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in difficult conditions 
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Harvard BioVisions 
The inner life of the cell 



Hoogenraad lab 
A day in the life of a motor 
protein 
 
www.youtube.com/watch?
v=tMKlPDBRJ1E 

•  stochasticity 
•  opposing force 

•  other motors 
•  external forces 

•  crowded conditions on filament/ in cytoplasm 
•  dynamic tracks 



tug of war between teams of 
cytoskeletal motors 
 
 
 
 
 
 
magnetosome filament in magnetotactic 
bacteria 



David 
Gomez 
 

of moves, local diffusive movement and long-range jumps mimicking an unbinding–
rebinding process.

After introducing our model and the simulation specifications in section 2, we consider
the two types of roadblock moves separately. Starting with a non-diffusive roadblock in
section 3, we develop a framework for understanding the on–off kinetics of the roadblock.
We then turn to a diffusive roadblock in section 4 and combine the two dynamic rules in
section 5. We employ a combination of Monte Carlo simulations and simple analytical
arguments to the above scenarios. In section 6, we provide a summary as well as an outline of
further avenues of exploration.

2. Description of the model

We consider an ASEP with a single ‘roadblock’ particle that obeys different dynamic rules
than the other particles. Our model is depicted in the schematic shown in figure 1. We
consider a one-dimensional lattice consisting of L sites with periodic boundary conditions.
The site is labeled by an index i ( = …i L1, 2, . ). The lattice is occupied by +N 1 particles: N
particles (circles in figure 1) perform directed movements according to the usual TASEP
rules, and one particle, which we denote as the roadblock shown as the blue square in figure 1,
may either diffuse or make long-range jumps that mimic a process of unbinding and rebinding
at a different position. A normal particle at site i makes a forward step to site +i 1 with rate ϵ,
provided the site +i 1 is neither occupied by any other particle nor by the roadblock. The
roadblock makes diffusive forward or backward steps with the same rate D, provided the
target site is not occupied by any other particle. Alternatively, it can unbind from the site i
with a rate koff and immediately rebind at any free lattice site (including the same site). We
note that this description of unbinding/rebinding is strongly simplified. However, for some
widely studied roadblock systems, in particular the lac repressor, binding is very strong, so
that they are indeed bound almost all the time [36]. For example, the lac repressor is bound to
DNA ≳ 90% of the time.

We simulate this dynamics with a Monte Carlo method: at each Monte Carlo step
corresponding to a time interval δt , we perform L moves, in each of which a site is chosen
randomly and updated according to the stochastic rates discussed above. Thus, a particle on a
site i at time t can make a forward step in the time interval between t and δ+t t and move to
the neighboring site +i 1, with probability ϵδt , if site +i 1 is vacant. Similarly a roadblock
on a site i within time interval δt , make a jump to the either neighboring site, +i 1 or −i 1,
with probability δD t provided the site +i 1 or −i 1 is free. In addition, it can vacate the site i
with probability δk toff and jump to an empty site chosen at random. The rates of the

Figure 1. Model schematic: a one-dimensional lattice is occupied by two types of
particles, N active particles and one roadblock particle. The active particles (circles)
attempt to move to the forward neighboring site only (with rate ϵ). These attempts are
successful if the site is not occupied by another particle (active or roadblock). The
roadblock (square) can move diffusively to the forward and backward neighbor site
(with rate D) or unbind and rebind again at any site with rate koff .

J. Phys. A: Math. Theor. 48 (2015) 015007 M Sahoo et al
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Roadblocks in exclusion processes  
(static or dynamic) 
 
 
 
 
 
 
 
 
DNA binding in crowded conditions 
(obstacles on DNA, in cytoplasm) 
 
 



TUG OF WAR AND ALL THAT 
Traffic on the cytoskeleton 

Omar Munoz 



Bidirectional transport: Tug of war and all that... 

[Hendricks et al. Curr. Biol. (2010)] 

[Gross et al. J. Cell Biol. (2000)] 



Bidirectional transport: Tug of war and all that... 

Tug-of-war model: 
mechanical forces coordinate 
opposite-direction motors 
 
instability due to force-induced 
unbinding 

Müller, Klumpp, Lipowsky, PNAS 105, 4609 (2008) 



Experimental evidence for a tug-of-war 

Soppina et al., PNAS (2009) 

endosomes in Dictyostelium cells: 
endosome elongates during slow phase 

neuronal vesicles: 
observed motion quantitatively 
in agreement with tug-of-war model 
 
 

Hendricks et al., Curr Biol (2010) 

[Derr et al. Science (2012)] 

but also: some observations point to additional biochem. regulation 
•  lipid droplets: long pauses Kunwar et al. PNAS 2012 
•  lipid droplets: same direction after unbinding Leidel et al. Biophys J 2012 
•  known regulator JIP1 Fu & Holzbaur 2013 

