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Major Approaches to Metabolism Modeling

{a) Interaction-based

(b) Constraint-based

{c) Mechanism-based
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Steady State Flux Analysis

Biochemical reaction aAd+cC—=eE+hH (v)
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Flux vector and Mass Balance Equation

Vector of
metabolites’
concentrations
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I
Steady State Assumption

iX=0 thus Sv=0

dt

= The nullspace of S is the whole set of vectors which fulfill this
equality.

= This set contains all the fluxes’ configurations in steady-state.
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Constrained Flux Analysis: The Goal
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Definitions:

Metabolic networks composed of g reactions and m metabolites:

Orhan Karsligil MIT, 2006




« [1] Pseudo steady-state: Ne=0. (metabolite
balancing equation).

« [2] Feasibility: rate ei20 if reaction i is
irreversible.

« [3] Non-decomposability: there is no vector v
(unequal to the zero vector and to e) fulfilling
[1] and [2] and that P(v) is a proper subset of
P(e).
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* [4] Network reconfiguration:

— Each reaction must be classified either as exchange flux or as internal
reaction.

— All reversible internal reactions must be split up into two separate,
irreversible reactions

— No internal reaction can have a negative flux

— Exchange fluxes can be reversible,but each metabolite can participate
in only one exchange flux.

 [5] Systemic independence:

— The set of EPs in a network (configured properly by [4]) is the minimal
set of EFMs that can describe all feasible steady-state flux distributions.

— The EPs represent a convex basis in this network.
— The reconfiguration [4] ensures that the set of EPs is unique.
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Relevant objective functions
Minimize:
— ATP production
— nutrient uptake

— redox production
— metabolite production

Maximize:
— biomass production (i.e. growth)
— the Euclidean norm of the flux vector

Types of objective functions
— For basic exploration and probing of solution space
— To represent likely physiological objectives
— To represent bioengineering design objectives
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a- Spectrum

 Given measured fluxes calculate the
minimum and maximum flux rates for
each flux rate

The a-spectrum is calculated using linear programming to
maximize and minimize the participation of each extreme
pathway in a given steady-state flux distribution.

Max o ; subjecttov=P o, i=1...n,,0 < o; <1
Min o; subjecttov =P -, i=1...n,,0 <a; <1
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I
The Strategy

 Include as much data as possible
— Known Fluxes
— Capacities
— Objective Functions (optimization)
— Possible min/max ranges

« Reduce the feasibility space
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I
EFM vs EP (example)

Table 1. Configurations of the example network (upper part N1 and N3; lower part N2 and N4), with corresponding elementary flux
modes (EFM) and extreme pathways (EP) {see also Fig. 1)

M1 (R2 and R7 reversible) N3 (as N1 but R2 irreversible) N1 N3 Reactions
Afent)  Blemt) Plest) EFMVIs EFMs Rl R2 R? R4 RS R6 R7 RE& R9
o - . EFMT * 1 o 1 a 1 0 1 1 a
i it e EFMZ * 1 o 1 1 0 0 o 1 a
: M S : EFM3 * 2 o 1 a 1 1 0o 0 1
I 21 \\ | EFM4 * 2 o 1 1 0 1 1 0 1
| AP P | EFMS5 % 1 11 0 0 1 10 1
I e ,I' | EFME 1 1 0 1 0 0 o 0 a
: \\ D : EFMT 1 1 0 0 1 0 1 0 Q
e EFME * 0 1 1 0 0 0 o 1 o]
M2 (R2 reversible, R7 split up) N4 (as N2 but R2 irreversible] N2 M4 Reactions
Alext) Bilext) Plexf) EFfVis EPs EFMs EPs R1 R2Z2 R3 R4 R5 R6 R7f RB R3 R7b
- - " EFMT X EPT 1 o 1 a 1 0 o 1 a 1
e A =1 EFM2 * EFZ'" 1 o 1 1 0 0 o 1 0 o]
: §4 = B —fE : EFM3 EP1 = EPZ 2 o 1 a 1 1 o 0 1 a
I /;:l [m : EFM4 * EP4 2 o 1 1 0 1 1 0 1 a
: A% . r P | EFM5  EP2 = EPE 1 1 1 a 0 1 1 0 1 a
I - I-' : EFME EP3 1 1 0 1 0 1 o o0 o] a
: ‘\_ D I EFMT  EP4 1 1 0 a 1 0 0o 0 a 1
e } EFME EP5 = EPE 0O 1 1 a 0 0 o 1 a a
EFMS EPE = EFY 0O 0o 0 a 0 0 1 0 a 1
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I
EFM vs EP
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TRENDS in Biotechnolagy

Fig. 1. Graphical representation of (a) the elementary lux modes (EFMs) in network N1 and (b) the EFMs and extreme pathways in network N2 (see also Table 1).
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EFM vs EP

Table 2. Case study on the applicability of elementary flux modes and extreme pathways

