
CRPCRP--SantSant éé
Wageningen University, Belarusian State UniversityWageningen University, Belarusian State University

Microarray Center, Microarray Center, 
CRPCRP--SantSant éé, , 

LuxembourgLuxembourg

�� petr.nazarov@crppetr.nazarov@crp--sante.healthnet.lusante.healthnet.lu

PetrPetr V. NazarovV. Nazarov

Membrane Proteins and Actin Polymerization AssaysMembrane Proteins and Actin Polymerization Assays

SIMULATION-BASED ANALYSIS 
IN THE STUDY OF 

COMPLEX BIOMOLECULAR SYSTEMS

SIMULATION-BASED ANALYSIS 
IN THE STUDY OF 

COMPLEX BIOMOLECULAR SYSTEMS



OUTLINEOUTLINE
I. ModelingI. Modeling

Types of modelsTypes of models
Stages of model building Stages of model building 
GeneralGeneral application of modelsapplication of models

II. Membrane ProteinsII. Membrane Proteins

Problem definitionProblem definition
Experimental methods and object: M13 major coat proteinExperimental methods and object: M13 major coat protein
SimulationSimulation--based data analysisbased data analysis
Results and conclusionsResults and conclusions

III. Actin PolymerizationIII. Actin Polymerization

Basic informationBasic information
Experimental methods Experimental methods 
Models: simulation and analyticalModels: simulation and analytical
Some preliminary results Some preliminary results 
SummarySummary



PART  IPART  I

MODELINGMODELING
Types of Models.

General Applications of Models



TYPES OF MODELSTYPES OF MODELS

Mathematical Mathematical ModelsModels

By the Method of Mathematical DescriptionBy the Method of Mathematical Description

generalgeneral

fastfast

can be verified by analyticalcan be verified by analytical
methodsmethods

cannot be applied tocannot be applied to
complex systemscomplex systems

problems of interpretation ofproblems of interpretation of
obtained resultsobtained results

AnalyticalAnalytical SimulationSimulation

complex systems can becomplex systems can be
studiedstudied

interpretation of the results isinterpretation of the results is
straight forwardstraight forward

parallel computing can beparallel computing can be
appliedapplied

computational resourcecomputational resource
intensiveintensive



STAGES OF SIMULATION MODELLINGSTAGES OF SIMULATION MODELLING

1. Experimental 
system

3. Abstracting, 
idealization and 
formalization

2. Extraction of the 
precise object of study

4. Algorithm developing

5. Realization in code

Simulation model

6. Computer (in silico) 
experiment

7. Model 
verification

8. Direct task:
prediction of the 

properties / behavior of 
the experimental system

9. Inverse task:
determination of hidden 

parameters of the 
considered object

Mathematical model

10. Experimental 
data
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Reaction and equation Values 
Nucleation  

Spontaneous nucleation of the filament 
3 ATM → 3 ATF + FTB + FTP 

2.3x10-11 µM -2s-1, (43) 
1.1x10-9 µM-2s-1, (15) 

~ 2x10-8 µM-2s-1, follows 
from the data in (44) 

Formin-initiated nucleation 
FOP + 3 ATM → 3 ADF + FOF + FDP 

7x10-5 µM -3s-1 (13) 

Nucleation by barbed-end capping protein 
CBM + 3 ATM → 3 ATF + CBF + FTP 

~ 3x10-5 µM-3s-1 (15) 

Nucleation by pointed-end capping protein 
CPM + 3 ATM → 3 ATF + CPF + FTB 

no data 

 
Actin association 

 

ATP-actin association at barbed end 
FxB* + ATM → FTB + ATF 

11.5 µM -1s-1 (45) 

ADP-actin association at barbed end 
FxB + ADM → FDB + ADF 

3.8 µM-1s-1 (45) 

ATP-actin association at pointed end 
FxP + ATM → FTP + ATF 

1.3 µM-1s-1 (45) 

ADP-actin association at pointed end 
FxP + ADM → FDP + ADF 

0.16 µM -1s-1 (45) 

 

1. Set vectors K and Nt=0, t = 0

2. Calculate the concentration-
dependent rates (Eqs.1,2)

3. Randomly select the r-th reaction 
(probability is proportional to ar)

4. Generate the reaction time (Eq.3)
τ = – (∑ai)

–1 ln(ξ)

