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Metabolite concentrations vary significat

within cells

i GC-MS enables high throughput measurement of hundreds of metabolite lev
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Why study metabolite concentrations

From a Basic Science perspedivehat factors determine
metabolite concentrations?

Predicting metabolite concentrations would be highly benefici:
for Metabolic Engineering






Thermodynamid¢snds metabolite

concentrations and reactions directionality

Ratio of product to
substrate concentrations

|'5-n

Standard Gibbs energy

Thethermodynamic driving forcds defined asY O

The2nd law of thermodynamics:
The thermodynamic driving force must be positiviéuor
carrying reactions



Y'O estimates using the Group
‘C.lontribution Method (GCM)

» Groupcontribution (GCM YO as a linear sum of
group formatiorenergy aiberty, 2003)

learned via a linear regression model




- Previous computational work




Previous works have attempted to explain variation in metabolite
concentrations based on thermodynamic considerations

TMFA (Henry andHatzimanikatj2007). 3
find a flux distribution#) and metabolite concentratio(e)
that satisfythe 2nd law of thermodynamics

3t T Massbalance

@ 2% 3 @®) n o 1 Thermodynamimonstraint
A & A Concentration bounds
6 & O Flux bounds

Thethermodynamic constrainb@linear:
Using (&) as variables
Addingbooleans
C can be solveds Mixed-Integer LineaProgramming
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The2"d law of thermodynamics pse is insufficient for explaining
observed metabolite concentrations
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Y'O estimates using GERALS

In this work we us&ibbs Energy of Reaction
Approximation using Layered decomposition
(GERALDO\IOM,ZOlZ) ) |

Uses measuredO o

40.9 kd/mol

i

c‘) L eayve one -'dwu t +|élutamine\l7ZOﬁADi32'+Pd a tL-GILitamatO+2h?

showecdan overall @ 4}:
reductiorof 20% in - S o
estimation error ® 1, _‘ _ ivuma G
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Estimated enzyme levels as a functio¥'of

Flux force relationship
The rati o between a

the reaction thermodynamic driving force:
0 y I

reactionds ba

Therefore, the net rate can be written as:
0 y
b O 0 ) (p 0—) o (o o)
C The enzyme concentration (E) required to catalyze flux (v) can be estimat
as: )
O U
(6 )

Enzyme concentration exponentially rises Wi@@approaches zero




Aninverse relation exists between enzyme
levels andmetabolite concentrations

$§ T 1

Thermodynamic Metabolite
driving force concentrations

v

Enzyme levels

t 0




Metabolic tug of warraTOW




We hypothesize that two additional physiological factors should
be accounted for in explaining metabolite concentrations

Concentration A Space restriction
of metabolite 3 —1 A High cost of production and
A maintenance
/ °
/ A Limited intracellular solvent capacity

(Schuster anHeinrich1991)

A Osmotic pressure

A Cross-talk between pathways due to
promiscuous enzymes

—

>
Concentration

of metabolite 1
Concentration

of metabolite 2



Tugof-War between minimizing metabolite
and enzyme levels
A toy example of a lineapathway:

(@)=~

- Enzyme efficiency maximization
- Both considerations (mTOW)
- Metabolite level minimization

Too high metabolite
concentrations

Chemical potential

Many reactions close to I SE—
chemical equilibrium,
requiring too high
enzyme levels

a b c d e
Metabolite
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Metabolictug-of-war (ImTOW

Goal: identify the most likelgsteady state intracellular
metaboliteconcentrations abacteria

