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Stoichiometric Approaches for Metabolic
Engineering and Rational Strain Optimization

FBA-based optimization:
OptKnock (Maranas et al.) and variants: identify minimal set of knockouts that
lead to coupling between biomass and product synthesis

-> bi-level optmization problems solved by Mixed Integer Programming

—> one solution

Elementary-modes-based optimization:

Minimal metabolic functionality (Trinh, Srienc et al.): identify knockout set

that keeps only a small number of (optimal) elementary modes functional
—> one solution

(Constrained) Minimal Cut Sets: enumeration of all minimal knockout sets
that block undesired and keep desired behaviors.

—> based on elementary modes

—> all knockout solutions are generated

Max Planck Institute Magdeburg
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From Elementary Modes to Minimal Cut Sets
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Elementary Modes: minimal functional units (pathways) that can operate in steady state

v }{2 _______ | Synthesis of P1  Target modes
1 1
S'R] A/\BR4: . T,/\_, T,/\_, N VRN
i &3 - l\/ “““““““““ l\/ l\/
- _1351 ____________ I R
P2 LT T I
“““ B R _ :
/,_2\‘ Re R X T Here: reaction cut sets.
> e %
\&3™ R3 -
R5 R5 R5 Can be easily mapped to
MCS={R1} MCS2=(R2,R3} ' MCS3=(R4}|| 9&Ne cut sels by gene-
. . enzyme-reactlon associations.
Blocking synthesis of P1

Minimal Cut Set (MCS): minimal set of cuts (knockouts) blocking certain functions in

steady state

MCSs are the minimal hitting sets of the corresponding EMs

Max Planck Institute Magdeburg Klamt S: BioSystems 2006, 83:233-237.
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MCSs are the minimal hitting sets of the corresponding EMs
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From Elementary Modes to Minimal Cut Sets
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Elementary Modes (EM): minimal functional units that can operate in steady state

v }{2 _______ | Synthesis of P1  Target modes
I 1
Rl N R4 e ™S ™S ey~
ST—A B~ > <
< . :
P2 I
i 2
R2 T : ;
SRR ORI /%uﬁ RI /\‘% Here: reaction cut sets.
RSIW R5 l\% Can be easily mapped to
MCS={R1} MCS2=(R2,R3} ' MCS3=(R4}|| 9&Ne cut sels by gene-
. . enzyme-reactlon associations.
Blocking synthesis of P1

Minimal Cut Set (MCS): minimal set of cuts (knockouts) blocking certain functions

in steady state

MCSs are the minimal hitting sets of the corresponding EMs

Max Planck Institute Magdeburg Klamt S: BioSystems 2006, 83:233-237.
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Computation of Minimal Hitting Sets
(here: for a given set of Target Modes):

Many algorithms are known from hypergraph theory.

Algorithm of Claude Berge [1] performs well for metabolic networks [2].

[1] Claude Berge. (1989): Hypergraphs. Combinatorics of finite sets.(North-Holland, Amsterdam)
[2] Haus U, Klamt S, Stephen T. (2008) Computing knockout strategies in metabolic networks. J Comp Biol 15: 259-268.

Max Planck Institute Magdeburg
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Biochemical Network

(Target) functionality to be blocked

(e.g. via FBA: test all

Minimal hitting sets 1-, 2-, 3-, ... knockout
(Berge Algorithm) combinations whether they
/"\ block undesired function)
Elementary Modes Minimal Cut Sets

Max Planck Institute Magdeburg
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~Rational Redesign of Metabolic Networks 500>

E_ o “/}g_z_\_‘ _____ E Synthesis of P1  Target modes Desired mode
'R1 R4, B VR VG | B e VR
 —— —_—

ST A g B I\ I\ "
< . |

RI R /%y R4 R] /\%
' Constrained MCSs:

R5l 5@ l - specify ,desired modes*
MCS2={R2,R3} MCS3={R4} (must not be hit by MCSs)
Blocking Synthesis of P1 and synthesis of P2 feasible

Constrained Minimal Cut Set (MCS): minimal cut sets blocking undesired while
keeping desired metabolic behaviors.

Hédicke and Klamt (2011): Computing Complex Metabolic Intervention Stratgeies using Constrained Minimal Cut Sets. Metabolic Engineering, 13:204-213.

