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Theory construction & Mechanism elucidation

Agent-Based Model (ABM) 

“What I cannot create, I do not understand”
Feynman, R. (1988). Blackboard note from Richard Feynman's office, Pasadena.

Modeling Mindset



Agent-Based Model (ABM) 

DATAMECHANISMS 

RECONSTRUCT
OBSERVED DATA 

PATTERN 

inductive

deductive
PRE-DEFINED MECHANISMS or 

BEHAVIORAL RULES 
(hypothesis in themselves)

computational
implementation

ABM

Statistical
inference

Digital twins of the biological
objects



DNA mRNA protein

transcription

transcripts

translation

genes

NGS technology

RNA-Seq
(2006) bulk or (2009) single cell

Ribo-Seq = ribosome profiling
(2009) Ingolia et al.
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Protein Synthesis by Ribosomes2
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Protein elongation cycle by a ribosome 2
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Protein elongation cycle by a ribosome 1
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Protein elongation cycle by a ribosome 1
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Problem & Research questions3

FUNCTIONAL ROLE? 

PROTEOME INTEGRITY

3D CONFIGURATION (FOLDING)



Problem & Research questions3

WHAT ARE THE FACTORS THAT DETERMINE THE ELONGATION RATE?

HOW DO THEY CONTRIBUTE?

IF THEY ARE INTERTWINED, DISENTANGLE THEM !

UNCOVER EMERGENT BEHAVIOR
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Problem & Research questions3

Contextual factors ?

Sharma, A. K., Ahmed, N., & O'Brien, E. P. (2018). Determinants of translation speed are randomly distributed across transcripts resulting in a universal scaling of protein synthesis times. Physical Review E, 97(2), 022409-20.
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Problem & Research question3
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5, 6, 7…



Problem & Research questions3

Tomuro, K., Mito, M., Toh, H., Kawamoto, N., Miyake, T., Chow, S., Doi, M., Ikeuchi, Y., Shichino, Y., & Iwasaki, S. (2024, August). 
Calibrated ribosome profiling assesses the dynamics of ribosomal flux on transcripts. Nature Communications, 15

Initiation & Elongation dynamics ?
Ribosome pool resources ?

21 3

5, 6, 7…



1) Mechano-biochemistry in Henry Eyring’s Catalysis Theory

4 Keys to address the problem

41 2 3



Guldberg & Waage’s law of mass action (1864)

Law of mass action if [Y] is 
constant

First order kinetic

Exponential decay

PDF of an exponentially distributed 
random variable

if AUC 
normalized to 1

in-singulo

In-”Avogadro”
= rate constant 

= median “queueing” time



Mechano-biochemistry in Henry Eyring’s Catalysis Theory

Eyring’s Relation (1934)

Transition State

41 2 3
Joiret, M., Kerff, F., Rapino, F., Close, P., & Geris, L. (2023). A simple geometrical model of the electrostatic environment around the catalytic center of 
the ribosome and its significance for the elongation cycle kinetics. Computational and Structural Biotechnology Journal, 21, 3768–3795.



2) Queueing Time Theory & Convolution of Multiple Random Variables

1) Mechano-biochemistry In Henry Eyring’s Catalysis Theory

4 Keys to address the problem

41 2 3



41 2 3



1

4 Keys to address the problem

2 3 4

Consider each sequential step as a queueing step with a random queueing time



• The 3 queueing times 

Average turnover
5.6 amino acids per 

second



• The 3 queueing times aa-tRNA-
ACCOMMODATION & 

PROOFREADING



• The 3 queueing times 



• The 3 queueing times 



Prob & Stats

Sum of random variables ?

What is the pdf for X + Y ?



Prob & Stats

Sum of 3 random EXP variables ?

What is the pdf for X + Y + Z ?

If the rates are equal:

If the rates are pairwise distinct:







41 2 3
Joiret, M., Kerff, F., Rapino, F., Close, P., & Geris, L. (2023). A simple geometrical model of the electrostatic environment around the catalytic center of 
the ribosome and its significance for the elongation cycle kinetics. Computational and Structural Biotechnology Journal, 21, 3768–3795.



