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The ultimate test of understanding a simple cell, more 
than being able to build one, would be to build a 
computer model of the cell, because that really 
requires understanding at a deeper level.

“

”
Clyde Hutchison
The New York Times, 1999
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With a whole cell model, we could…
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Question 1: Can we build a whole-cell 
model today?

6

Lessons of the past decade

Integration of diverse approaches will be essential

Whole-cell modeling requires a variety of approaches

7

Carbon/Energy Metabolism Transcriptional Regulation

Signal Transduction

Glucoseext
–AdCycp

ATP cAMP

AdCycp

Glucose
LacTRg

Lactoseext

Glucoseext

JTB 2001
JTB 2003
Nature 2004
Bioinformatics 2008

Boolean logic

Time-dependent 

constraints

Flux analysis

Optimization

ODEs

Detailed 

kinetics

8

Gene 
Expression

Protein 
Synthesis

Decay

Metabolism

Complexation

Transport

DNA 
Replication

Cell Division Modules



9

Gene 
Expression

Protein 
Synthesis

Decay

Metabolism

Complexation

Transport

DNA 
Replication

Cell Division

Uptake rates
Extracellular 

concentrations

Biochemistry
Turnover rates

Cell composition

Operons
Transcription rates
Array intensities

Translation rates
Energy requirements

tRNA abundance

Half lives

Stoichiometry
Required subunits

Genome sequence
Replication rate

Biomass, membrane
chemical  

compositions

Data

10

Gene 
Expression

Protein 
Synthesis

Decay

Metabolism

Complexation

Transport

DNA 
Replication

Cell Division

Methods

Optimization Optimization Probabilistic 
binding

Probabilistic 
binding

Poisson random 
process

Mass action 
kineticsIntegration

Ordinary
Differential
Equations

11

Transport
Uptake rates
Extracellular 

concentrations

Optimization

Metabolism
Biochemistry

Turnover rates
Cell composition

Optimization

Gene Expression
Operons

Transcription rates
Array intensities

Probabilistic binding

Protein Synthesis
Translation rates

Energy requirements
tRNA-AA abundance

Probabilistic binding

RNA Decay
Half lives

Poisson random

Complexation
Stoichiometry

Required subunits

Mass action kinetics

DNA Replication
Genome sequence

Replication rate

Integration

substrates nucleotides

energy

RNA 
transcripts

nucleotides

mRNA
tRNA
rRNA

RN
A polym

erasesCell Division
Biomass,  membrane

chemical  
compositions

ODEs

RN
Ases

ribosomes
tRNA synthetases

DNA polymerase 
complexes

products

Tr
an

sp
or

t p
ro

te
in

s

nu
cl

eo
tid

es

subunitsproteins

DNA

Process
Data
Method

12

Implementation

1 sec

Simulation Integration Simulation
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Implementation

Simulation Integration Simulation

Metabolite concentrations
Protein monomers
Complexes

Polymerase positions
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RNAs

Metabolic fluxes
Cell mass
…
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Mycoplasma genitalium

Small 
Annotated  
Homology
Free-living

number of genes
genome sequence 
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for culture
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Annotated
401 (76%)

Unannotated
124 (24%)

Project status (8/2010)
Metabolism 147
Translation  70
tRNA aminoacylation 60
RNA modification 13
DNA replication 12
Protein decay  9
Protein translocation 9
Attachment 9
Transcription 8
Protein folding 6
Ribosome assembly 4
Protein processing 4
Protein modification 3
RNA decay 2

DNA damage/repair 18
Cytokinesis 8
RNA processing 6
Transcription regulation 6
DNA supercoiling 5

M. genitalium : 525 genes

Implemented
358 (89%)

Remaining
43 (11%)

Model goal : 401 genes
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Question 2: Can we predict the outcome 
of perturbations?
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277 278 279 280 281 282 283 284 285 286 287 288 289 290 291 292 293 294 295 296 297 298 299

300 301 302 303 304 305 306 307 308 309 310 311 312 313 314 315 316 317 318 319 320 321 322
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461 462 463 464 465 466 467 468 469 470 471 472 473 474 475 476 477 478 479 480 481 482 483

484 485 486 487 488 489 490 491 492 493 494 495 496 497 498 499 500 501 502 503 504 505 506

507 508 509 510 511 512 513 514 515 516 517 518 519 520 521 522 523 524 525 5s 16s 23s

Correctly predicted (230) 

Incorrectly predicted (19)
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92.4% of KO simulations qualitatively correct
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MG_010
MG_039
MG_066
MG_112
MG_271
MG_298
MG_315
MG_398

DNA primase-related protein
FAD-dependent glycerol-3-phosphate dehydrogenase
Transketolase
Ribulose-phosphate 3-epimerase
Dihydrolipoamide dehydrogenase
Chromosome segregation protein
DNA polymerase III, delta subunit, putative
ATP synthase F1, epsilon subunit 

Uracil phosphoribosyltransferase
Glycerol kinase
Purine nucleoside phosphorylase
Deoxyribose-phosphate aldolase
ABC transporter subunit (ribose?) 
ABC transporter subunit (ribose?) 
Modification methylase, HemK family 
Potassium uptake protein, TrkA family
isoleucyl-tRNA synthetase
DAK2 phosphatase domain protein 
Thiamine biosynthesis/tRNA modification protein ThiI

MG_030
MG_038
MG_049
MG_050
MG_119
MG_120
MG_259
MG_323
MG_345
MG_369
MG_372
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MG_471 knockout simulation
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MG_471 knockout simulation
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Question 3: Can we interpret complex 
phenotypes?
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M. genitaliumM. capricolum
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Whole-cell modelFlux-balance analysis
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Cai et al., Nature 2008

Crz1 localization and Reporter expression in a single yeast cell
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MG_013: folD

MG_504: tRNA/TRP
MG_496: tRNA/TRP
MG_483: tRNA/CYS

MG_145: ribFMG_404: atpE

MG_398: atpC

MG_403: atpF

MG_399: atpD

MG_405: atpB

MG_401: atpA
MG_400: atpG

MG_402: atpH

MG_272: pdhC
MG_274: pdhA

ATP Synthase tRNAsPyruvate
Dehydrogenase

Methylene
THF Enzyme

Riboflavin 
Kinase



37

Can we interpret complex phenotypes?

Can we build a whole cell model today?

Can we predict the outcome of perturbations?
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