Max Planck Institute Magdeburg
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Constrained Minimal Cut Set (cMCSs) problem:
* set Tof target EMs (to be blocked)

* set @ of desired EMs
 n: minimal number of desired EMs in @ that must not be hit by the MCSs
- A constrained MCS C fulfills: CNnT#0VTe T; |[{De D|CnD=J}|>n

« algorithm for minimal hitting set calculation adapted for cMCSs:
a) check on-the-fly whether MCS candidates keep desired modes (often faster)
b) identify constrained MCSs from unconstrained MCSs during post-processing

* large variety of complex intervention problems can be conveniently formulated
and solved by cMCSs

» many other methods (including OptKnock, Minimal Metabolic Functionality)
can be reformulated as special cMCS problems

« all possible knockout strategies (also with higher cardinalities) can be found
(... if the network is not too large)

. Hédicke and Klamt (2011): Computing Complex Metabolic Intervention Stratgeies
Max Planck Institute Magdeburg using Constrained Minimal Cut Sets. Metabolic Engineering, 13:204-213.
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Example: Coupled Biomass
and Ethanol Synthesis in E.coli oo
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160

Goal: search for interventions that lead to high (anaerobic) ethanol synthesis

still enabling some formation of biomass

Ethanol yield

Wild type EMs and phenotypic space

Ethanal yield

Feax x_- *
R 2

5 P
¥ rh =F N
-

P2  0.03
Growth vield

Max Planck Institute Magdeburg

Growth yield

Ethanol yield

Exemplary quintuple mutant

—

0

001 002 003 004 005
Growth vield
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1 _ _ 2
s =0.02,1, =14, =0

Example: Coupled Biomass

and Ethanol Synthesis in E.coli

Testing different scenarios
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\ou"go

Exemplary quintuple mutant

002 003 004 005

Growth yield

Exemplary quadruple mutant

002 003 004 005

I At least 5 knock- :
218 outs necessary 2 18}
> =
g 1 > 2
& g
“ osf] i
05f
o6 ok om ot ot o
Growth yield 0 0.01
Y002 =14, g =001 At least 4 knock- 2k
5
e outs necessary _
- 1564 "~ = .., 2
iy | >
T N C 3 > g
] . 2 . £
& P SR PSR . smaller set of target modes @
05 - =E s ) 05
ey S LA - less knockouts required
ol ¥ — . - but modes with low or no of ,
0 olo1 0.42 0.03 0.04 0.05 . . 0 0.01
1 _ ethanol production exist
Growth yield

Max Planck Institute Magdeburg

(at low growth rates)

Constrained Minimal Cut Sets. Metabolic Engineering, 13:204-213.

Growth yield

Hédicke and Klamt (2011): Computing Complex Metabolic Intervention Stratgeies using
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Biochemical Network

Functionality of interest

Minimal hitting sets (e.g. via FBA)
(Dualization)

Elementary Modes /\

Minimal hitting sets

Dualization
Minimal Cut Sets ( ) Elementary Modes

Minimal Cut Sets

—p» Dual Network

Max Planck Institute Magdeburg
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How to Get the Dual Network
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» specify the set T of target flux vectors (to be blocked by MCS) by a vector t:

= {l’: Nr = 0’ Crrev 2 0’ t'r>0 }

Define Inconsistent System S

Nr=0

Ilrrevrlrrev 20 Farkas Lemma

tr>1 Theory of 1ISs
- (Ryan et al.)

Ir=0

Minimal cut sets are the irreducible
inconsistent subsystems (11Ss) of S
keeping the system inconsistent with a
minimal subset of the equations Ir=0.

> (I _t _ITirrev NT)

(e.g. t7=(0,0,0,1,0) if the 4-th reaction
produces undesired product)

N = <

Lol

Ngual I qual

The 11Ss of rr nding to the MCSs)
are the of system D which
are minimal'in ' v and have support in w.

Ballerstein K, von KampA, Klamt S and Haus UU. (2012) Minimal cut sets in a metabolic network
are elementary modes in a dual network. Bioinformatics 18: 381-387.

Max Planck Institute Magdeburg
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Primal Network

R3
T e
NG

Rl R2 R3 R4 RS

-1 1 -1 -1 0)\A
N=

0O 0 1 1 -1)B
Reversible reaction: R1

Target reaction: RS
t'r=(0,0,0,0,1)r >0

Target EMs (with R5):
EM1={R1,R3,R5}
EM2={R1,R4,R5}
EM3={R2,R3,R5}
EM4={R2,R4,R5}

MCSs for target reaction R5
MCS1={R1,R2}
MCS2={R3,R4}
MCS3={R5}

How to Get the Dual Network: Example

Ndual = (IMCS zrrev NT) =

Reversible reactions: v; ..

