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* Es gibt keine klare Definition dieses Begritfs!

* Beispiel fur einen abstrakten Pfad:
A - B = C > D— E

* Pfade sind immer reguliert, z.B. inhibiert E das
Enzym, das die Reaktion A zu B katalysiert

* Es gibt eine Menge Mythen uber Metabolismus,
sogar in gebrauchlichen Lehrbuchern.
Paradebeispiel: “Rate-limiting steps” und
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Signaltransduktion

Signal Transduction from Cell Surface Receptors

hormone g L}m" thukme

growth factor
receptor

puih] .-L..J-

cytokine receptor

{intrinﬂi[:
G protein-coupled {lacking tyrosine
receptor tyrosine Kinase) Kin ase)

fl,//\ N

cyclic-AMP || Ins P, Ptdins 3-kinase | | MAP kinase || JAK-STAT
pathway pathway pathway pathway pathway




Signaltransduktion —

Crosstalk between Signaling Cascades °

hormones synaptic growth inflammatony
activity factors cytokines;
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Cascade Organization and Amplification
during Signal Transduction



Geschlossenes System:

im GG ist das System tot! Bsp:

Offenes System:

In der Systemtheorie ist ein offenes System
definiert uber den Austausch von Stoffen.
Der Materieaustausch liegt in der gleichen
GrofSenordnung wie der innere Stoffumsatz.

Stationarer Zustand kann sich einstellen,
BSp: _(338 N andert sich nicht in der Zeit, ist aber kein
Q GG-Zustand.




STARTTIME =0
STOPTIME =20
DT =0
D Thide =0
pTour =

TOLERANCE = 0.
a =

)Jie Geschwindigkeiten
der Hin- und Ruckreaktio:
STATTIVE - ntscheiden, wie schnell
| nd welches GG erreicht
ird, wenn Zu- und Ab-
usse 0 sind, d.h. das
ystem geschlossen ist.



Bei einem Durchfluls durch das System stellt sich ein vollig
anderer Zustand ein!
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Beispiel fur ein lineares SYStemZ e

A > B $ystemgleichungen:
k, Q[Al/dt = -k, *[A] - k4¥[A] +
d[Bl/dt = Kk, *[A] -k, * [B]
K, C  dCydt= +k,*[B] -k, *[C]




Systeme - abstrakte Beissal

Beispiel fur ein nichtlmeares System:

ystemgleichungen: J

k
> B
[Al/dt = -k, * [A] -k, *[A] *[C] +]
[Bl/dt =k, *[A] -k, *[B] k /
[Cl/dt = +k, *[B] -k;*[C] -k, *[A] *[C] )

Nichtlinearitat durch Term k, * [A] * [C]
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* Die Glykolyse soll modelliert werden

* Frage: Ist es ok, die raumliche Ausbreitung der Zelle zu
vernachlassigen? (Diffusionsgeschwindigkeit, Konzentration)

* Aber: raumliche Komponente durch Glukoseimport



glc” = Vians - Vi
gop’ = Vy - Vo
top* = v i - Von
f16p" = v 5 - Vo
dhap’ = v, - v

