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(a)

Biological system

(d)

0—-X
X—0
0—-Y
Y—0

Process model

a; = vg (const.)
az = Ky + [X]
a3 = fy - [X]
aq = Ky - [Y]

(c)

Model scheme

— @ —

; . L L

e o . ; .

. l. « * Activation /Protem X
.. - =

(b) Mental model
o
(e) Dynamical model
dz/dt = vy — k=
dy/dt fyxz—Kyy
fB(O) = Xy
y(0) = w

()

Concentration

-

—..Y—-

Protein Y

Quantitative results

Time
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1 -1 1 0 0
0 1 -1 -1 -1
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Stoichiometric matrix

d Sy
dt
dSa
dt
rf. 53
dt

Kinetic model (ODE)

U —v2tUs

Vg — U3 — ¥y —Us

= Us

Uy
das :
TEL 1 -1 1 0 0 Vo
‘%2 = 0 1 -1 -1 -1 || vs
dSs 0 i 0 0 1 U4
dt
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. s
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S=N-v

System of differential equations
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Flux polytope
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Stationarity flux bounds,

Predefine flux benefit

Each flow pattern yields

Metabolite polytope

Constraints
Physiological bounds
Positive thermod. forces



Feasible flow patterns (orthants in flux space)

Excluded

Flux polytope

Excluded

Constraints:
Stationarity flux bounds,

Predefine flux benefit

Each flow pattern yields

Metabolite polytope

Constraints
Physiological bounds
Positive thermod. forces

Flux polytope

Flow v defines
enzymatic M-cost

Metabolite
polytope

\_/—

The optimal cost
value defines the
enzymatic flux cost

7

Find optimal metabolite profile and
compute enzyme levels and cost



(a) Cost and benefit terms in metabolism (b) Effective cost functions

v <\ Metabolites ¢

C 4‘>[Metabolite cost g(c) j [Enzymatic metabolite cost of"(c) j [ Metabolite cost qkin(c)j

e J\B Enzymes u ﬁﬁ described as
[ [ Enzyme cost h(u) j

Enzyme cost h(e) j

Fluxes v

[ Enzymatic flux cost &™(v) ] [ Kinetic flux cost akin(v) j

ﬂx described as % described as
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Enzymatic flux cost functior
enzyme cost as a
function in flux space




growth rate [h™}]

0.9
a std. O, (0.21 mM)

0.8 low O, (0.0021 mM}
0.7
0.6

05

oo| ® &

0.1 S VO

0.0

A

0 5 10 15 20
biomass yield [gr dw / mol C glc]

Growih rate

Parato-optmal EFMS

N

nom-optimal EFMs

Parato-aptimal
nan-elementany
flovwws

/

Biomass yield

Y



\
J

glucose (100 mM)

std. 0>

/

—

max-gr
pareto
max-yield
ana-lac
aero-ace
exp

1072

10!
O level (mM)

—_

10!

.
©

<
o

a1eJ ymoib




RNA
polymerase

Chaperones ? P
and folding Proteome partitioning Scott et al 2010 Metabolism Translation

catalysts tRNA
—_——p — (>

loading

Not

Ribosome  Translation  mapped (metabolism)
Proteome
Other .
; constraint
protein
Ribosome Enzymes C .
(translation Ribosomes O—— . {

Lipid and
steroid
metabolism

“otner

s AR
o

1
Other protein O— \/:O

Pyrimidine
metabolism




<— Proteome (protein budget Pi;) —> <— Proteome (protein budget Pyy;) —>
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EFM
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(a) Protein fractions in the sector model (b) Schematic model of cell growth

Precursors T Amino acids T Protein

Inert fraction

A Enzyme Ribosome

1-a Ribosomal fraction . fraction .
fraction 0
p A

Og

Assumption 1: Enzymes and ribosomes occupy  Assumption 2: The growth rate is proportional
a fixed mass fraction of the proteome to each of the two proteome fractions

_ _ Pp Nutrient capacity
a=o ptopR (a: Available proteome fraction) A= ﬁF, (] p= p Rih R Ba Translation capacity

(c) Analogy to electric circuit

Conductivity BP Conductivity ﬁn

Resistor

Voltage ¢ p Voltage ¢

- —

Total voltage a (fixed)




Example: Acetate production in E. coli, Basan et al.
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Enzyme Metabolite Machine

capacity mass-balance capacity
constraint constraint constraint
Cf Target Density
Target constraint

concentration
flux constraint
constraint
— >—

Macromolecule mass-balance constraint




‘(\\(\ Consider
metabolism only

(Hypothetical) detailed
kinetic whole—cell model

Flux cost minimisation

Predefine
flux distribution

Enzyme cost minimisation

Few
lumped

variables

Kinetic "minimal
self-replicator”
|

—
—
e e e = = -

Linearise (assume constant

\enz;:e + machine efficiencies)