(2 ““'e for Sy

c”MaCS)‘:é:

DW A6°\°

Dual Network

| I -t —IT

irrey

Nﬁ NT

Vy V3 Vy Vs

R1
R2
R3
R4
RS

. vz and u,,u, (former metabolites A and B in NT)

EMs with support in w and minimal support w.r.t reactions v; ... Vs:

EM1={v,,v,,u;,U,,wW}
EM2={v3,v,,u,,w}

7 EM3={vs,w}

MCSs hitting the three EMs above by cutting only vy,...,vs

MCS1={v, v3,s}
MCS2={v,,V,,Vs}
MCS3={v,,v3,Vs}
MCS4={v,,v,,Vs}

Max Pl Kl . M Ballerstein K, von Kamp A, Klamt S, Haus UU (2012): Minimal cut sets in a metabolic network are
ax Planck Institute Magdeburg elementary modes in a dual network. Bioinformatics, 28:381-387.
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Implementation details:
- compress matrix N before dualization
- exploit that “z” reactions are parallel to “v” reactions
- the u reactions does not need to be processed
(only interested in minimality of v reactions)

First results (o version):
- computation time similar to EM + Minimal Hitting Set calculation
- but: still room for improvements

Generalization:
- incorporation of inhomogeneous constraints straightforward ...

Ballerstein K, von Kamp A, Klamt S, Haus UU (2012): Minimal cut sets in a metabolic network are
elementary modes in a dual network. Bioinformatics, 28:381-387.

Max Planck Institute Magdeburg
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Homogeneous system:

NI’ = 0, I‘,rreVZ 0 1000
=002t =14, =0 800l
“l At least 5 knock- 8
3 15} outs necessary 5 %
E 1 > §4oof
i =
05
2001
06 001 op2 003 004 005 o
Growth yield 0 1 2 3 4 5 6 7 8 9 10
Cut Set Size
Inhomogeneous system (considering ATP maintenance)
1000
Nr =0; o - Less MCSs! |
Fiey = 0 < % ool - Average size |
0 <rgue upS 10 mmol/(gDW*h); s giceaieS!t
- . g o0l * 4 knockouts |
I ATPmaintenance = 8.4 mmOV(g DW h) 5 sufficient!
2001
(+ same thresholds for desired/target 0 |

modes as above) T2 s 45 6 7 8 910

Cut Set size
Max Planck Institute Magdeburg



« EM / MCSs calculation only possible in networks with moderate size

Computation of EMs / MCSs
in Genome-Scale Networks ?!

—> useful for models of central metabolism
—> for many products: suitable interventions lie often in central metabolism

» possible solution for large-scale applications: EM / MCS sampling

=2 ap
re
- COo

First test

xre for S
' Ko

MaCs ¢

S
'Oébw A6°\°\'

roximate combinatorial properties of EMs by computing a

sufficient t
smaller siz
I,.

Alternative sampling approach:

Sample EMs in dual network!
(= sample of MCSs in primal)

0

MCS size

eta)

bvery

1 2 3 4 656 6 7 8 9 10 11 12

Max Planck Institute Magdeburg
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Cell
Njet
lyzer

Large variety of methods
for computing and
analysing EMs and
(c)MCSs.

Experimental work
based on cMCSs
engineering strategies
underway.

Max Planck Institute Magdeburg

CellNetAnalyzer

)| Rhodospirillaceae: Central Metabolism (rubrum_2)

Transildo

FOEE .. ... 0SS
/—‘—-\ [

CO2NADPH
i

éNADH

Dihydroxyacetone— Glycevaldehyde—3—
Phosphate - Phosphate - Troketl
DHAF:GIF - Erythrose—4-phosphate
NADH ¥ capppc swrem| [
1.3-Blphosphoglycerate Sedoheptulose—1,7—blsphosphat — s17esmat
/{ it Dihydroxyaceton— . __.
Phosphate
= [r1os2
3 Phosphuglyccrnt@ i }—Ribulosc 1,5 blsph|
I coz
2-Phosphoglycerate H -
¢ Minimal cut sets =
Phosph Ipyruvate (PEP) O X
Selection ... [ght

e ATD
b
Oxaloacetat,

AT T Clirate
]

Methylmalonly —CoAs———=—

File Edit View Insert Tools Deskiop Window Help CellNetAnalyzer Ll
EEE ISy
NADPH -
o . i iy ceerale 6—Phospho— E 6—Phospho- rcmemise

Fructose—6-F Ferncer. G1COse—6—Phosy F Gluconolactone  roucrcnm: Glueonate NADPH, CO2

Fruc_u -
e ¢ _C_ _p_ |§ FL6ErF6E #

SRR EX S XAE, RIbulese—5-Phosphate

‘—j - Xylu.lUSE—S—Phosphatg"—_—;_— P
o F6F:F Lo

Froctose-1— P
Phusphate "TWH;‘MFructose 1,6-blsphosphate Erythrose—4—Phosphate L

Ribose—3-Phosphate

Sedoheptulose—7-Phosphat

Ceselact setJ Select all

Cut sets calculated: 5408
Cut sets selected: 5408
Cut set number: 745408

1 PreviousJ Mext J Jump...J !

Selection ...