6. t = t+ τ

7. Output data – time 
evolution of reagents' 

quantities N(t)

t < tmax

yes

no

5. Perform the r-th reaction

Start of the simulation
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ksnuc = 2.3x10-11  µM-2s-1

kARP = 8.8x10-6  µM-1s-1

[A]    = 4 µM
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MEMBRANE PROTEINSMEMBRANE PROTEINS
Simulation-based Data Analysis for 

Determination of the Structure and Position 
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MEMBRANE PROTEINSMEMBRANE PROTEINS
ImportanceImportance

Participate in almost all cell activitiesParticipate in almost all cell activities

Structure determination still at frontier structural biology Structure determination still at frontier structural biology 

New drug 
development

Membrane 

Proteins

Membrane Membrane 

ProteinsProteins

Understanding 
cell processes



GOALGOAL

??

Protein structureProtein structure
(low(low--resolution model)resolution model)

Protein aggregationProtein aggregation

Protein embedmentProtein embedment

To Develop a Methodology, Providing:To Develop a Methodology, Providing:



OBJECT OF STUDYOBJECT OF STUDY
Bacteriophage M13 Bacteriophage M13 Major Major Coat ProteinCoat Protein

(test system)(test system)

Protein FeaturesProtein Features

50 amino acid residues50 amino acid residues

Transmembrane proteinTransmembrane protein

Mainly Mainly αα--helicalhelical

AEGDDPAKAAFNSLQA
SATEYIGYAWAMVVVIV
GATIGIKLFKKFCSKAS

AEGDDPAKAAFNSLQAAEGDDPAKAAFNSLQA
SATEYIGYASATEYIGYAWWAMVVVIVAMVVVIV
GATIGIKLFKKFCSKASGATIGIKLFKKFCSKAS

II--shape, Lshape, L --shape, Bananashape, Banana --shape?..shape?..



BIOPHYSICAL CHALLENGESBIOPHYSICAL CHALLENGES

Structure in micelles ≠≠≠≠ structure in membrane
Structure oriented bilayers ≠≠≠≠ structure in membrane

HighHigh --resolution Modelsresolution Models

NMRNMR XX--rayray

Crystals for membrane proteins are difficult to pro duce



ALTERNATIVE APPROACHESALTERNATIVE APPROACHES

Structure in vesicles = structure in membranes
NEED: Advanced data analysis

LowLow --resolution Modelsresolution Models

ESRESR FRETFRET

Distance determination at 5÷÷÷÷20 Å
Dynamical information (ns)

Distance determination at 10÷÷÷÷100 Å
Dynamical information (ns)

Protein structure Protein structure 

Protein aggregationProtein aggregation

MobilityMobility

Protein structure Protein structure 

Protein embedmentProtein embedment

Protein aggregationProtein aggregation

+ site+ site --specific labelling +specific labelling +



EXPERIMENTAL APPROACH: FRETEXPERIMENTAL APPROACH: FRET
FFöörsterrster RResonance esonance EEnergy nergy TTransfer Spectroscopyransfer Spectroscopy

kD

AA
RR00 -- FFöörster distancerster distance, a , a 

constant characterising constant characterising 
donordonor--acceptoracceptor pairpair

D

rr11
rr22

Efficiency (probability) of 
energy transfer for donor-

acceptor pair:

66
0

6
0

rR

R
E

+
=

Efficiency of energy transfer is related to 
donor-acceptor distances in the system

=> can be related to STRUCTURE

Efficiency of energy transferEfficiency of energy transfer is related to is related to 
donordonor--acceptor distances in the systemacceptor distances in the system

=> can be related to => can be related to STRUCTURESTRUCTURE

k A
k A

Excitation 



SITE-DIRECTED LABELLINGSITE-DIRECTED LABELLING
Bacteriophage M13 Coat ProteinBacteriophage M13 Coat Protein

D

A

A

A

A

A

A

D Trp Trp –– donordonor

A AEDANS AEDANS –– acceptoracceptor

FRET FeaturesFRET Features

Natural Natural Trp(26)Trp(26) is used as donor is used as donor 

Several Cys mutants are availableSeveral Cys mutants are available

Acceptor (Acceptor (AEDANSAEDANS) covalently) covalently
linked to Cyslinked to Cys



EXPERIMENTSEXPERIMENTS
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EXPERIMENTAL DATAEXPERIMENTAL DATA
Experimental Energy Transfer EfficienciesExperimental Energy Transfer Efficiencies
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HOW TO 
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THESE DATA ?