Problemsexample

Elementary flux modes [network N1}

Extreme pathways [network N2}

Recognition of operational modes: routes
for convarting exclusively A ta P

Finding all the optimal routes: optimal
pathways for synthesizing P during growth
an A alone

Analysis of network flexibility [structural
robustness, redundancy): relative
robustness of exclusive growth on Aor B

Relative importance of single reactions:
relative importance of reaction BB

Enzyme subsets and excluding reaction
pairs: suggest regulatory structures orrules

Pathway length: shortest/longest pathway
for production of P from A

Removing a reaction and mutation studies:
effect of deleting K7

Constraining reaction reversibility: effect of
E7 limited to B— C

Analysis vields four genetically independent
routes [EFM1-EFM 4}

EFM 1 and EFM2 are optimal because they
vield one mole P per mole substrate A

li.e. R3R1 = 1), whereas EFM3 and EFM4 are
only suboptimal (R3R1 = 0.5/*
Fourpathways convert & to F {EFM 1-EFRMA],
whaereas for B only one route [EFMB) exists.
When one of the internal reactions (R4-R3)
fails, for production of P from A two
pathways will always ‘survive’. By contrast,
removing reaction BB already impedes the
production of P from B alona

F8 is essential for producing P by substrate
B, whereas for A there is no structurally
“favoured’ reaction |[R4-F3 all occur twice in
EFM 1-EFN4). However, considering the
optimal modes EFM1,2, one mcognizes the
importance of B8 also for growth on A

R and K3 are an enzyme subset. By contmast,
R& and B3 never occur together with RBinan
EFM. Thus, IRG.RB) and IR8,R9) are excluding
reaction pairs [of course, in an arbitmary
composable steady-state flux distribution
thay might ccour together)

The shortest pathway from Ato P needs two
internal reactions [EFM2), the longest
requires four [EFM4)

All EFMs not involving the specific reactions
build up the complete set of EFM s in the new
lsmaller]) sub-network. If R7 is cut away,
EFMs 2, 3, 6 and B would “survive', hence the
mutant is viable

For the case of K7, all EFMs but EFMT and
EFMT "survive’, becausa the latter ones

utilize 7 with negative rate

The sat of EPs does not contain all
genatically independent moutes. Searching
for EPs leading from Ato P via B, no pathway
would be found (but compare with EFM1 and
EFM2)

One would only find the suboptimal EP1, not
the optimal routes EFM1 and EFM2

Only one EF exists for producing P by
substrate A alone, and one EP for
synthesizing P by (only) substrate B. One
might suggest that both substrates possess
the same redundancy of pathways, but as
shown by EFM analysis, growth on substrate
Ais much more flexible than on B
Consider again biosynthesis of P from
substrate A [EP1 only). Because RE is not
involved in EP1 one might think that this
reaction is not important for synthesizing P
from A. However, as can be easily verified,
without this maction it is impossible to
obtain optimal yields lone P per A; EFM1 and
EFM2Z)

The EPs pretend R4 and RB to be an
excluding reaction pair — but they are not
|EFM 2). The enzyme subsets would be
correctly identitied. Howevear, one can
construct simple exam ples whera the EPs
would also pretend wrong enzyme subsets
Inot shown)

Baoth the shortest (EFM2) and the longest
|EFM 4} pathway from A to P are not
contained in the set of EPs

Analyzing a subnetwork implies that the EPs
must be newly computed. For example,
when cutting away reaction B2 the EFM2 (not
contained in the original set of EPs) would
become an EP. For this reason mutation
studies cannot ba performed easily

In general, the set of EPs must be
recalculated: com pare the EPs in network N2
|R2 rewersible) and N4 [R2 ireversible)

*Unlike analyzing the EFM e, linsar splimization s used for axamgle in Flu: Balanes Analysis [FBA, o.g. [8.30]) finds only asingle and, in many cases, a nonunigue sslutisn for
pathways with optimal produet yield. Interms of near programming, the set of EFMs comains all basic feasible sslution. But note, it is ganerally diffizull to consider furthar
constraints (swch as fixing diflarent rates io valuss unegual to zero) when analysng optimality by EFMs.
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I
What is a Null Space?

Ax=b
where A is a mxn matrix

X 1S a nx1 vector and
b is a mx1 vector
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What is Null Space? Underdetermined Systems

e |If Ax = b is consistent and A has full column rank then
Ax = b has a unique solution

e If Ax = b is consistent and A does not have full column
rank then Ax = b has infinitely many solutions.

« If Ax = Db is consistent then there is exactly one solution
in the row space of A and it is the solution with
smallest norm. This solution is the projection onto
row(A) of any solution. To find it solve AAT y = b and
set X = ATy
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I
What is Null Space?

For an underdetermined system:
Ax=Db
x=AT(AAT)-1b
but also
Ar=0
so the full solution is:
X=AT(AAT)1b+rz
where r is the Null Space of matrix A
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« Multiplication with a matrix is a
transformation.

o If this transformation is from a higher
dimension to a lower one (n to m) then
some vectors in n dimensions will be
transformed to null. The space spanned
by these vectors is called the Null Space.
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