Deselect mod% Selact all

vodes calculated: 4711
IModes selected: 3515

MMode number: 90/4711
Mode is irreversible

PreviousJ Mext J Jump...J

Delete unselaected modes J

Clipboards and set operatio..J

Statistics: Compute ...

Minimal cut sets ... -

Save all mode% Expaort modesJ

f17es
‘/_\_'Mnlaw‘\-L -\ 1
] Glynxylate‘\lsoﬂtrat Expand cut sets
» Fumarate - ]
Blosyn QH:‘,{ H2 f T
- coz, Fd 2-Oxoglutara)
Succ[nate F /rcoa sepen] Statistics: Compute
/ ; :,;}\ Succinyl-CoA Select non-affected m... ~ #
___ } s
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FerredoxIn Fd
(reduced)

Sawve cut setsJ Export cut set%
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- Constrained Minimal Cut Sets: blocking undesired while keeping desired
metabolic behaviors.
—> very flexible and convenient approach for enumerating
intervention strategies for metabolic engineering.

 Duality between EMs and MCSs offers new computational and conceptual
perspectives for studying functions and (re)design strategies in metabolic networks.

* Inhomogeneous constraints can be considered.
- Sampling approaches for large-scale networks.
« Algorithms for (c)MCSs computation and analysis implemented in CellNetAnalyzer.

« Similar approach for regulatory/signaling networks: Minimal Intervention Sets.

Samaga R, von Kamp A and Klamt S (2010) Computing combinatorial intervention strategies
and failure modes in signaling networks. Journal of Computational Biology 17:39-53.

Max Planck Institute Magdeburg
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Elementary-Modes Sampling S MaCS 2
for Computing MCS in Large Networks %wa oo0®

/\/\
\/\/

~~ A /7 S -
EM1I ~"A~__¥B~__¥C—" EM2 — 27 S5 __~¥c—
EM3 AAUBGC—y EM4 _’A\/VB\_/VC_>

MCSs for intervention goal; block synthesis of C (via minimal hitting sets)!

A —
~_ VYR~ ¥~ > —, A 7 A
4 MCSs AS—TB>—7C A~—7vp~—7;7¢
—A
*AQ:B\-)C_’ *A\/)BYC_’

Max Planck Institute Magdeburg



xre for s
UZ:“ J’.s-),

Elementary-Modes Sampling

: : 2 MaCS z

for Computing MCS in Large Networks %, =
~~ A 7 S

EM1  ~"A~_*B~__¥Cc " EM2 — 23z _rc—
A 7 A 7 A

EM3 _’A\JBGC_’ EM4 ~A~__¥B~__¥C—"

Sample
MCSs for
Sample

~— A
*A\)B\)C_’
v
Not a correct (full) MCSs!

... but can easily be excluded

KA —a

—»

ASETB~—TCT by FBA in postprocessing!
v

Missed MCSs!
Cannot be found by this sample!

Max Planck Institute Magdeburg



Via full enumeration of EMs
1) Compute all EMs (21592 EMs)

v

2) Compute MCSs (via hitting set algorithm)

1400 T T T T T T T T T T T T T

- J
o 1000}

Example for EM / MCS Sampling:
Compute MCSs that Block Growth in E. coli %~

xre for S
' Ko

§’MaCS§:

Via a sample of EMs (10%)

1) Sample EMs (2160 EMs = 10%)

¢ (e.g. EFMEnumerator; Kaleta et al.)
2) Compute MCSs (via hitting set algorithm)

3) Postprocessing: discard false MCSs via FBA

Number of MCS:
N o D [e+]
o o o o
o o o o

o

1 2 3 4 5

Alternative approach:

Sample EMs in dual network!
(= sample of MCSs in primal)

8 9 10 11 12
ize

40

Recovery r

207

i 2 3 4 5

6 7 8 9 10 11 12
MCS size

Max Planck Institute Magdeburg
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Constrained Minimal Cut Sets:
Limitation of “Simple” Minimal Cut Sets
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Intervention goal: repress non-optimal production routes for P

Alext) Pext) E(ext) Alext) Plext) E(ext) Alext) Plex) Efext)
A(ext) P(ext) E(ext) | B ! ‘ ___________ o ! ‘ ___________ o | _________
N B\ B‘\ B
1 R2 R3 ; C I /1- t-l / I \
1}< ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, LA C P A= P A——C P
AN N o
re— B kS ma TP T me TP P S
/ R’:\ Diext) Diext) Dext)
RS Alex() P(exi) E(ext) Alext) Pext) Bfext)
A C P
& >R_5< NE [ NE 'L T
R6 | LB B arget
b’ po 77 F0 N 9
7777777777777777777777 11“0 Ao F A—trc Modes
D(ext) EM‘,\D ___________ S EMS\D ___________ S
D(rt) Diext)

MCS1={R6}, MCS2={R1}, MCS3={R2, R10}, MCS4={R9,R10}, MCS5={R3,R10}, MCS6={R4,R5,R10}, MCS7={R5,R7,R10}

- Some MCSs (e.g. {R1}) induce side effects and disable functions we want to keep!

