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Cells: hybrid multi-scale structures

Composed of thousands of interconnected chemical processes
Occurring at different scales

1. Metabolic scale
Chemicals reactions converting

, Substrates to energy and biomass
‘ Metabolism R

Rules constraining the metabolism
fo adapt itself to its environment

_ Regulatory
s Signals system
Substrates

Biomass

Two scales of interest: metabolic and regulatory



Overview of modeling formalisms

Discrete dynamics (Thomas, 1973]
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6 Logical rules
Model (Boolgan network) Truth table (simulation)

Interactions

Steady-states approximation (orth etal. 2010]
[ MetabO"C ] maximise UGrowth -

such that: S-v=0 i
l,-z, <v, <up -z, Vr € reactions| |

Regulatory flux balance analysis (rFBA) Metabolic t;”;:és

Two scales model based on different paradigms and formalisms



Structure

Metabolic scale

Set of chemical reactions

Metabolites

e o, P

Stoichiometric coefficients

GLC| 1 . CTS
Glucose O . v () Lactose

GIP

X5P,

RuSP §

Metabolic networks

G6P

reaction

Inspired by [Covert and Palsson, 2002]

Regulatory scale

Interactions graph

lacz | Lacl
Glucose galP <—> Lactose
galK GalR

Boolean netwaork [Thomas, 1973]
Logical combination of interactions

flacZ(w) = T Glucose /\ T TLacl fLacl(w) = T'TLactose
fgalP (1') = ZGlucose V TLactose fgalK(-T) = TZGlucose /\ 7T GalR
fGalR(m) = T Lactose

Set of logical rules paired with an
directed labeled graph



Dynamics

Metabolic scale

Regulatory scale

Glucose

Flux balance analysis’ (FBA) [Orth et al., 2010]

L. Bacteria growth
mMaximize | UGrowth| maximization
[Feist and Palsson, 2010]

such that: S-v=0
l, <wv, <wu, VYr € reactions

Lactose lacz galKTEU Lacl GalR

flacZ (CI)) = T Glucose /\ T TLacl
f galP(a:) = ZGlucose Y TLactose
fGalR(w) = T'TLactose

fLa.cl(m) = T'TLactose

fgalK (517) = TZGlucose \ T GalR

Glucose

Based on heuristics: growth optimization + steady-state

Lactose lacz galKTEU Lacl GalR

Flux-based dynamics Discrete dynamics [Thomas, 1973]

Scale dynamics are based on different paradigms
No straightforward formalism to encompass them

Various update semantics



Coupling the scales

Metabolic scale

Regulatory scale

N

_ lacZ H- Lacl
+ +
Glucose galP Lactose
— galk GalR

Regulatory controls:
Regulatory states impact reactions

Metabolic feedback:
Reactions + metabolites impact regulatory states

Interconnected scales through requlatory controls and metabolic feedback
Simulating the coupled dynamics through regulatory Flux Balance Analysis (rFBA) [Covert et al., 2001]
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Coupling the scales

Metabolic scale Regulatory scale

lacZ Lacl

Glucose
+ Y

galP Lactose |
............... galk == GalR

nga.lP ("L‘) - :

leacZ(x) ..'-._. “_.‘

nga.lK (:13) ..........

Regulatory controls: Metabolic feedback:

Regulatory states impact reactions Reactions + metabolites impact regulatory states

Interconnected scales through requlatory controls and metabolic feedback

Simulating the coupled dynamics through regulatory Flux Balance Analysis (rFBA) [Covert et al., 2001]
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Example of controlled induced behavior: diauxic shift’

Successives growth phases on different mediums o _ _
rFBA simulation made with FlexFlux [Marmiesse et al., 2015]
Controlled by the regulatory scale A

needed to import lactose 100" A I e I R = e [

Growth on Glucose

Concentration (mM)
3
3
(71/6) ssewolg

0.0 0.1 0.2 0.3 0.4
Time (hours)

fR[aCz (:L’) = TlacZ

10 GLC | LCTS
20mM RGlucose%‘/G.lP Roaltied B ﬁléactose 20mM
G6P —
FRyirc (¥) = Tgaix

Phase A: lactose could not be imported due to regulatory rules

1]. Monod, Annales de I'Institut Pasteur, 1942



Example of controlled induced behavior: diauxic shift’