HOW TO HOW TO 
ANALYSE ANALYSE 

THESE DATA ?THESE DATA ?



DATA ANALYSISDATA ANALYSIS
SimulationSimulation --based Fitting Approach based Fitting Approach (Inverse Task)(Inverse Task)

PhysicalPhysical parameters are directly fitted and estimatedparameters are directly fitted and estimated

Complex systemComplex system is analyzed is analyzed 

Global analysisGlobal analysis of experimental data is appliedof experimental data is applied

1. Experimental 
system

with unkown
parameters PX

1. Experimental 
system

with unkown
parameters PX

2. Computer model
of experimental 

system and processes

2. Computer model
of experimental 

system and processes

6. Simulated Data
(FRET efficiencies)

6. Simulated Data
(FRET efficiencies)

3. Known 
experimental 
parameters PE

3. Known 
experimental 
parameters PE

4. Experimental Data
(FRET efficiencies)

4. Experimental Data
(FRET efficiencies)

8. Intermediate 
estimation of PX

8. Intermediate 
estimation of PX

7. FITTING

minimize deviations 
between experimental 

and simulated data

7. FITTING

minimize deviations 
between experimental 

and simulated data

9. Result:
Final estimation of PX

9. Result:
Final estimation of PX

Nazarov et al., Biophys. J. 91 (2006) 
454-466
Nazarov et al., J. Chem. Inf. 
Comp. Science 44 (2004) 568-574

5. Initial estimation
of PX

5. Initial estimation
of PX



MODELMODEL

Protein ModelProtein Model Bilayer Embedment Model Bilayer Embedment Model 

z
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SIMULATIONSIMULATION
BasicsBasics

X

Y

Z

X

Z

Donor

Acceptor
SimulationSimulation

Select a donor Select a donor 

Calculate distances to all acceptors  Calculate distances to all acceptors  

Calculate probability of energy transfer  Calculate probability of energy transfer  

Calculate efficiency from an average Calculate efficiency from an average 
of probabilitiesof probabilities

E is a function of donor-
acceptor distances !

EE is a function of is a function of donordonor--
acceptoracceptor distances !distances !

( )
( )

ji
ji

i
ji

rR

rR
E

∑

∑

+
= 6

0

6
0

1



ANALYSISANALYSIS
SummarySummary
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SimulationSimulation --based Fittingbased Fitting

1. Experimental 
system

with unkown
parameters PX

1. Experimental 
system

with unkown
parameters PX

2. Computer model
of experimental 

system and processes

2. Computer model
of experimental 

system and processes

6. Simulated Data
(FRET effic ienc ies)

6. Simulated Data
(FRET effic iencies)

6. Simulated Data
(FRET effic ienc ies)

6. Simulated Data
(FRET effic iencies)

5. Initial estimation
of PX

5. Initial estimation
of PX

5. Initial estimation
of PX

5. Initial estimation
of PX

5. Initial estimation
of PX

5. Initial estimation
of PX3. Known 

experimental 
parameters PE

3. Known 
experimental 

parameters PE

3. Known 
experimental 

parameters PE

3. Known 
experimental 

parameters PE

4. Experimental Data
(FRET effic ienc ies)

4. Experimental Data
(FRET effic ienc ies)
4. Experimental Data
(FRET effic ienc ies)

4. Experimental Data
(FRET effic ienc ies)

8. Intermediate 
estimation of PX

8. Intermediate 
estimation of PX

8. Intermediate 
estimation of PX

8. Intermediate 
estimation of PX

7. FITTING
minimize deviations 

between experimental 
and simulated data

7. FITTING
minimize deviations 

between experimental 
and simulated data

7. FITTING
minimize deviations 

between experimental 
and simulated data

7. FITTING
minimize deviations 

between experimental 
and simulated data

9. Result:
Final estimation of PX

9. Result:
Final estimation of PX

9. Result:
Final estimation of PX

9. Result:
Final estimation of PX

GlobalGlobal (simultaneous)(simultaneous) analysisanalysis



RESULTS: GLOBAL FIITINGRESULTS: GLOBAL FIITING

experimental data
Model A: 2 α-helixes
Model B: 2 α-helixes + unstructured region at 1-9
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RESULTSRESULTS

Final Structure and Membrane EmbedmentFinal Structure and Membrane Embedment

Nazarov et al. (2007)
Biophys. J., 92, 
p.1296-1305

26 (Trp)