Input:
A metabolimetwork- E. col(Feist2007), C.acetobutylicuhee,2008)
Reaction standard Gibbs energptained from GERALD

o) b
Ema |y

Output: Likelynetabolite concentrations enabling low total
metabolite and enzyme levels






mTOWformulation

metabolite enzyme
FiTi1710"H. . s 0(0)
s U ((D) @ qU h‘EB)
) k) - N — .
O(av ) y
S.t. (p '
3t 1 Massbalance N°MN CONVEX
@ 2% Jd®) m 0 1 @'Y D Thermodynamionstraint
A & A mixed integer Concentratiobounds
6 & O Fluxbounds

mTOWformulation is neconvex, making the direct solving
computationally intractable for larggcalenetworks



mT O Wm@Eementation usirzg
heuristi@pproach

Solve acombination ofjuadraticoptimizations
An approximated calculations for both optimization objectives:
Metabolite: using log(concentrations) as done in TMFA

5@ (1 (D)

Enzyme: using proxy function which panelize reactions
according to their thermodynamic driving force and flux rate

( " YO
vy I
. YO YO
o) ¢ — - ~ -
o(dw ) {0 C<| Y) i oy |
YO
S Yy




Quantitativeestimates of enzyme
approximation

Fora
thermodynamic
driving force of
YO tTY"“Mthe
requiredenzyme
mass fractiors
0.2%, which is
about the average
enzymdevelsinE.
coli

k

—

n-l T

g

Enzyme fraction (in w;‘;;“.} required for v

0.0008

0.0007}

0.0006F

0.0005F

0.0004

0.0003F

0.0002}

0.0001}

0.0000

— Estimated enzyme level for w*

— Enzyme capacity penalty
= = Average enzyme fraction

fates i
—= {unitless)




MTOWDpredictions




mT O WHaieteoptimal solutions

To validate against experimental
data we chose a single solution per
media: X1 e

A minimal total deviation from minimal
values of botlobjectives

X2t

A mTOWpredicts the concentration of
507,412 and 412 metabolites in
glucose, acetate and glycerol media, ~ x5}
respectively

glucose

acetate
glycerol

Normalized enzyme mass fraction
X
N

X
»

X7 ‘ : : : : :
X7 X6 X5 x4 X3 X2 X1
Normalized total metabolite concentration




mT O Wareslicted concentrations are
- correlated withmeasuremnes

~

A

Experimentally validatech T O Waseslictions utilizing:
A Aerobic conditions measuremesiset2009)

4 56 absolute concentrationsEncolunder anaerobiconditions
we measured using LC/MS

Pearson | Aerobic | Aerobic | Aerobic | Anaerobic
correlation| Glucose| Acetate | Glycerol| Glucose

mTOW 0.59 0.61

n pm n pm

0.55

n pm

Quite strikingly, the Pearson correlation between concentration measurements
made by various labs (Iskiialfrom2007 vs.Bennetet a) is only
R =0.62 (p-value 0f10-4; 31 metabolites)



Only the dual physiological considerations

result in highest correlations
e
0.8 I Enzyme efficiency maximization

I Both considerations (mTOW)
I Metabolite level minimization

p <10%
p<10° p<1073 p<103

o
)

Pearson correlation coefficient
o o
N LN

glucose acetate glycerol



mT O Wieslicted concentrations

In C. acetobutylicum

4 Predicted concentration on two growth phases:
Acidogenesiexponentiagrowth and high rates of acsecretion

Solventogenesistationaryphase with high secretion rates of solvents
(acetoneand butano)

A mTOWDpredicts the concentration206 and 217 metabolitesn
acidogenesiand solventogenesiespectively

i The measure@madorNoguez 2010) and predicted concentrations
correlated well:

AcidogenesifearsorR = 0.46; p = 10*
SolventogenesiBearsorkR =0.45; p = 103



IntegratingmTOWwith chemical

propertiesbased concentration prediction
_

i OHydrophobicity and Charge
ConcentratioidsBadEven2011)

4 Theintegration of both approaches significanthproveupon
each method independently

Aerobic Aerobic Aerobic
Glucose |Acetate |Glycerol

Chemlcalpropertles 0.57 0.41 0.47
n pm n pm n pm




mT O Wareslicted versus measured metabolite

concentrations under minimal glucose medium
.

>
>