Stochasticity

41 2 3
Joiret, M., Kerff, F., Rapino, F., Close, P., & Geris, L. (2023). A simple geometrical model of the electrostatic environment around the catalytic center of 
the ribosome and its significance for the elongation cycle kinetics. Computational and Structural Biotechnology Journal, 21, 3768–3795.



Stochasticity

41 2 3
Joiret, M., Kerff, F., Rapino, F., Close, P., & Geris, L. (2023). A simple geometrical model of the electrostatic environment around the catalytic center of 
the ribosome and its significance for the elongation cycle kinetics. Computational and Structural Biotechnology Journal, 21, 3768–3795.

• Mathematical origin and description: 
a sequence of 3 queueing times exponentially distributed



Cognate tRNAs

Near-cognate tRNAs

Non-cognate tRNAs

reject

sample

sample

Sample

reject

tRNAs pool



Cognate tRNAs

Near-cognate tRNAs

Non-cognate tRNAs

reject

sample

sample

reject

tRNAs pool

multiple rounds



Cognate tRNAs

Near-cognate tRNAs

Non-cognate tRNAssample

Sample & accept

tRNAs pool

Inherently 
stochastic

The queuing time of a ribosome before translocation depends on 
the codon and on its number of near/non-cognate tRNAs



Stochasticity

41 2 3
Joiret, M., Kerff, F., Rapino, F., Close, P., & Geris, L. (2023). A simple geometrical model of the electrostatic environment around the catalytic center of 
the ribosome and its significance for the elongation cycle kinetics. Computational and Structural Biotechnology Journal, 21, 3768–3795.

• Mathematical origin and description: 
a sequence of 3 queueing times exponentially distributed

• Biochemical origin and description: 
sample and reject until cognate tRNA accepted



Problem & Research questions3

21

Wobble Base Rule

3



tRNAs (in humans)

Anticodon 
loop

Amino acid 
acceptor site

512 tRNA genes 
(of which 434 are unique)

tRNA modifying
 enzyme genes

tRNA modifying 
enzymes (ELP3, 

ADAT,…)

51 tRNAs modified tRNAs 
(more than 120 modifications are known)

Modified proteome 
and/or modified 
elongation rates 

depending on codon 
usage

Problem & Research questions3



Problem & Research questions3

I34A34
I = InosineEnzyme

A34

ADAT

Wobble Base Rule

mRNA codon
Codon usage in ‰

tRNA anti-codon
tRNA gene copy number

5’ GCC 3’ 5’ GCU 3’ 5’ GCG 3’ 5’ GCA 3’

36.0 21.1 17.3 12.6

3’ CGU 5’3’ CGC 5’3’ CGA 5’3’ CGG 5’

0 29 5 3
Alanine has

4 
synonymous

codons

21 3



Problem & Research questions3

I34A34
I = InosineEnzyme

A34

ADAT

Wobble Base Rule

mRNA codon
Codon usage in ‰

tRNA anti-codon
tRNA gene copy number

5’ GCC 3’ 5’ GCU 3’ 5’ GCG 3’ 5’ GCA 3’

36.0 21.1 17.3 12.6

3’ CGU 5’3’ CGC 5’3’ CGG 5’

0 29 5 3
3’ CGA 5’

3’ CGI 5’

much faster slower faster

Alanine has
4 

synonymous
codons
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Problem & Research questions3

I34A34
I = InosineEnzyme

A34

ADAT

Wobble Base Rule

mRNA codon
Codon usage in ‰

tRNA anti-codon
tRNA gene copy number

5’ GCC 3’ 5’ GCU 3’ 5’ GCG 3’ 5’ GCA 3’

36.0 21.1 17.3 12.6

3’ CGU 5’3’ CGC 5’3’ CGG 5’

0 29 5 3
3’ CGA 5’

3’ CGI 5’

much slower faster

SILENCING or 
KNOCKING-DOWN

slower

Lyu, X., Yang, Q., Li, L., Dang, Y., Zhou, Z., Chen, S., & Liu, Y. (2020). Adaptation of codon usage to tRNA I34 modification controls translation kinetics and proteome landscape. PLOS Genetics, 16, e1008836.