- Constrained MCSs (cMCSs): define set T of target modes and set D of desired modes
and specify minimum number of modes in D to be preserved.

Max Planck Institute Magdeburg
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Intervention goal: repress non-optimal production routes for P

Alext) Prext) E(ext) Alext) P(ext) Efext) Alext) Plext) E(ext)
Alext) P(ext) L(ext) ! -3 1‘ ! 5 1‘ ! 5 |
R1 R2 R3 /' I _\ ( t:\ / I \
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, A C P A—* P A C P
- o<
Rg— B~ gs EBa TP EMZ\? ___________ o | B EMB’\TIE_
1 / lm\ | pdw __ Desired Modes péw PO
R3 Alext) Plext) E(ext) Alext) P(ext) Efext)
A C P 3
1 R9 3 N P 1 I | 1 Pl | 1
NG P SN Target
D E h ]
""""""""""" 1'1'{'1'(')"“'““““"““““"““'"“ A C P | A=—"C 1 P MOdeS
1
W' L <
D(ext) ‘Em\-]; ,,,,,,,,,,, B ‘EMS\D ,,,,,,,,,,, B
Diext) D(ext)

Target modes: T={EMS3,EM4,EM5} (all non-optimal pathways for synthesis of P)
Desired modes: D={EM1,EM2} (all optimal pathways for synthesis of P}
Minimum number of desired modes to be saved: n=1
> MCS1={R6}, MCS2={R9,R10}, MCS3={R3,R10}, MCS4{R5,R7,R10}
Minimum number of desired modes to be saved: n=2
> MCS1={R6}, MCS2={R9,R10}, MCS3={R3,R10}

Max Planck Institute Magdeburg
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« EM / MCSs calculation only possible in networks with moderate size

—> typically used in models of central metabolism
—> for many products: suitable interventions lie often in central metabolism
(as also suggested/found by genome-scale methods)

» possible solution for other applications: EM / MCS sampling ...

Flux cone F spanned by Sub-cone spanned by (sampled)
set E of (all) EMs: subset S of EMs:

rate r,

7 N

rate ry

Max Planck Institute Magdeburg



Elementary-Modes Sampling
for MCSs Calculation

Example: 2D-yield space of EMs for central metabolism of E.coli
(with EFMEvolver; Kaleta et al.)

MAX-PLANCK-GESELLSCHAFT

LacEx EthEx AcEx

Full 15

enumeration Y

Sampling
(20%) Yprod

] : L Ll 1 L
0 0.05 01 015 0z ; ; ! ne

YBiomass

e for
(_, (\’ﬂ' 'S)(,.)‘

MaCs ¢
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—— | CASOP for genome-scale networks (CASOP-GS) underway (Kaleta group)
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Inhomogenous Constraints: T 9,
Coupled Biomass and Ethanol Synthesis in E.coli %MGCS%
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Homogeneous system:

Nr=0;r,,20 1000
1;qs=o.02, tg=14, tqu=o ool
At least 5 knockouts ¢
S necessary g 600/
g >g400’
G 2
2001
0 001 op2 003 004 005 -
Growth yield 0 1 2 3 4 5 6 7 8 9 10
Cut Set Size
N 7 1 A= i l
Inhomogeneous sy nce) Shift!

1000

800¢

800F

rIrrev— 0
0 < rgue up< 10 mmol/(

r ATPmaintenance > 8.4 mmc 2001 I
0 L

1 2 3 4 5 6 7 8 9 10
Cut Set size

400r

Number of cMCSs

i 2 3 4 5 6 7 8 9 10
Cut Set size
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From Elementary Modes to Minimal Cut Sets  $MaCS 2
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Elementary Modes: minimal functional units (pathways) that can operate in steady state

Synthesis of P1  Target modes

— 7 A__5, —_— | —

O O[O

—_—

R |
‘RIS N\ !
ST A gy BR—4:>.
1__1351 ____________ |

P2

Rslw R5l\%'

Repression of Synthesis of P1

R Rt RI ,%,
RE, ™ R4 R R4

MCS={R1} MCS2={R2,R3} MCS3={R4}

RI l/\‘%

Minimal Cut Set (MCS): minimal set of cuts (knockouts) blocking a certain network

function in steady state

MCSs are the minimal hitting sets of the corresponding target EMs

Max Planck Institute Magdeburg Klamt S: BioSystems 2006, 83:233-237.