Successives growth phases on different mediums

rFBA simulation made with FlexFlux [Marmiesse et al., 2015]
Controlled by the regulatory scale A B

needed fo import lactose 100

20mM  20mM

Growth on Glucose

iMetabolic feedback: glucose is depleted

Concentration (mM)
@
3

p— 5 = 5 No growth: cannot
B = import Lactose

0.0 0.1 0.2 0.3 0.4 b.5
Time (hours)

fR[aCz (:L’) = TlacZ

0 GLC | LCTS
omM RGlucose%‘/G.lP Roaltied Gﬁléactose 20mM
G6P —
FRyirc (¥) = Tgaix

Phase B: regulatory mechanisms are slow and need time to react to glucose depletion

1]. Monod, Annales de I'Institut Pasteur, 1942



Example of controlled induced behavior: diauxic shift’

Successives growth phases on different mediums

rFBA simulation made with FlexFlux [Marmiesse et al., 2015]
Controlled by the regulatory scale A BC
needed to import lactose 170" I I i i e e LT [
< ™" I . | 0 === Consumed
20mM  20mM Growth on Glucose E g TP
s 3
= . - ﬁ
iMetabolic feedback: glucose is depleted - 28— Bom
8 ,‘% w— Gluc
—— No growth: cannot © 25 oo c::;
B “ import Lactose S | S
fiacz(2) = ~2GLext A “TLac o s : . : - H "
feal mmu(z‘) = ~ZgLext A TTGalR M e ]
[l °mv | 20mM 0 Growth on Lactose f Riez (‘L' ) LlacZ

V LCTS
RGlucose%‘/G‘P Roax 2 Gﬁléactose 20mM
G6P —
FRyux (%) = Zgaik

Phase C: lacZ and galKTEU states are updated allowing to import lactose

). Monod, Annales de I'Institut Pasteur, 1942



Example of controlled induced behavior: diauxic shift’

Successives growth phases on different mediums

rFBA simulation made with FlexFlux [Marmiesse et al., 2015]
Controlled by the regulatory scale A BC D
needed to import lactose 100 ey R e = = 40
Glucose Lactose m Lacl GalR - 75 I . L0 === Consumed
il 20mM 20mm o 0 0 0 Growth on Glucose g g T e
: smmaannnanmmtaiEs g
g B
iMetabolic feedback: glucose is depleted £ a P8 — Bomass
8 ,‘% w— Glucose
_— No growth: cannot © - o T ;:[:::
B i import Lactose "
flacZ(x) = 2ZGLCxt N "TLacl 0- ] . . l | ] 1- X s o
fgakKTEU(l‘ = —ZgLext A TTGalR o ey I
fall oM | 20mm LB Growth on Lactose f Rlac? = TlacZ

l Metabolic feedback: lactose is depleted

LCTS
DmM RGlucose GIP R.axk 0 RLactose

f RgalK( ) T galK

‘ Phase D: no carbon sources to allow growth

). Monod, Annales de I'Institut Pasteur, 1942



Infer Boolean requlatory rules from time series of kinetics, fluxomics, and

transcriptomics observations

Thuillier, K., Baroukh, C., Bockmayr, A., Cottret, L., Paulevé, L., and Siegel, A. (2022).