Alanine has
4 

synonymous
codons

21 3



Problem & Research questions3 A34

Lyu, X., Yang, Q., Li, L., Dang, Y., Zhou, Z., Chen, S., & Liu, Y. (2020). Adaptation of codon usage to tRNA I34 modification controls 
translation kinetics and proteome landscape. PLOS Genetics, 16, e1008836.

I34A34
Enzyme

ADAT

Wobble Base Rule

8 amino acids are sensitive to enzyme modification by ADAT 
(targeting A34 tRNAs): T, A, P, S, L, I, V, R

The elongation rates of 37 codons are affected by a single ADAT 
tRNA modification

21 3



A34Problem & Research questions3

I34A34
ADAT SILENCING



A34Problem & Research questions3

I34A34
ADAT SILENCING



A34Problem & Research questions3

I34A34
ADAT SILENCING



21 3

Problem & Research questions3

mcm5s2U34U34

5-methoxy-carbonyl-
methyl,

2-thio-uridine

ELP3 URM1
Enzymes

Codons
Lys (AAA)
Gln (CAA)
Glu (GAA)

Anti-codons
Lys tRNA- 5’(UUU)3’

Gln tRNA- 5’(UUG)3’

Glu tRNA- 5’(UUC)3’

are decoded faster

U34

Nedialkova, D., & Leidel, S. (2015). Optimization of codon translation rates via tRNA modifications maintains proteome integrity. Cell, 161(6), 1–13.
Rapino, F. et al. (2021, April). Wobble tRNA modification and hydrophilic amino acid patterns dictate protein fate. Nature Communications, 12(1), 2170.



Problem & Research questions3

mcm5s2U34U34

5-methoxy-carbonyl-
methyl,

2-thio-uridine

ELP3 URM1
Enzymes

Codons
Lys (AAA)
Gln (CAA)
Glu (GAA)

Anti-codons
Lys tRNA- 5’(UUU)3’

Gln tRNA- 5’(UUG)3’

Glu tRNA- 5’(UUC)3’

are decoded faster

are decoded slower

SILENCING or 
KNOCKING-DOWN

Slower Elongation Rate
Longer Ribosome Residence Time (RRT) on these codons

U34

21 3



Problem & Research questions3

mcm5s2U34U34
ELP3 URM1
Enzymes

Codons
Lys (AAA)
Gln (CAA)
Glu (GAA)

Anti-codons
Lys tRNA- 5’(UUU)3’

Gln tRNA- 5’(UUG)3’

Glu tRNA- 5’(UUC)3’

are decoded faster

are decoded slower

SILENCING or 
KNOCKING-DOWN

Slower Elongation Rate
Longer Ribosome Residence Time (RRT) on these codons

U34

21 3



Problem & Research questions3 U34Impact of Codon Usage ?

21 3



2) Queueing Time Theory & Convolution of Multiple Random Variables

1) Mechano-biochemistry In Henry Eyring’s Catalysis Theory

• The parameter calibration of tRNA and tRNA modifications

4 Keys to address the problem



RRT calibration• The parameter calibration of RRT and tRNA modifications

RiboSeq profile per codon in YEASTS:



RRT calibration
• The parameter calibration of RRT and tRNA modifications

61 NFCi for 61 codons 61 Exponentially modified Gaussian (EMG)
fit

fit

61 Hypo-exponential distributions (HYPO)61 RRTi for 61 codons

61 values for 

61 values for 

61 values for 



RRT calibration
• The parameter calibration of RRT and tRNA modifications

61 NFCi for 61 codons 61 Exponentially modified Gaussian (EMG)
fit

fit

61 Hypo-exponential distributions (HYPO)61 RRTi for 61 codons

61 values for 

61 values for 

61 values for 



tRNA modification calibration
• The parameter calibration of RRT and tRNA modifications

RiboSeq profile per codon in YEASTS:



mcm5s2U34U34
ELP3 URM1
Enzymes

Codons
Lys (AAA)
Gln (CAA)
Glu (GAA)

tRNA modification calibration
• The parameter calibration of RRT and tRNA modifications

SILENCING or 
KNOCKING-DOWN



ABM implementation5

41 2 3 5

Meet « Ribosomer »

TASEP approach

« Ribosomer » didactical
implementation

(javascript, p5.js)

« Ribosomer » for HPC 
implementation (Python)