Elementary Modes, Minimal Cut Sets and

e for
w ““‘ K Sx

2 M
iy .. aCS @
Minimal Hitting Sets gy, 100
MAX I ________________ 1
For now we identify an EM e (a vector) : /RZ\‘ i
by its support E (which is a set): GRI R4\,
. S5 A B~
E := supp(e) = {i: e # 0}. . &3 !
< . |
P2
Set T of target modes:
T = {E1,E2) Target Modes T : Synthesis of P1
= {{R1,R2,R4} , {R1,R3,R4}} > T T -
> T is a family of (reaction) subsets R :
(= undirected hypergraph) E1={R1,R2,R4}:, E2= {R1 'RS R4}, E3=(R1,R5)
A minimal hitting set C of T hits all . N
i : R2 NR2E .
subsets (EMs) of T, i.e. R Re ORI Xu y RI /R{‘
CﬂE-‘/—'@,VEET W i '\%'?_' - R3
and no subset of C does so. R5l R5l R5l
MCS={R1)} MCS2={R2,R3} MCS3={R4)}

A minimal hitting set hits all target
EMs and knocking it out thus yields
an MCS blocking all target EMs.

Repression of Synthesis of P1 (hitting sets of T)

Max Planck Institute Magdeburg Klamt S: BioSystems 2006, 83:233-237.
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Constrained Minimal Cut Set (cMCSs) problem:

* set Tof target EMs (to be blocked)
* set @ of desired EMs
 n: minimal number of desired EMs in @ that must not be hit by the MCSs

- A constrained MCS C fulfills: CNnT#VTe T; |[{De D|CnD=J}|>n

Generalized Version:

- set Tof target EMs (to be blocked)
> sets @, ... Ogof desired EMs

2 n; ... i minimal number of desired EMs in @, ... @ that must not be
hit by the MCSs

- A constrained MCS C fulfills: CNnT-#OVTe T; |{De D;CnD=J}|zn; Vi

Hédicke and Klamt (2011): Computing Complex Metabolic Intervention Stratgeies using Constrained Minimal Cut Sets. Metabolic Engineering, 13:204-213.

Max Planck Institute Magdeburg
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Counterpart of MCSs in Regulatory / Signaling Networks:
Minimal Intervention Sets

MAX-PLANCK-GESELLSCHAFT

Minimal intervention set (MIS): minimal combination of knockouts (off) and constitutive
activations (on) that induce a desired response (defined by intervention goal)

NOT
Intervention Goal: Example 11
Inactivation of O1 (0)
Activation of O2 (1)

Side Constraint: E)y——F
12 is active (1) OR( )
MIS1={I1=0ff, C=off} Ner \OR /
MIS2={C=off, Ezon} D = X G

| |

Applications: Off! O1 On'!'02
» target identification

« fragile points in the network
« diagnosis: what causes an observed effect

Samaga R, von Kamp A and Klamt S (2010) Computing combinatorial intervention strategies
and failure modes in signaling networks. Journal of Computational Biology 17:39-53.

Max Planck Institute Magdeburg
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CASOP:

Computational Approach for Strain
Optimization Aiming at High Productivity
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CASOP: Computational Approach for Strain ¢ WaC S%
Optimization Aiming at High Productivity %Wa 6o

Motivation:
* existing approaches consider only knockouts, not overexpression candidates

» existing approaches for metabolic engineering aim at optimizing product yield:

Y*'® [mol Product / mol Substrate]

* However, in practice, the (specific) productivity r, is often the relevant
performance parameter to be optimized:

Specific Productivity : 7, =¥ - r, [mol Product | (gDW -h)]
rg: Substrate uptake rate [mmol Substrate | (§DW -h)]

Optimizing productivity: search for optimal trade-off between high yield and
high capacity (low-yield pathways may have a high capacity!)

- CASOP: stoichiometric approach based on elementary-modes analysis
suggesting knockout + overexpression candidates for optmizing productivity

Max Planck Institute Magdeburg
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CASOP: Computational Approach for Strain

Optimization Aiming at High Productivity ~ 5\ACS¢
piumization AIming a 1J oduc Yy ,oébw 6o
A(ext)
,’_E(_]L ___________________________________________________ ! - - —
Example network oA 23
E R - B K¢ Biomass E R3 -A B c
P is the product / Rﬁl\R\ S peis T2
of interest AR C —-E G (R6:E = B
Bio%;;s \&M[Rll E E; ]g_ D Z E_P
& / Rg\« ria| RO :3D  => 2F+P
- D N ' RI10: F => F(ext)
| F Dex ' R11: P => E
SN PR12:P = G
Rlol Pex: P == P(ext)

F(ex‘[) P(ex‘[) W :4C+D+4E+G =>Biomass

First step: add a pseudo-reaction Rx ,consuming“ product P(ext) and biomass:

Rx: (1- ) Biomass + yapP(ext) — X , Y€[0,1] (,proportion factor”)

Increasing v simulates the change in stoichiometric precursor demand from
pure biomass production (y = 0) via combined production of biomass and
product (e.g. v = 0.5) to exclusive production of P (y = 1).