Resource balance analysis

l Lump cellular machines

Constrained-allocation
flux balance analysis

Lump Consider
metabolism metaboism only
"Bacterial Flux balance
growth laws" analysis
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(a) Low-yield (fermentation) strategy

Ethanol

Glucose

demand Biomass

5 Enzyme

demand

Substrate demand high —> Low biomass yield

Enzyme demand low —> High growth rate

(b) High-yield (respiration) strategy

co2

Glucose .
demand Biomass

= ‘ Enzyme
demand

Substrate demand low —> High biomass yield

Enzyme demand high —> Low growth rate

(c) Enzyme costs at high and low glucose concentrations

Fermentallon

High glucose: Respiration has bigger enzyme demand
High High
glucose glucose

p: ol

Low glucose: fermentation has bigger enzyme demand

Fermentatlon Respiration
Low Low
glucose glucose




bacterial cell

outer membrane

cell wall —

plasma —l
membrane

DNA —[]

nucleoid — || |[&=

ribosomes in _~

cytosol

1 um

flagellum

yeast cell

cell wall

plasma
membrane

mitochondrion

vacuole
Golgi y < . DNA mRNA| metabolites
apparatus =T 2 rRNA peptidoglycan

165 lipopoly-
rRNA 235 tRNA saccharide

lipid

nucleus

endoplasmic

reticulum L

lysosome

protein -

glycogen

actin filaments

From: R. Milo & R. Phillips “Cell biology by the numbers”



property

cell volume

proteins per um? cell volume
mRNA per cell

proteins per cell

mean diameter of protein
genome size

number protein coding genes
regulator binding site length
promoter length

gene length

concentration of one protein per cell

diffusion time of protein across cell
(D =10 pm?/s)

diffusion time of small molecule
across cell (D = 100 um?/s)

time to transcribe a gene

time to translate a protein

typical mRNA lifetime
typical protein lifetime
minimal doubling time
ribosomes/cell

transitions between protein states
(active/inactive)

timescale for equilibrium binding of small
molecule to protein (diffusion limited)

timescale of transcription factor
binding to DNA site

mutation rate

E. coli
0.3-3 um?

10*-10*
~10°

4.6 Mbp
4300

~100 bp
~1000 bp
~1nM

~0.01s

~0.001 s
<1 min
(80 nts/s)

<1 min
(20 aa/s)

2-5 min
1h
20 min
~10*

1-1000 ms (1 uM-1 nM affinity)

budding yeast mammalian (Hela line)

30-100 pm?® 1,000-10,000 pm?
2-4x10°
10%-10° 10°-10°
~10° ~10'0
4-5nm
12 Mbp 3.2Gbp
6600 21,000
10-20 bp
~1000 bp ~10%-10° bp
~10*-10° bp
~1000 bp (with introns)
~10 pM ~0.1-1 pM
~0.2s ~1-10s
~003s ~0.1-1s
o i ~30 min
Frwin (incl. mRNA processing)
~1 min ~30 min

(incl. mRNA export)

~10mintoover 1h 5-100 min to over 10 h

03-3h 10-100 h
1h 20h
~10° ~106
1-100 ps

~1s

10%-10"%bp/replication

percentage weight
macromolecule of total dry per cell
weight (fa)
protein 55 165
RNA 20 60
235 rRNA 32
16 S rRNA 16
5SRNA 1
transfer 9
messenger | 2
DNA 3 9
lipid 9 27
lipopolysaccharide 3 9
peptidoglycan 3 9
glycogen 3 9
metabolites and
cofactors pool 3 ?
inorganic ions 1 3
total dry weight 100 300
water (70% of cell) 700
total cell weight 1000

From: R. Milo & R. Phillips “Cell biology by the numbers”

characteristic number of
molecular molecules
weight (Da) per cell
3x10* 3,000,000
1x10° 20,000
5x10° 20,000
4x10% 20,000
2x10* 200,000
1x10° 1,400
3x10° 2
800 20,000,000
8000 1,000,000
(1000),, 1
1x10° 4,000

composition rules of thumb

- carbon atoms ~10'°

+ 1 molecule per cell gives ~1 nM conc.

+ ATP required to build and maintain
cell over a cell cycle ~10'°

+ glucose molecules needed per cell
cycle ~3x10° (2/3 of carbons used
for biomass and 1/3 used for ATP)
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