Lipid head 
groups

Lipid head 
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APPLICATIONS TO OTHER SYSTEMSAPPLICATIONS TO OTHER SYSTEMS

Peptide of subunit Peptide of subunit aa of of 
HH++ vacuolar ATPasevacuolar ATPase

WALPWALP
(collaboration with group of(collaboration with group of

Prof. A. Killian)Prof. A. Killian)

Hesselink R.W., et al.,  
Biophys. Biochem. Acta 1716 (2005) 137-145

Sparr E., et al.,  
J. Biol. Chem. 280 (2005) 39324-39331

D
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D
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D D

D
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D D

(responsible for osteoporosis)(responsible for osteoporosis)

peptidepeptide Ind3 inhibitorinhibitor



SimulationSimulation--based fitting based fitting plusplus global analysis global analysis 
ofof FRET FRET datadata allows allows simultaneous determination simultaneous determination 
of protein structure, membrane embedment and of protein structure, membrane embedment and 
aggregationaggregation

CONCLUSIONSCONCLUSIONS

N-terminus

C-terminus         .

Trp

Combination of Combination of fluorescencefluorescence technique and technique and advanced advanced 
data analysis data analysis methods allows to obtain novel structural methods allows to obtain novel structural 
information about membrane proteinsinformation about membrane proteins

The resulting structure of membraneThe resulting structure of membrane--
embedded M13 coat protein is  embedded M13 coat protein is  →→→→→→→→

The same approach can be used to study The same approach can be used to study 
other membrane proteinsother membrane proteins



PART  IIIPART  III

ACTIN POLYMERIZATIONACTIN POLYMERIZATION

Simulation-based Study of 
Actin Polymerization 

CRPCRP--SantSant éé andand
University of Luxembourg, LUUniversity of Luxembourg, LU
Prof. Prof. EvelyneEvelyne FriederichFriederich
Dr. Dr. MikalaiMikalai YatskouYatskou



IMPORTANCE IMPORTANCE 

Cytoskeleton formationCytoskeleton formation

Active transport of moleculesActive transport of molecules

Cell movement Cell movement (filopodia and (filopodia and lamellipodialamellipodia))

Wounds healingWounds healing, , etc.etc.

Metastasis propulsionsMetastasis propulsions

Bacteria propulsion (Bacteria propulsion (Listeria monocytogenesListeria monocytogenes))

Cell Processes Involving Actin PolymerizationCell Processes Involving Actin Polymerization



GENERAL OVERVIEWGENERAL OVERVIEW
Biochemical ReactionsBiochemical Reactions



BRIEF OVERVIEW OF EXPERIMENTSBRIEF OVERVIEW OF EXPERIMENTS
Fluorescence TechniquesFluorescence Techniques

Actin labelling with GFP + FCM Actin labelling with GFP + FCM (fluorescence (fluorescence confocalconfocal microscopy)microscopy)

Actin labelling by Actin labelling by pyrenepyrene and detecting the fluorescence onlyand detecting the fluorescence only
from filaments (from filaments (pyrenepyrene--actinactin experiments)experiments)

FRAPFRAP (fluorescence recovery after photobleaching)(fluorescence recovery after photobleaching)

Low concentration labelling with Low concentration labelling with 
fluorescence speckle microscopyfluorescence speckle microscopy

Analytical models give rough approximation, when Analytical models give rough approximation, when 
are applied for the data analysis in biological are applied for the data analysis in biological 

systemssystems



INTRODUCTIONINTRODUCTION
Goal and Tasks for the ProjectGoal and Tasks for the Project

Developing an advanced computerDeveloping an advanced computer--simulation approach, simulation approach, 
based on based on stochasticstochastic and analytical modellingand analytical modelling algorithms, algorithms, 
for the simulation and analysis of the actin filament for the simulation and analysis of the actin filament 
formation and its effect on small bodies motility.formation and its effect on small bodies motility.

Build and test models for Build and test models for molecular reactionsmolecular reactions

Adapt the models to analysis of experimental data Adapt the models to analysis of experimental data 
(e.g. (e.g. actinactin--pyrenepyrene, FRAP data, biophysical experiments, FRAP data, biophysical experiments
with bead motility, etc.)with bead motility, etc.)