(

gap = Vg4 + Vi - Vgpdh

bpg’ = Vapdh = Vpgk
p3g” = Vpgk ™ Vpgm
P29" = Vpgm = Veno
PP = Veno = Vi

(

Py Voyk ™ Vpy

CHO CHO

HEXOKINASE |

Hee—om Heo —oH PHOSPHOBLUCOSE

| —_— | IS0MERASE

HO—2—H I HO—C—H

| fo
H—C—0H [ H—C—0H
H—d—on |I " H—C—0H

| -2

CH,0H CHZOPOy, | =
CH,OF0)
Glucose ATP  ADP Glucoze T

G-phosphate

Pyrwvate 2 ATP 2 ADP Phosphosnolpyruvate

Fructose B-phosphate

CH,0H
d PHOSPHOFRUGTOKINASE Lf---"“ ATP
2 ~--—— ADP
CH,0P0,
Dihydroxyacetons 2
phosphate -C‘|,H2OP03
=0
ALDOLASE
TRIOSE HO—C—H
PHOSPHATE
ISOMERASE H—2—0OH
H—C—OH
CHO CH,OP0,”
H——0H . Fructose 1,6-bisphosphabe
CH,0P0,
Gilyceraldehyds
3-phosphate
_ 2Pl N
DENWROGENASE |y Z NADH co0
PHOSPHOGLYGERATE
. RINASE H—0—OH
COOPO, - CH,0P0,"
H_? —oH . I.'K y 3-Phosphoglyeerabe
- CH0PO, [ PHOSPHOSLYCERATE
1,3-Bisphosphoglycerate Z ADP ZATP HUTASE
PYRUVATE KINASE -
oo [slsle} c|00
I - 2 EHOLASE H— _01:'032'
< do R o —0OPO,
T [ gH S CH,O0H
CH; (I z 2-Phosphoglycerate



CHO

* erleichterte Diffusion 3; & o
- | Cl‘HzOPOS'Q

 daher abhangig von glc,, sEe Ao

f-phosphate Fructose B-phosphate
g].C ex i H::i . PHOSPHOFRUGTOKINASE L:—_ ::;
* symmetrischer Transporter = \ i
e | odn
lcex —qglcin —d —on
vtrans=Vtrans x (9 glcin)

Fructose 1,6-bisphosphabe

(Km+glcex+glcin+ % xglcex xglcin)

Ki resultiert durch die s W e
relative Mobilitat des belade- e
nen im Vergl. zum unbelade-~— = 7 ™ = LT

2-Phosphoglycerats

n_ e n Tran S p O ]_"te I" Pyruvate 2 ATP ZADP Phosphoenclpyruvate



Vic—=
Glukosebindung scheint P i
ATP-bindung zu erleichtern Eff .
MM fir 2 nicht-konkurrierende . I o
Substrate edon

3-rhosphate
2Pl

vhk=Vhi + ATPxglc T

(KATP«Kglc+Kglc « ATP+KATPglc+ATP*glc) ...

ooTHEs o PHOSPHOGLYGERATE
1,3-Bisphosphoglycsrabs Z2 ADP ZATP HUTASE
PYRUVATE RINASE _ -
coo” [slele] C||OO a
| - C‘! opo EMOLASE H——0F0,
— = H El -
T ; .II (l_JJH _— CH,OH
CH, o 2 2-Phosphoglyceralte

Pyrurate 2 ATP 2 ADP Phosphosnolpyruvate



* Reaktion stark reversibel

* reversible MM

VpgI=

CHO
C|HO HEXORINRSE |
HO—2—H I HO—Cl‘—
| Lo
H—C—CH | H—¢
H—C—0H |I H—Cl —0H
| )
CH,0H CHZOPOy,
Gilucose ATP  ADP Glucoze
G-phosphate
cIH20H
o=
CH,0PO,
Dihydroxyacetons
phosphate
TRIOSE ALDOLASE
PHOSPHATE
IS0MERASE
CHO

|
H—C—0H

Kf6p+Vhins g6p —Kg6p+Vr + f6p

PHOSPHOGLUCOSE
ISOMERASE

CH,OP0,”
Fructose B-phosphate
PHOSPHOFRUCTORINASE Lf---"“ ATP
- _ ADP
2_
CH,0P0;
¢=o
HO—2—H
H—C —0H

H—C —OH
CH,0P0, 2

Kgbp* Kfop+gbp* Kf6p+f6p*Kg6p

‘_—

cH LOPOE
1,3-Bisphosphoglycsrabe

PYRUUATE RIMASE
[slele}
=
CHg o
Pyruvate 2 ATP ZADP

2 ADP 2 ATP

co0
g —opa”
CH,

Phosphos nolpyruvaks

ameraphoglycerabs

|

| -
H—C —0Po,”
CH,OH
2-Phosphoglycerats

PHOSPHOGLYGERATE
MUTASE

COoo”
EHOLASE

JR—

_—



Vpﬂ{

* viele Regulatoren

* einige werden hier als konstant ...

