTER
HOLME

subnetwork
hierarchies

dentrogram statistics

5 10 15h20 25 30

800 50 100 150 200 250°



v

S, .
f§xTH: conclusions

& verinsaar
% o xonar g

™

Network
modularity,
currency
metabolites
and graph
representa-
tions of
metabolism

PETTER
HOLME

subnetwork
hierarchies




gg@g& .
kKTH% conclusions

& verinsaar
% o xonar g

™

Network
B @ Shell- rather than community-type ordering
metabolites PY
and graph
representa-
tions of
metabolism

PETTER
HOLME

subnetwork
hierarchies



ady

L, .
KTH‘%% conclusions

& verinsaar
% o xonar g

™

Network
";‘Z,‘Z:‘;f,’ci;"’ @ Shell- rather than community-type ordering
e @ A few, seemingly clear, modules
representa-
tions of
metabolism

PETTER
HOLME

subnetwork
hierarchies



	metabolic networks, intro
	networks (physicist style?)
	modularity & currency metabolites
	subnetwork hierarchies