Try to build the Monte Carlo model for actinTry to build the Monte Carlo model for actin--based motilitybased motility
of small bodies (beads, bacteria)of small bodies (beads, bacteria)



MODELSMODELS
Levels of ModellingLevels of Modelling

Molecular scale model
simulation of kinetics of

molecular reactions

Forces
mechanical 
interactions

Mesoscale model
simulation of filament-filament and filament-object interaction 

Figure. Hierarchical organization of the model being developed

Forces
mechanical 
interactions

Mesoscale model
simulation of filament-filament and filament-object interaction 



BIOCHEMICAL REACTIONSBIOCHEMICAL REACTIONS
FormalizationFormalization

The model for the reactions includes 21 reaction and 14 reagentThe model for the reactions includes 21 reaction and 14 reagents s 

Reagents (14)Reagents (14)
Actin is GActin is G-- an Fan F--form (form (ATM, ADMATM, ADM and and ATF, ADFATF, ADF))

Free filament barbed and pointed ends (Free filament barbed and pointed ends (FTBFTB, , FTP, FDBFTP, FDB, , FDPFDP))

Capping proteins in free and bound forms (Capping proteins in free and bound forms (CBMCBM, , CBF, CPM, CPFCBF, CPM, CPF))

Formin in free and bound forms (Formin in free and bound forms (FOMFOM, , FOFFOF))

Reactions (21)Reactions (21)
NucleationsNucleations ((spontaneous, inducesspontaneous, induces))

Barbed Barbed and pointer and pointer end association for ATPend association for ATP-- and ATDand ATD--containing actinscontaining actins

Barbed and pointed end dissociation for ATPBarbed and pointed end dissociation for ATP-- and ATDand ATD--containing actinscontaining actins

Capping and uncapping of barbed and pointed endsCapping and uncapping of barbed and pointed ends

ForminFormin--related reaction (related reaction (binding, unbinding, forminbinding, unbinding, formin--initiated initiated association)association)

Actin aging and ATPActin aging and ATP--rechargerecharge



BIOCHEMICAL REACTIONSBIOCHEMICAL REACTIONS
Formalization: ReactionsFormalization: Reactions

Figure. Diagrams of the simulated reactions
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BIOCHEMICAL REACTIONSBIOCHEMICAL REACTIONS
Actin System RepresentationsActin System Representations

list of actins (ATF/ADF)

barbed end
pointed end

number of actins

barbed end

pointed end

ATF ADF

StructurallyStructurally--resolved filament modelresolved filament model Simplified filament modelSimplified filament model

considered volume v

ATM

ADM

CBM

CPM

FOM

Filament 1
• number of ATF
• number of ADF
• type of the barbed end
• type of the pointed end
• bidirectional list of actins (ATF or 
ADF), representing filament structure
• pointer to the barbed end of the list
• pointer to the pointed end of the list
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CBF

CPF

FOF

number of molecules

…

Filament n
• number of ATF
• number of ADF
• type of the barbed end
• type of the pointed end
• bidirectional list of actins (ATF or 
ADF), representing filament structure
• pointer to the barbed end of the list
• pointer to the pointed end of the list
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BIOCHEMICAL REACTIONSBIOCHEMICAL REACTIONS
Simulation of Reaction: Monte Carlo ApproachSimulation of Reaction: Monte Carlo Approach

Gillespie algorithmGillespie algorithm ((stochasticstochastic
discretediscrete--event simulationevent simulation))

separate complex interaction separate complex interaction 
into unidirectional simplest ones;into unidirectional simplest ones;

introduce concentration and introduce concentration and 
experimental rate constants, experimental rate constants, kkii
not dependent on concentration;not dependent on concentration;

calculate occurrence times of calculate occurrence times of 
events (reactions), based on events (reactions), based on kkii
and number of moleculesand number of molecules

take the case with minimal take the case with minimal ttii

A + B ↔ ABA + B A + B ↔↔ ABAB

AB → A + BAB AB →→ A + BA + BA + B → ABA + B A + B →→ ABAB

k2, NABk1, NA, NB

( ) ( )1
1

11 ln ξ⋅−= − vNNkt BA

( ) ( )2
1

22 ln ξ−−= ABNkt

ξ1,2 – uniform random [0..1]

v – considered volume



IMPLEMENTATIONIMPLEMENTATION
Simulation & Analysis Software ToolsSimulation & Analysis Software Tools

Figure. ActinSimChemActinSimChem screenshot with G- and F-actin concentration dynamics

ActinSimChemActinSimChem, , ActinPyreneFitActinPyreneFit –– developed in Borland C++ Builder 6.0developed in Borland C++ Builder 6.0