angenommen

* Kinetik wird nicht komplett

quantitativ beschrieben

(Problem der ,combinatorial

explosion)
* s. Tafel und Artikel (als
Appendix zur Vorlesung)

CHO CHO

HEXORINASE | CH,0H
o —on Heo_on  PHOSPHOGLUCOSE Hy
I — HO —Cl' x ISO0MERASE CI =0
HO—C—H ‘o T Ho—d—
o [ H—C'—oH Hq
T | di,0p0 Hq o
CH O ATP ADP - ° CH,0F0
uuuuu B-phosphal Fruettse B-phospiabe
} o ATF
s PHOSPHOFFUGTORINASE L
2 “--—— ADP
CH,0P0,
Dihydroxyacetons
phosphate = 812
C‘i. =
ALDOLASE
TRIOSE HO—C—H
PHOSPHATE |
ISOMERASE H—CI —oH
H—C—OH
CHO CH,OP0,”
H——0H Fructose 1,6-bisphosphate
CH,0P0,>
Gilyceraldehyde
I-phosphate
_ 2Pl N
DEHYOROGENASE |f 2 NADH coo”
PHOSPHOGLYGERATE
. RINASE H—0—OH
GOCFO, . CH,0P0,"
H—¢—0H 2 . FPhosphoglycerate
CH,0P0,
ooTEeT [ PHOSPHOSLYCERATE
1,3-Bisphosphoglycerate Z ADP ZATP HUTASE
_ PYRUUATE RINASE oo oo
oo -— 4 EHOLASE Hed —oro,”
< deo R o —0OPO,
. Il _— CH,OH

||3H3 IlI | CH,

1
Pyrwvate 2 ATP 2 ADP Phosphosnolpyruvate

2-Phosphoglycerats



CHO

CHO
HEXORINASE | CH.OH
wd o H—c—on  PHOSPHOGLUCOSE Hy
: e o d ISOMERASE ¢=0
HO—C—H i o HO—C—H
. . . e |II | H—C —OH ng e
o b]_ d d _b H—q—on | 2 H—C—0H
reversipnie ordered uni-pi bow ) doro, o
Glucose R
o . h h Glucose B-phosp hate Fructose B-phosphate
g3p bindet nach dhap -
| PHOSPHOFRUCTORINASE |-
=0
+ oder simple MM
2 3
O e S]- p e Dihydroxyacetons .
. phosphabe -C‘|,H2OP03
* 5. Tafel und Artikel i
S. alel un Irtike TRIDSE LS S HO—C—H
PHOSPHATE
ISOMERASE H—2—0OH
H—C—OH
CHO CH,0P0, 2
H——OH Fructose 1,6-bisphosphabe
CH,0P0,>
Glyoeraliehyde
3-phosthake
_ 2Pl N
DEHYOROGENASE |f 2 NADH coo’
PHOSPHOGLYGERATE
- RINASE H—0—OH
COOPO, - CH,0P0,"
H—¢—0H , I.'K Y FPhosphoglycerate
CH,OPO,™ b
o E U PHOSPHOGLYCERATE
1,3-Bisphosphoglycsrabe Z ADP ZATP HUTASE
i PYRUVATE KINASE oo coo”
Goo ‘ | . ENOLASE H—c —oro,”
«— lp Qo o —OFQ, .
I i I _— CH,0H
CHy [ 2 2-Phosphoglycerate

