Economic Principles in Cell Biology

Optimization of metabolic states
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Outline

Part 1
« What are cells optimised for?
« Optimizing growth rate is a complex constrained optimization problem

« Optimal growth rate is achieved at an Elementary Flux Mode

Part 2
« Algorithm to find optimal metabolic states

« Application of the algorithm to study a rate-yield trade-off
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What are cells optimized for? Growth in well-mixed environment
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Growth in well-mixed environment
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Growth in well-mixed environment: But how does a cell grow fast?
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Optimisation of metabolic states

An optimal metabolic state: Maximal objective flux per enzyme investment

Obijective flux

Maximise
Total enzyme

For growth rate:

Objective flux = biomass production flux

Total enzyme = enzyme in all of metabolism

Optimization of metabolic states .-;



(Large) constrained optimization problem
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Constraints:

Steady state

Enzyme kinetics
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Can we simplify this?

:
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Factory analogy

. . microbial growth
We can see cells as tiny factories, so

let’s think about the factory and see
if we can get some intuition...

nutrients ———gp M ——7p biomass

construction company
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Choice between alternative assembly lines

assembly line 1

Y

You are the manager. Do you invest in a lot of one assembly line or combine both?

Optimization of metabolic states ..;




Choice between alternative assembly lines

assembly line 1
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You are the manager. Do you invest in a lot of one assembly line or combine
both? And at what temperature do you set the factory thermostat?
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Choice between alternative metabolic pathways

Optimal metabolite levels pathway 1

\.“IIL pathway 1

/' N “\*
nutrients —} ., /\ —}blomass

UIh-I pathway 2

You are a cell. Do you invest in a lot of one metabolic pathway or combine both?
And at what levels do you keep the intermediate metabolites?
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Enzymatic rates depend on substrate and product concentrations

Increase
product

S/KM

Reaction rates increase with substrate concentrations, but saturate

Reaction rates decrease with increasing product concentrations
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EaCh pathway has Optlmal metabO“te Ievels external intermediate  intermediate external

substrate metabolite 1 metabolite 2 product
O—+0O < OO
1 ———————————————
Optimal level ‘ [ D
98 Increase
i product enzyme 1 enzyme 2 enzyme 3
i 06
- ' ' ' ' Cost for reaction 1
" Benefit for reaction 2
) 2 1 6 8 10

Benet.\\ minus cost

10

S/KM

The product of one enzyme is the substrate of the next enzyme.

=> An intermediate level is optimal depending on the kinetics of the consuming
and producing enzymes
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Extensions to larger networks

« Defining property of the pathway: Cannot omit any reaction.

« General structures that cannot omit any reaction:

« Elementary Flux Modes

nutrients ﬁ
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Example network

« Optimize at different external glucose Quex  glucosee,
concentrations (minimize total an
enzyme at a biomass production rate glucose
of 1) }E’
0,
. . Vv
« Every solution has associated fluxes, COzex<>cC0, pyruvate 4—\,—"2 Pyruvateey
enzyme levels and internal metabolite
|€V€|S VBM 100 ADP
biomass
[[Gex]| €tot w0 v1 v2 v3 vy vBM € €1 es  es eq epu |G] [P] [ATP] [ADP]]
00111562 5 5 0 9 0 1 544 44 0 944 0 2.9 0.08 15.14 0.05 20.09
0.1 [91.3 5050 99 0 0 1 61.3 11.3 142 0 0 44 0.13 455 0.11 20.09
1 362 50509 0 0 1 13.0 80 125 0 0 2.7 0.60 7.65 0.11 20.09
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Example network

Ozex  glucose.,
A
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CO3 ex =72 CO;, 2 pyruvate 4_—\’2"‘ pyruvategy
10 ATP 10 ADP 4
glucose 100 ATP
fermentation Vgp|[>100 a0p
l biomass
pyruvate
g respiration HGexH Ctot Vo V1 V2 U3 Uy UBM
3= F’ 001 (1562 5 5 0 9 0 1
0.1 | 91.3 50 50 99 0 O 1

1 (362 50 50 99 0 0 1
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Proof by contradiction

1. Assume that the negation of the statement is true
2. Show that this leads to a contradiction

3. The statement needs to be true
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Defining the problem

An optimal metabolic state: flux space
n
Maximal objective flux per enzyme investment Va
A -
o Objective flux -
Maximize
Total enzyme
Vo
We fix the objective flux (at any value, e.g. 1) and
minimize the total enzyme
!
I Vi
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Minimizing the total enzyme

Flux depends on enzyme in a complicated way:

flux space
n
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Converting to enzyme space for fixed metabolite levels

enzyme space 600@(/0(}
flux space E3 _(\(J& e
metabolite 4\®Q'L‘\
Flux depends on enzyme in a V3 R @
- - - 2
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1. Assume that the negation of the statement is true

What if the optimal state is not an EFM?

« The state has associated enzyme and metabolite concentrations and fluxes
« We fix only the metabolite levels

« And do the conversion to enzyme space

E;
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2. Show that this leads to a contradiction

But in the enzyme space, minimal total enzyme is achieved at an extreme ray, and
that is an Elementary Flux Mode!
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3. The statement needs to be true

Metabolic states that optimize a specific flux are Elementary Flux Modes!
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Summary of the first part

The optimization problem for optimal metabolic states is:

Obijective flux

maximize
Total enzyme

The flux distribution that satisfies this objective is an Elementary Flux Mode

But how can we use this to understand how cells grow fast?