Features: fast simulation of actin polymerization without structFeatures: fast simulation of actin polymerization without structuralural
representation of filamentsrepresentation of filaments

Analysis of Analysis of actinactin--pyrenepyrene experimentsexperiments



TESTSTESTS

SimulationSimulation vs.vs. ExperimentExperiment

0

0.5

1

1.5

2

2.5

3

0 200 400 600 800 1000

Time, s

[A
C

F
]

Simulation
Experiment

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0 200 400 600 800 1000

Time, s

E
rr

or

Analytical Analytical vs.vs. SimulationSimulation

Analytical
Simulation



TESTSTESTS

StructureStructure --resolved Filament Model resolved Filament Model vsvs
NonNon --structurestructure --resolved  Filament Modelresolved  Filament Model
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Results are the Results are the samesame in most of the experimental conditions. in most of the experimental conditions. DifferenceDifference
can be observed only at long time, with the absence of actin ATPcan be observed only at long time, with the absence of actin ATP rechargerecharge



PRELIMINARY RESULTSPRELIMINARY RESULTS
Study of the Effects of Different ProteinsStudy of the Effects of Different Proteins

Figure. Figure. The determined The determined kkSNUCSNUC for different experimental systems. for different experimental systems. 
Pure actinPure actin the generalization of several experiments the generalization of several experiments wirhwirh pure actin, [A] = pure actin, [A] = 
1.5, 3, 6 1.5, 3, 6 µµM.M. ForminFormin −− known nucleator. known nucleator. TestinTestin--NtNt (6(6µµM of M of actinactin)), , testintestin--NtNt
(1.5(1.5µµM of M of actinactin), ), testintestin--NtNt + + CytoBCytoB, , forminformin + + CytoBCytoB −− studied systems.studied systems.
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MECHANICAL MODELMECHANICAL MODEL
Levels of ModellingLevels of Modelling

Molecular scale model
simulation of kinetics of

molecular reactions

Forces
mechanical 
interactions

Mesoscale model
simulation of filament-filament and filament-object interaction 

Features of the mesoscale modelFeatures of the mesoscale model

filamentsfilaments and and beadsbeads are considered as are considered as physical objectsphysical objects with mass, with mass, 
coordinates, sizes, velocities, moments, etc.coordinates, sizes, velocities, moments, etc.

moleculesmolecules considered in terms of considered in terms of concentrationsconcentrations..

possibility to apply the model directly for the FRA P data possibility to apply the model directly for the FRA P data 
analysisanalysis ..

Figure. Hierarchical organization of the model being developed



MECHANICAL MODELMECHANICAL MODEL
Dynamics and KinematicsDynamics and Kinematics

Filaments and bead are considered to be Filaments and bead are considered to be 
solid bodies.solid bodies.

Simulation of mechanical interaction during Simulation of mechanical interaction during 
small time small time dtdt ((~10~10--4 4 ss) in accordance with the ) in accordance with the 
force model using Newton laws.force model using Newton laws.

Translational Translational 
motion:motion:

Rotational motion:Rotational motion:

C

F

V
K

Ω

x
y

z

m, Cm, C –– mass and mass center; mass and mass center; 
FF –– net force;net force;
aa –– acceleration;acceleration;
VV –– linear velocity;linear velocity;
RRcc –– translation of mass translation of mass centercenter;;
MM –– moment of force;moment of force;
KK –– moment of impulse;moment of impulse;
II –– inertia tensor;inertia tensor;
ΩΩ –– angular velocity;angular velocity;
ϕϕ –– angle of rotation.angle of rotation.

Figure. Filament and its 
dynamical parameters
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MECHANICAL MODELMECHANICAL MODEL
Mechanical InteractionsMechanical Interactions

Types of interactions:Types of interactions:

Viscous frictionViscous friction

Brownian effect (for filaments and bead);Brownian effect (for filaments and bead);

Repulsion due to filament crossingRepulsion due to filament crossing

FilamentFilament--filament crossing;filament crossing;

FilamentFilament--bead crossingbead crossing

Attraction due to Attraction due to ActAActA--filament filament 
linkage.linkage.