Phosphos nolpyruvaks

Pyruvate 2 ATP ZADP



* schnelle Reaktion

* schnelles GG
* dhap kann durch g3p aus-
gedruckt werden

OHO CHO
o HEXORINASE b d o PHOSPHOBWGOSE CH,0H
| — Ho_d ISOMERASE ¢=0
HO—C —H E e o~d
Hyon III | b d o H—G—0H
o | CH,OPO,” H-g—oH
G?HEOH ATP ADP  /  ° 7° CH,0PO, 2
Heose B-phosphate Fructose B-phosphate
CH,0H _
deo PHOSPHOFRUGTORINASE Lf---"‘ ATP
| 2- ~--—— ADP
CH,OP0,
'C‘|,H2OP032'
=
ALDOLASE Hodn
H—C —0H
H—C —OH
CH,0P0, 2
T Fructose 1,6-bisphosphabe
CH,0P0,>
Gilyceraldehyde
I-phosphate
_zpl
SLICERALDENE "7 2 NAD
DENYOROGEMASE |f 2 NADH co0’
PHOSPHOGLY GERATE
2 KINASE H—0—OH
COOPO, — - &H 00,7
H—g—oH . ,-'K Y 3-Phosphoglycerate
CH,0P0," 1o
. B U PHOSPHOGLYCERATE
1,3-Bisphosphoglycerate Z ADP ZATP HUTASE
_ PYRUVATE KINASE oo 00"
oo -— | . ENOLASE 11— —opo
=0 i o —OPa,
I [ L —_— CH,0H
CHy [ * 2-Phosphoglycerats

Pyruvate 2 ATP ZADP

Phosphos nolpyruvaks



kann auch kooperativ sein
hier reversible 2-Substrat-MM

CHO

CHO
CH,0H

H—Cl'—OH HEXORINASE H—Cl'—OH PHOSPHOBLUCDSE :
| —- O —cl' - IS0MERASE cl: =0
HO —cl' —H ."f o o —Cl a
H—Cl —OH Ill |II i H_Cl om
" lon | CH 0RO, H—C—0H
G?HzOH ATP  ADP Gl ucése ’ CHZOPOﬁ_z
Heose fi-phosphaks Fructose B-phosphate
CH,0H B
do PHOSPHOFRUCTORINASE |-~ ATF
! 2 -—— ADP
CH,OPO0,
Dihydroxyacetons "
phosphabe -C‘lfHEOIZ‘CJ3
=
TRIOSE ALDOLASE Ho—d a1
PHOSPHATE
I30MERASE H—C —0H
H—CI —OH
G CH 0P,
H—{—oH Fructose 1,6-bisphosphabe
CH,O0PO,>
Gilyceralde

6L
3

-phosh

d
biake

1,3-Bisphosphoglycsrabe

Pyrirvals

PYRUUATE RINASE

——- Z MADH Ci_oo'
PHOSPHOGLYGERATE
RINASE H—0—OH
- CH,0P0,”
i
II.' -,II 3-Phesphoglycerabs
[ PHOSPHOGLYCERATE
Z2 ADP ZATP HUTASE
CI:OO- EHOLASE (;;OO -
d_opa H—C —OP0,
L _— CH,O0H
z 2-Phosphoglycerate

[
Z2ATP ZADP

Phosphos nolpyruvaks



Fallbeispiel

ebenfalls reversible 2-Substrat-
MM

: GlykolyseVige

CHO CHO
H—Cl' om HEXORIMASE H—Cl' —oH PHOSPHOELUCOSE C|JH20H
| — ol ISOMERASE c=0
HO —cl' —H ."f o 1o _Cl —n
oo III | b d o H—G—0H
T | di,0p0,” H—q—cH
G?HEOH ATP ADP  /  ° 7° CH,0PO, 2
Heose B-phosphate Fructose B-phosphate
CH,OH -
deo PHOSPHOFRUGTORINASE |- “TF
| 2- ~--—— ADP
CH,0F0,
Dihydroxyacetons 2
phosphabe -C‘lfHEOIZ‘CJ3
C=0
ALDOLASE
TRIOSE HO—C—H
PHOSPHATE
I50MERASE H—C —CH
H—CI —oH
CHO CH,0P0, 2
H—¢—oH Fructose 1,6-bisphosphabe
CH,0P0,>
Gilyesraldehyds
3-phoshake
_2Pl
GSLPE“EuI;ﬁIIInETIEI‘IIE T 2 NAD
DEHYOROGENASE |f 2 NADH co0’
PHOSPHOGLY GERAT]
2 KINASE H—0—OH
COOPO, CH,0P0,%
H_?_OH 2 3-Phesphoglycerabs
CH,0P0,"
. : ° PHOSPHOGLYGERATE
1,3-Bisphosphoglycsrabe MUTASE
i PYRUUATE RIMASE coo" coo”
oo -— | . ENOLASE 11— —opo
=0 i & —0OPO,
I [ L —_— CH,0H
CHy [ * 2-Phosphoglycerats
Pyruvate 2 ATP 2 ADP Phosphoenolpyruvate