Optimization of metabolic states ..;




Constructive algorithm to find the optimal state

1. Enumerate all Elementary Flux Modes

2. Calculate the maximal specific flux for every EFM using enzyme cost
minimization

3. Compare the EFMs and choose the best one

We call this "Enzyme Flux Cost Minimization”
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Using the algorithm for the example network

EFMs

Ozex  glucosegy glucose
H respiration
H v%
glucose
i 2 ADP
'y v
02 2 ATP
Vv v glucose
2 .
COz,ex #3752 CO, - pyruvate F———> pyruvate, fermentation
Vg

10 ATP 10 ADP
100 ATP

VBM 100 ADP

pyruvate

biomass respiration

‘ [Gex] ‘ €tot Vo V1 V2 V3 Vg4 UBM €0 (] (&) €3 €4 €BM [G] [P] [ATP] [ADP] ‘
0011562 5 5 0 9 0 1 544 44 0 944 0 29 0.08 15.14 0.05 20.09
01 1913 505099 0 0 1 61.3 11.3 142 0 0 44 013 455 0.11 20.09

1 362 50 50 99 0 0 1 130 80 125 0 0 27 0.60 765 0.11 20.09
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Optimizing at a range of external substrate concentrations
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Minimizing the total enzyme at a biomass flux of 1 for a range of external glucose.
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Fluxes change discontinuously as function of the substrate
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Shift from respiration to fermentation at high glucose concentrations
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Cells do not consist only of metabolic enzymes

Ribosomal fraction

Metabolic fraction

Growth rate

Fixed biomass fraction

Fraction of biomass

Growth rate Biomass rate per enzyme demand

Conversion form specific biomass flux to growth rate is monotonous => Optimum is the same!
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Conversion to growth rate for the toy model
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Same results but different axis.
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Trade-off between growth rate and yield?

Yield = biomass per substrate

Growth rate = biomass per time

Correlated or trade-off?

Correlated: at same uptake, higher yield is higher growth

Trade-off: driving force can increase yield or rate
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Trade-off between growth rate and yield? Empirical results

Yield = biomass per substrate

E £
Growth rate = biomass per time 7
.[‘/ ancestor

Correlated or trade-off? orowth rats growth rate
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Novak er al. Am. Nat. (2006)
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Application to Escherichia coli central carbon metabolism

Step 1: Enumerate the EFMs

(A)

2-oxoglutarat:

| AcCoA

_H6P

(B)

E4P
Biomass reac tion
Pyruvate
PEP
Oxaloacetate
ADP €O,

NH;[e]—> NH;3

NADH NAD' CoA
E4P

P5P

Total: 1566 EFMs

facultative

AL

oxygen sensitive
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Glucose
PEP
Pyruvate
PSP<— 6PGC <> H6P
Energy reactions
" ATP—>ADP
T3P ) ADP—~»> 2 ATP
" NADH 'NAD' '

> PEP

—3 Pyruvate—> Lactate[e]
Formate[e]

Ethanol[e]

AcCoA—> Acetate[e]

Oxaloacetate Citrate

—— Malate 2-oxoglutarate

t_, Succir‘late<—J

Succinate[e]

require oxygen



Step 2: Compare the EFMs at different conditions

(A) Glucose
PEP
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* ATP  ADP
"
T3P

2ADP, \oIATP

l NADH “NaDs
—PEP

aero-ace
| Pyruvate Lactate[e]

Formate[e]

Ethanol(e]

Oxaloacetate ———— Citrate

Malate 2-oxoglutarate
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Changing a kinetic parameter

low Kqat std. keat
. . . 08| C i i
Changing the catalytic efficiency ; ;
of a single reaction affects the 0.7
efficiency of EFMs. . |
L s i
g 05| Z oy i
- Two objectives: sensitivity = ooa| = Teic ’
. . — — - ] 1
analysis and selection on = — ey : :
enzyme properties = 0.3 ; ]
0.2 i :
0.1 i i
0.0 i i

bt 10° 10! 102 103 10*
kcat [5_1]
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Only a slight trade-off between growth rate and yield

glucose = 100 mM max-gr
Every dot is an EFM 07| ©2=021mM pareto
0.6 ‘
= aero-ace
] L]
Most EFMs are not optimal for either £ —
growth rate of yield '§ 0.4 & . Nmaeyield
3 03 ana-lac
(@)) @
: 0.2
The optimal EFMs form a small Pareto
front (high growth rate only comes at a 0.1
small yield decrease) 0.0
0 5 10 15 20

biomass yield [gr dw / mol C glc]
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Trade-off between growth rate and yield is condition dependent

glucose = 100 mM max-gr 0.9
07| ©O2=021mM pareto a std. O (0.21 mM)
— 08 low O (0.0021 mM)
F'_'C - aero-ace v
0.5 4
% . 0.7 v
§ 0.4 exp . max-yield
3 03 ana-lac 0.6 y
&)} U] -
0.2 |
=05
0.1 % v
- ¥
%0 5 0 15 20 § 0.4
biomass yield [gr dw / mol C glc] 3
© 0.3
Ay
0.2
At low oxygen there is a large Pareto - ; - S VUM
front! \
0.0
0 5 10 15 20

biomass yield [gr dw / mol C glc]
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How much does it matter to include the kinetics?

Even with the EFMs, Enzyme Flux Cost
Minimization is much more

T 1L B
computationally expensive than FBA pe 10 - g

© - .
Is it worth doing? o - :

No100 -
Depends on your question! 9 - ]

bo B i

2 N :

S 10t

48}

=

O

48}

O
10_2 Lo ] Lol Lol [
10—2 10—1 109 101
ideal cost [gr enz / gr dw h™1]
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Take home messages optimisation of metabolic states

« Optimization for growth is biomass flux / total enzyme
« Optimal states are Elementary Flux Modes

« We can use this to find the optimal states

« Trade-off between yield and rate is condition dependent
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