MERRIN: MEtabolic Regulation Rule INference from time series data. Bioinformatics.

https://github.com/bioasp/merrin



MERRIN’s inputs

Metabolic network

Interaction graph: define a search space

Time series observations

\\, - . , ''''' Direct observations:
Glucose UCZ+ +LUC  Luctose | | = transcriptomics
" Indirect observations:
. / - - kinetics
|| - galk GalR .
D C fluxomics
\//
+
SBML v3 file format A [—»| B : T e Time series:
e with fbc data fa(z) =0 Fa(z) =0 folz) =0 ¢ noise tolerant
e not required gene falz) =1 falz) =1 folz) =1 e Handle mutant strains
association rules 2 roles fa(z) =z fe(z) =zp
fa(z) = ~zp Py
fA(iL')ZxAVﬁ rules
fa(x) =z4 A—zp
6 rules
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MERRIN’s outputs

Sets of valid regulatory networks
Compatible with the interaction graph
Reproducing the input time series
according to the rFBA framework

Enumeration modes:
All models or subset minimal models only

Export as BNET files:
Easy to read for humans
Easy to convert into SBML-qual files

ArcA <-

I [02xt_b > 0]]| substrates --> genes

[FBP > 0]

SurplusFDP <-

reactions --> genes

Cra <- !SurplusFDP

galK <-(![GLCxt b > 0] & !GalR)

LACUP <-(![GLCxt b > 0] & ![LCTSxt b > 0])

dcuC <- Far genes/substrates —> reactions

mdh <- !ArcA | genes —> genes

ptsGHI <- ([ACxt b > 0] | !Mlc)

Example of rules in BNET format

1"



MERRIN in practice

Core-carbon metabolism [Covert et al., 2001]

Core-carbon maodel
20 reactions / 11 regulatory rules

From 5 time series

5-8 observations per time series

Regulatory network

1 subset minimal model (~7s)
Infer 7/ 11 rules (in ~7s)
Explaining perfectly the data

Noise up to 20%

Transcriptomics + kinetics are enough

ssssss

1 regulatory rule could never be inferred without kinetics

E. coli core-metabolism [Covert et al., 2002]
Medium-scale model
113 reactions / 151 regulatory rules

From 3 time series

838 860 800 subset

minimal models (< 8h)
Explaining perfectly the data
All subset minimal models

Rules may not be inferred due to data

incompleteness
Precision: ~0.87 | Recall: ~0.11

12



What’s next

Inferring Boolean regulatory rules from Biolog data

Set of phenotypic obhservations:

Pair of medium / strains with growth state

Strains

Set of pl«e_no‘tt/p?c
observations

13



Regulated metabolic fixpoint

‘ Heuristics: a biological system will converge toward a steady-state during growth phase

Growth condition:

exists 2 successives rFBA states are identical and allow for growth

75-

50~

Concentration (mM)

25-

00 o1 02 03 04
Time (hours)

Sufficient condition,

needed to import lactose needed to import lactose

Ensure growth until a substrate is added or depleted

but not necessary condition

14



Model Checking

‘ Identify if a model is compatible with Biolog data

Model: E.coli iJR904 + i MC1010 Data: 13 640 Biolog observations
1 076 reactions /1 010 genes / 601 requlatory rules 124 mediums / 110 strains

Model checking:

Prediction Prediction
Synthetic data Experimental data
Growth No Growth Growth No Growth
Growth 58.28% 2.81% Growth 65.23% 15.92%
Biolog Biolog
No Growth 0.00% 38.91% No Growth 7.77% 11.07%

‘ [Covert et al., 2004] results are not reproducible from the paper model



Identifying spurious rules

‘ Identify candidate spurious rules for “predicted no-growth” but “observed growth” Fralse negative

Example:

Medium: M_acgam_b | Strain: b3172
Covert: Growth

Our prediction: No growth

M_acgam_b

Subset of nodes whose
rules may explain this
incompatibility

No growth if these
reactions are
inhibited

Finding candidate for Fao/se Positive errors requires solving another class of theoretical problem

16



Conclusion

Merrin: inference from time series data

-
-
-

Metabolic network (SBML)

Interaction graph )
Time series data

Kinetics + transcriptomics

Mutant strain, < 20% noise

Inference from biolog data

Currently

e 2

> 2

Compatibility between model and
Biolog data

|dentify candidate rules leading to false
negatives

> Regulatory networks (BNETS)
> rFBA compatible with input data
> Scale to medium-scale model

Future works

- Identify candidate rules leading to
false positive
New class of theoretical problem to solve

=» Divide and conquer methods to
improve scalability

17
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