Fallbeispiel: Glykolyse Vg

* reversible 1-Substrat-MM

CHO

CHO
H—Cl' om HEXORIMASE H—Cl' —oH PHOSPHOELUCOSE C|:H20H
| —_— O —cl' - IS0MERASE cl: =0
HO —cl' —H ."f i o —Cl a
H—Cl —OH Ill |II H_Cl e H_Cl om
" lon | di,0p0,” H—¢—0H
G?HzOH ATP  ADP Gl ucése ’ CHZOPOﬁ_z
Heose fi-phosphaks Fructose B-phosphate
CH,0H ~
do PHOSPHOFRUCTORINASE |-~ ATF
' > ~--—— ADP
CH,OPO0,
Dihydroxyacetons "
phosphabe |::‘|,H20p03
=
TRIOSE ALDOLASE Ho—& _n
PHOSPHATE
I30MERASE H—C —0H
H—CI —OH
G CH 0P,
H—{—oH Fructose 1,6-bisphosphabe
CH,O0PO,>
Glyceraldehyde
3-phoshake
_ZPl
GSLP‘I'I:“EBI;%IEIII“ETIE‘I'I]E T 2 NAD
DEHYOROGENASE |~ 2 NADH
PHOSPHOGLYCERATE
2 RINASE
COCPO;,
2- [
CH,OFC, o

1,3-Bisphosphoglycsrabe

PYRUVATE KINASE
'Cl:OO
(i-: =() Ill" "\I.
I Y
CHj [

Pyruvate 2 ATP ZADP

2 ADP ZATP

cl:oo' ENOLASE 1 &
d—or o H—C—0F0,
da, -— CH,O0H

2-Phosphoglycerats
Phosphos nolpyruvaks



Fallbeispiel: Glykolyse Veis

* reversible 1-Substat-MM

CHO CHO
H —c‘,l' oH HEXOKINASE H_Cl. —on PHOSPHOBLUCOSE C|JH20H
| — HO —cl' H ISOMERASE cl: =0
Jo—q i o HO—¢
H—Cl —OH Ill |II i H_Cl om
" lon | CH 0RO, H—C—0H
G?HzOH ATP  ADP Gl ucése ’ CHZOPOﬁ_z
Heose fi-phosphaks Fructose B-phosphate
CH,OH B
do PHOSPHOFRUCTORINASE |-~ ATF
| 2- ~--—— ADP
CHOPO,
Dihydroxyacetons "
phosphabe |::‘|,H20p03
=
TRIDSE ALDOLASE Ho—d a1
PHOSPHATE
ISOMERASE H—'—0H
H—CI —0H
G CH 0P,
H—{—oH 2 Fructose 1,6-bisphosphabe
CH, 0P,

Gilyceraldehyde
I-phosphate
Z Pl
7 2 NAD*

- 2 NADH

GLYCERALDEH YDE
3-PHOSPHATE
DEHTOROGERASE

coopo,”
H—(—0H
CH,0P0,>

1,3-Bisphosphoglycsrabe
PYRUVATE RIHASE

CHj | |
Pyruvate 2 ATP ZADP

cloo'
PHOSPHOGLYGERATE
RINASE H—0—OH
- CH,0P0,”
i
II.' -,II 3-Phesphoglycerabs
[ PHOSPHOGLYCERATE
Z2 ADP ZATP HUTASE
CI.OO- EHOLASE i -
C—0Pa,] ¥ 7%
L _— IH,OH
z 2-Phghphoglycerate