Max Planck Institute Magdeburg



Compute Elementary Modes (EMs)

for Different y

—> different spectra of EMs (pathways) for different vy
—> analyze these differences for each reaction ...

Max Planck Institute Magdeburg
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r;u\ 1 R1 z1 Rl r1|
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B $ 0 somms M/'B xxxxx B‘& xxxxx /'B ‘‘‘‘‘ B . Biomass
SNV AN S ON/N 0 NG N N N A
C E G A C E G A C E G AT C E G A7™—C E G AT——C E G
e RS } RRRRR e e ‘Rlu st e e [RID
X WX < X WX NG
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F F F F F
O 7777777 iRl2 - an 1R12 77777777 an 777777 B 1R12
Y - 1l 1 R r1] Rl =1
EM 7 EM 8 EM 9 EM 10 EM 11 EM 12
V‘ B e V‘ B e / B e B Biomass ?’ B Biomass
S A AN S A A CIVA R A\ SEAN
A c E G A C E G A—C E G A=¢C E G E— E A C E
S }RIO Sk RS Sk RE, e RE ek >3_s<11uo et >3_s<[mo
R4 \D RS P RI11 4 \D P R11 XED P RI11 K}D P RI11 4 \D P RI1 4 \D P RI11
F
lmz """"""""""""""""""
uJ
Rl 1 1 . 1| 1|
EM 1 EM 2 EM 3 | EM 4 EM 35 EM 6
B& — M/B s BX — /B ,,,,, 5 s -
v=0.9 S N\JN SNV N AN N N O A AN A\
C E A C E G A C E G A>——C E G A ——0C E G -—C E G
] e >,E_R<}R10 s < ‘Rll) i sl Sk o [Rll)
(blol I IaSS k}D p Rl ND R .p_RU \D RS .p_RU ! MD R _p Rl ND R . p_RU \D R _.p Rl
~ \ ~ ‘ ~ i N N ~
. iomas: F Siom: F Somas | F Sionas 1‘: Siom: 1‘: Biomass
| T s DU SO
Synthesls """" imz ‘pm |R12 |R12 |R12
. . 1 ., 1 ‘Rl‘ ‘,Rl‘ ‘Rl‘
Stl” OSSIble EM7 | | EM 8 EM 9 EM 10 EM 11
p R2 B : R B~—&6 B G R2 B
/ — / scnas S /' S -
S VAN £ N/ S IRYA S BEVAN /N
A C E G| A C E G| A—C E G A C E G A—/C E G
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F Biomass | Biomas Biomass 1‘:“ Bionass 1‘: Biowas
lRlZ """"""" fRiz T [EIC
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Elementary-Modes Weights, Reaction Importances ¢
and Reaction Rankings

EM weight for EM /in scenario :

X/S - relates the yield of an EM to sum of yields of all EMs
v = S, - adjustable parameter k: large k weight yield-optimal
h7 %(YX’S)" and EMs stronger; k=0-> each EM has same weight)
i - sum of all weights is 1

Reaction importance measure for reaction j in a given scenario v:

- sum of all EM weights in which reaction j paricipates
a}(’;): Ey —> considers importance of j with respect to
LE B0 yield (weight) + flexibility/capacity
- in the range of [0,1]; e.g. 1 for essential reactions

\4

Rank reactions based on the importances:

Relative to wild type:  Z(r,) = @,,(r,)— a(r,) Ze [-11]

high Z-score: overexpression candidate
low Z-score: knockout (KO) candidate

Max Planck Institute Magdeburg
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Example Network

R R2 R3 R4
s 1 1 1
:
Fos DEf ==e_____ D5l e D5
=
oo ) ) ) 0o . . . ) o ) 0 )
00 03 08 08 00 03 068 D08 00 og 00 03 08 DB
R5 R6 R
g | 1 1 R —
e Vet L
3 e . JUECEEPRPELE
< >
1__,0.5 0.5 frf' 0.5 —-’} 0 —
a 4 B
=0 0 ] 0
00 03 08 08 00 03 06 08 00 03 08 08 0o 03 08 08
R3 R10 R12
s 1 1 1
fos 05 05| ==y 05
o - Tl - bl s Esoeme
a __'-' S - ‘.' S L
£ : .
Topp et temeeeen O e e 0 L . o L .
op 03 068 08 00 03 08 08 oo 03 08 08 oo 03 08 08
1 i 1 1

________________________________________________________

AE—

Blolmss

-

\\ BlOll]a‘n
e E G
D {9\‘1) RI2

R10

F(ext)