Figure. Interacting filaments (A) 
and forces affecting the bead  (B)

A

B



MECHANICAL MODELMECHANICAL MODEL
Simulation Software Tool ActinSim3DSimulation Software Tool ActinSim3D

Figure. ActinSim3DActinSim3D screenshot with branched 3D screenshot with branched 3D 
filament structurefilament structure

Developed in Borland C++ Developed in Borland C++ 
Builder 6.0 environmentBuilder 6.0 environment

Visualization Visualization –– OpenGLOpenGL

Features:Features:

simulation of actin simulation of actin 
polymerization (simplified polymerization (simplified 
reactions)reactions)

spatial structure of  spatial structure of  
actin networkactin network

mechanical interactionmechanical interaction



MECHANICAL MODELMECHANICAL MODEL
Demonstration of ActinSim3D SimulationDemonstration of ActinSim3D Simulation

Parameters of simulationParameters of simulation

ACMACM = 4 = 4 µµMM

ARPARP = 0 = 0 µµMM

CBM CBM = 0.5 = 0.5 µµMM

Bead size = 0.4 Bead size = 0.4 µµmm

Considered volume 64 Considered volume 64 µµmm33

FilamentFilament--bead interactionsbead interactions

Simulation time Simulation time 20 s20 s

Calculation took ~ Calculation took ~ 30 minutes30 minutes

Figure. Animated bead propulsion for the Animated bead propulsion for the 
simplified model of reactionssimplified model of reactions



FRAPFRAP
Application of Developed Models for FRAP AnalysisApplication of Developed Models for FRAP Analysis

1. Events on the ends

2. Bleach state virtual migration

Polymerization model – ways of formalization

+-

+-+-

+-+-

kon
p

kon
b

koff
b

koff
p

Considering all reactions 
as they do

A quantity of system states 
is averaged to obtain an 
estimation of experimental 
characteristics

Used in simulation method

Filament

Barbed endPointed end

kon
p

kon
b

koff
b

koff
p

krtklf

Looking on actin reactions as 
virtual migration of bleached 
actin in average length 
filament

Used in analytical model

The shape of FRAP The shape of FRAP 
recovery  for bleached recovery  for bleached 
actin filaments depends actin filaments depends 
on filament length, rate on filament length, rate 
constants for barbed and constants for barbed and 
pointed ends, filament pointed ends, filament 
concentrationconcentration

Size of the bleach spot Size of the bleach spot 
can influence in the case can influence in the case 
of specific ordering of of specific ordering of 
filamentsfilaments

In some cases In some cases 
polymerization processes polymerization processes 
can be approximated by can be approximated by 
binding and diffusion binding and diffusion 
modelsmodels

Performed by Performed by Alexander Alexander HalavatyiHalavatyi under the supervision of  under the supervision of  
dr. M. dr. M. YatskouYatskou and and profprof. E. . E. FriederichFriederich



SUMMARYSUMMARY

The simplified actin filament representation is valid and The simplified actin filament representation is valid and 
can be used for analysis of can be used for analysis of actinactin--pyrenepyrene experiments via experiments via 
simulationsimulation--based fittingbased fitting approachapproach

Being properly analyzed, Being properly analyzed, actinactin--pyrenepyrene experiments can experiments can 
provide important information about actin systems provide important information about actin systems 
((knucknuc, , konkon, , koffkoff))

Monte Carlo modelingMonte Carlo modeling of actin polymerization and actinof actin polymerization and actin--
based motility are challenging, but realizable tasksbased motility are challenging, but realizable tasks

Current state:Current state: application of the developed structureapplication of the developed structure--
resolved model for the analysis of resolved model for the analysis of FRAPFRAP data (A. data (A. HalavatyiHalavatyi, , 
M.YatskouM.Yatskou))



SimulationSimulation--based fitting based fitting plusplus global analysis global analysis 
is a powerful tool to study complex is a powerful tool to study complex biomolecularbiomolecular systems systems 
and processesand processes

CONCLUDING REMARKSCONCLUDING REMARKS

Combination of Combination of fluorescencefluorescence techniques (FRET, FRAP, techniques (FRET, FRAP, 
FLIM, etc) and FLIM, etc) and advanced data analysisadvanced data analysis methods allows to methods allows to 
obtain novel information about proteins and cellular obtain novel information about proteins and cellular 
processesprocesses

The integration of Biology and Informatics is The integration of Biology and Informatics is 
mutually beneficialmutually beneficial .. Examples are Examples are −− systems biologysystems biology, , 
bioinformatics bioinformatics andand biostatisticsbiostatistics from one side, and from one side, and 
neural networksneural networks and and genetic algorithmsgenetic algorithms from another from another ☺☺..
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