Phosphoe no oy



Fallbeispiel: GlykolyseVpyk

* irreversible 2-Substrat-MM

CHO

CHO
HEXOKINASE | CH,OH
o —on H— —0H PHOSPHOBLUCOSE e
| —- O —cl' n ISOMERASE cl: =0
HO —cI —H Illf i 1o _C| _H
H—Cl —0H Ill |II H_c| e H—Cl —oH
T | di,0p0,” H—q—cH
G?HEOH ATP ADP  /  ° 7° CH,0PO, 2
Heose B-phosphate Fructose B-phosphate
CH,0H _ATP
| -
do PHOSPHOFRUGTOKINASE L
| 2- ~--—— ADP
CHL0P0,
Dihydroxyacetons 2
phosphabe -C‘lfHEOIZ‘CJ3
cI =0
ALDOLASE
TRIOSE HO—C—H
PHOSPHATE
I50MERASE H—C —CH
H—cI —0OH
CHO CH,0P0, 2
H—¢—oH Fructose 1,6-bisphosphabe
CH,0P0,>
Gilyceraldehyds
I-phosphate
_ 2Pl N
sstm“EugﬁlnniTlémE =77 Z NAD
DENWROGENASE |y Z NADH co0’
PHOSPHOGLYGERATE
2 KINASE H—0—OH
COOPO, - $1,0P0,7
H_(|: —H 2 ,-'K Y 3-Phosphoglycerabe
CH,0P0, [
o E U PHOSPHOGLYCERATE
1,3-Bisphosphoglycerate Z ADP ZATP HUTASE
PYRUVATE KINASE oo CIOO-
o .
| - ENOLASE
' o 0P, e HepORS,
L —— CH,0H
z 2-Phosphoglycerate

Phosphos nolpyruvaks



CHO

CHO
s -~
HO —cl' —H Illf HO—C—H HO —cl H
e o
H_E;z; | Cl‘HzOPOS'Q Hq o 2
Glucose ATP ADP Glicose CH,OPO;
Fructose B-phosphate

CH,OH

* Hangt davon ab, was danach =

kommt B
* -> einfachste Moglichkeit ist

e |
die lineare Abhangigkeit

cHO
H—C —oH
CH,0P0,>
Gilyceraldehyds
Fphosphate
2Pl
7 2 NAD*

-,

GLYCERALDEH YDE
3-PHOSPHATE
DEHTOROGERASE

coopo,”
H—(—0H
CH,0P0,>

1,3-Bisphosphoglycsrabe

PYRUVATE KINASE
C|OO
=0 [
| [
CHj [

Pyruvate 2 ATP ZADP

~--— 2 NADH

G-phosphate

PHUSPHOFRUCTONINASE L

ALDOLASE

PHOSPHOGLYGERATE
RINASE

Phosphos nolpyruvaks

—— ATP
“--—— ADP

CH,0P0,
d=o
HO —cI —H
H—C—0H
H—Z—0H
cleopos'2
Fructose 1,6-bisphosphabe

[olele}
H —cI —OH
cljﬂzopof'
3-Phesphoglycerabs
W PHOSPHOGLYCERATE
HUTASE
Co0”
EHOLASE H _c! _01:'032'
_— CH,O0H

2-Phosphoglycerats
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KEGG: Kyoto Encyclopedia of Genes and Genomes

A grand challenge in the post-genomic era is a complete computer representation of the cell, the
organism, and the biosphere, which will enable computational prediction of higher-level
complexity of cellular processes and organism behaviors from genomic and molecular
information. Towards this end we have been developing a hioinformatics resource named KEGG
as part of the research projects of the Kanehisa Laboratories in the Bioinformatics Center of
Kyoto University and the Human Genome Center of the University of Tokyo.

| Help
Search KEGG | Search BRITE | Get Entry
& Main entry points to the KEGG web service

KEGG2 KEGG Table of Contents Update notes

PATHWAY KEGG pathway mmaps for biological processes

BRITE Functional hierarchies of biological systems

GEMES Gene catalogs and ortholog relations in complete genomes

LIGAMND Chemical compounds, drugs, glycans, and reactions

& Organism-specific entry points to the KEGG web service
KEGG Organisms Choose  Qrganism ” Go | Help

&' Subject-specific entry points to the KEGG web service
DRUG Drug structures, structure maps, and classification
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