P(ext)

* R7, R11: for all k: @ deacreses when increasing Y > KO candidates
 R6: for all k:  increases when increasing y = overexpression candidates
» R9: overexpression candidate for low k, KO candidate for high k

Max Planck Institute Magdeburg

iRI:Ae\t = A
'R2:A =B
,RJ:A = C
;R4:A = D
‘RSB <= C
'R6:E =B
IR7:B = E
i R8 :C+D => E+P
'R ;3D =>2F+P
{RIF  => Flext)
§R11.P => E
'RI2ZP = G
Pex: P => P(ext)

it :4C+D+4E+G =>Biomass
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Realistic Example:
Succinate Production with E.coli

NADPH
Phospho—

Glucose J Fruc lOSC—6— Phosph alc

- Ervthiose——Phosphate

2 \ G]ucos&éﬁPhosEhate-‘L- Glaconoatiome = 6-Phospho—Glaconate

T NADPH, CO2

Ribulose—5—Phosphate
}

T el 4
Frurf
. 10
Dihydroxyaceto:
Phosphate
wanHE §
e
l 0.8
Glyeerol-3-P
3
aTp E
c 0.6f
Glycerol ™
]
.
8
g 0.4¢
0.27
CI L

adhE
(Ethanol excretion)

Glyoxylat

Oxaloacetate T Citmate
NADH BicSyn
J— =
= ATP T3 TPdmin, mart.
Malate 2 ATP
cc | QH2 [

Isccitrate

+
H

NH

;— Fumarate marate ’

/ 4
Sucmnate :
yn

Succmate

NADPH

2-Oxoglutarate luuual

Succmgl Co €02, NADH

2 ““'e for '5}

%’MGCS)‘%
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» model of central metabolism
* substrate: glucose; anaerobic
conditions (fermentation)

Highest ranked KO candidates:

* Pyruvate kinase
* Malic enzyme

Highest ranked overexpression

candidates
P-kin

* PEP synthase
* Malate Dehydrogenase

» CO2 uptake*

Max Planck Institute Magdeburg
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Identification of Potential Excess or Undersupply ¢
of Co-factors and Small Metabolites

MAX-PLANCK-GESELLSCHAFT

« cofactors: NADH, ATP, CoA ... (also applicable to other (small) metabolites: CO2, ... )
« for a cofactor/metabolite of interest:

insert (separately) artifical reactions consuming/supplying the cofactor/metabolite
NADH = NAD (electron sink) / NAD - NADH (electron source)
ATP - ADP + Pi (energy sink) / ADP + Pi &> ATP (energy source)

 apply CASOP and check the importances of the artificial reactions!

Anaerobic succinate production in E.coli (k=2)

CO2 NADH ATP
1 1t 1 —------- .
‘ excretion/
08 08 | og L] consumption
g 0.6f 0.6f . 0.6¢ |
g L uptake/
E04) 0.4/ Pl production
0.2 0.2f //\\/,'l 102 —
(0] S— ‘ ] (0] S— ‘ - 0t J ]
0.1 0.5 0.9 0.1 0.5 0.9 0.1 0.5 0.9
¥ ¥ Y

Max Planck Institute Magdeburg
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* Select intervention based on reaction ranking (e.g. Knockout)

* Select all EMs where the reaction knocked-out is not used and recalculate
elementary-modes weights, reaction importances + ranking

* Select next intervention

R11 T 11

- k:o 1 | 1“i

______ k=2 o8 Knockout /|

.................... ke10 Zj of R7 ) \
| ’Y | 0= 05

Y

R11 is a promising KO-candidate in the next iteration:
Knocking out of R11 will lead to coupling of biomass
synthesis and product formation

Max Planck Institute Magdeburg
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How to Get the Dual Network MaCs ¢
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- define intervention goal (target reactions / target flux vectors) by t’r >0

« wanted: MCSs C such that for all r satisfying
(I)Nr=0 ?2r,,20 @B)r=0,ieC
it holds that t’r = 0

Define Inconsistent System S Consider System D
Nr=0 .
r,., 20 Farkas Lemma W
Irrev - B .
r Theory of Ss > & =t ~Lie NI =00 220w20
tr=l (Ryan et al.) l
u
Ir=0
Ndual l.dual

We are interested in irreducible inconsistent

subsystems (11Ss) of S keeping the system The HSS of S (correspondingf to the Mgsi)_ i
inconsistent with a minimal subset of are the SiemEREEMBNES of system D whic

equations from Ir=0 (i.e. with a minimal are minimal in v and have support in w.

(cut) set of reactions set to zero).

Ballerstein, von Kamp, Klamt, Haus: Minimal cut sets in a metabolic network are elementary modes in a dual network. Submitted.

Max Planck Institute Magdeburg
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