ABM implementation5

41 2 3 5

The TASEP approach



Particle transport model on a 1D lattice 



Open boundaries

Particle transport model on a 1D lattice 



Open boundaries

Particle transport model on a 1D lattice 



Particles may move from left to right only. 
There is no way back

This is … totally asymmetric

Particle transport model on a 1D lattice 



Particle transport model on a 1D lattice 



Particle transport model on a 1D lattice 



Hopping allowed from site i to i+1 if site i+1 is empty

Particle transport model on a 1D lattice 



No hopping from i to i+1 if site i+1 is not empty

This is called the simple exclusion

Real ribosomes have an extended footprint on the ‘lattice’

Particle transport model on a 1D lattice 



Particle transport model on a 1D lattice 



Particle transport model on a 1D lattice 



Particle transport model on a 1D lattice 



Particle transport model on a 1D lattice 



Particle transport model on a 1D lattice 



Particle transport model on a 1D lattice 



Particle transport model on a 1D lattice 



Particle transport model on a 1D lattice 



Particle transport model on a 1D lattice 



Particle transport model on a 1D lattice 



1 particle has 
proceeded through 

all sites

Particle transport model on a 1D lattice 



Complete inhomogeneous TASEP:   all       are different      

Particle transport model on a 1D lattice 



Multiple complete inhomogeneous TASEPs with limited pool of particles 

More than one TASEP … and a limited pool of particles

Objects are lacking due 
to competition with 
concurrent TASEPs



ABM implementation5

41 2 3 5

Building an INTEGRATIVE framework « Ribosomer »

TASEP approach









Model Output6

41 2 3 5 6

Output: Protein counts

Input: Transcript relative abundances

Output: Translation efficiencies



Model Output6

41 2 3 5 6



Uncertainty & Sensitivity Analysis7

41 2 3 5 6 7

Parameter space exploration

Fully crossed factorial design with balanced randomized replicates
8 by 8 by n replicates
(embarrassingly parallel mode on HPC cluster)

• 6000 core.hours of computational runs

NIC5 @ ULiège

2.9 GHz
256GB …1TB RAM

4672 CPUs



Uncertainty & 
Sensitivity Analysis

7

41 2 3 5 6 7

Ribosome ratio & Global initiation rate

UNUSED 
SUPPLY



Uncertainty & 
Sensitivity Analysis

7

41 2 3 5 6 7

Ribosome ratio & Global initiation rate

UNMET 
DEMAND



Uncertainty & Sensitivity Analysis7

41 2 3 5

Polysome fragmentation

6 7

Polysome multiplicity increases much more 
with ribosome pool size than with initiation 

rate

Large dispersion of polysome multiplicity



Uncertainty & Sensitivity Analysis7

41 2 3 5

Polysome fragmentation per transcript

6 7

Large dispersion of polysome multiplicity

Polysome multiplicity shifts to the right with
ribosome pool size

tRNA modification effects are overridden



Uncertainty & Sensitivity
 Analysis

7

41 2 3 5 6 7

U34 tRNA hypo-modification

tRNA modification effects
undectable on the protein

relative abundance

Even with a 2-fold enrichment
in sensitive codons 



Uncertainty & Sensitivity Analysis7

41 2 3 5 6 7

Privileged ribosome recruitment on a subset of transcripts

= Privileged individual initiation rates



The privileged ribosome 
recruitment on a specific 

subset of transcripts 
confounds the 

interpretation of protein 
relative abundance

tRNA modification effects
overridden by confounding

factors

Emergent behavior due to 
limited ribosome pool

Transcripts do compete for 
ribosome recruitment



Discussion & Future Perspectives8

41 2 3 5

INTEGRATIVE framework « Ribosomer » offers high flexibility

Modularity allowed to disentangle contextual intertwined factors thanks
to the ABM implementation

Allows to work with incomplete knowledge, build theory progressively, 
elucidate mechanisms progressively

6 7 8

Emergent behaviors uncovered

Transcripts compete for ribosomes under limited ribosome resources

Sources of stochasticity / uncertainty identified and quantified



I acknowledge Prof. Liesbet Geris for 
providing funding support through the FNRS-
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(INStant CARMA) which enabled this PhD thesis.
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