→ control by generic mechanics + specific biochemistry 
 



Toy model: bidirectional transport with regulation 

bidirectional transport  
+ „locked-in“ states due to regulation 
 

Omar Munoz 

+ - + - 

+ - unbound 

bound 

run time [s] 

rare very long runs Memory upon unbinding 



Tug-of-war with activation/inactivation 

tug-of-war model 
 

Omar Munoz 

with motor activation 
 

activation provides a mechanism for lock-in of direction 
abolishes parameter dependence 



FILAMENTS	IN	MAGNETOTACTIC	
BACTERIA	

Traffic	on	a	bacterial	cytoskeleton	



S                N 







Magnetotactic bacteria 
•  form a chain of magnetic organelles 
(magnetosomes) 
→ compass needle 
 
•  orient and navigate in magn. field of 
the earth 

•  ∼40nm Fe3O4 crystals in vesicles, 
aligned on filament (MamK) 

•  permanent magnets, single-domain 
particles 

•  magnetic interactions: ..... (forces) 

•  magn. .... 

Magnetospirillum gryphiswaldense 
MSR-1 

Scheffel et al. 2006 



B 

Passive alignment + active propulsion  

„Self-propelled compass needle“  
 
Homogeneous field: alignment but no attraction 
 



B 

Passive alignment + active propulsion  

Sarah Mohammadinejad 



Compass needle: structural requirement 

Straight chain for high magnetic moment 
 
Bending rigidity 
 
 
 
 
 
 
 
 
 
 
persistence length:         
 

          ~ 3-4 µm ~ cell length 
 
 
 

Kiani, Faivre, Klumpp, New J Phys 2015 

 = fil + magn
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Compass needle: structural requirement 
 
persistence length:        
 

    ~ 3-4 µm  ~ cell length 
 
 
 

Kiani, Faivre, Klumpp, New J Phys 2015 

Likewise the persistence length of themagnetosome chain is also obtained by summing the two contributions,
ℓ ℓ ℓ= +p p, magn p,fil, and is thus essentially determined by the larger contribution. Above, we have estimated the
magnetic persistence length for a typicalmagnetosome chain to be in the range of a fewmicrons, with a strong
dependence on particle sizes. The persistence length of aMamKfilament is not known, but sinceMamK is a
homolog of actin, we can compare this valuewith the persistence length of actin filaments, which has been
measured to be 15–17 μm[47–49]. If we take this value as an estimate for the persistence lengths of theMamK
filament, we can conclude that both contributions to the bending rigidity are of the same order ofmagnitude,
but the filament contribution is the dominant onewith κ κ ≃fil magn 3–5.However, this estimate is subject to
some uncertainty, as themagnetosome filamentmay be a bundle ofMamK filaments rather than a single
filament and the details of its structure are unknown. Filament bundles can have even higher bending rigidities
and persistence lengths; for example up to 100-fold larger bending rigidities have been reported for actin
bundles, depending on the number offilaments in a bundle and the type of crosslinker [50]. Likewise, due to the
strong dependence of themagnetic contribution part on size, themagnetic bending rigidity could be dominant
in species with large particles.

Asmentioned before, for chains withmore than fourmagnetic particles the closed-ring configuration is
more stable than a straight chain. Ring closure, however, does not confer any energetic advantage to the filament,
only the cost due to bending, so the presence of the filament can be expected to stabilize the linear chain against
ring closure.We thus askwhether the bending rigidity of an actin-likefilament is sufficient to stabilize a linear
magnetosome chain either thermodynamically, bymaking the linear configuration the global energyminimum,
or kinetically, by increasing the energy barrier between the linear and the ring configuration. Figure 6(a) shows
the total energy of themagnetosome chain as a function of curvature for different values of κfil. One can see that
both the energy of the closed ring and the height increase as the bending rigidity of the filament is increased. The
dashed green line shows the case, where κfil is chosen such that the energy of the straight chain and of the closed
ring are the same. This critical value κfil

* is given by

Figure 6.Bending of amagnetosome chain: (a)magnetic and elastic bending energy as a function of the curvature ℓ R for different
values of the filament bending stiffness κfil. The uppermost curve is for the critical value of κfil, for which the linear and the closed-ring
configuration have the same energy. (b) State diagram indicating the lowest-energy configuration as a funciton of the ratio of the
elastic andmagnetic bending rigidities, κ κfil magn, and the number ofmagnetic particles. (c)Height of the energy barrier separating
the linear-chain and closed-ring configuration as a function of the ratio of the bending rigidities. The vertical purple line indicates the
critical bending rigidity, κfil

* , abovewhich the linear chain is themost stable configuration.
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New J. Phys. 17 (2015) 043007 BKiani et al

straight magnetic chain is  
metastable 
 
è stabilized by filament 
 

Lp,magn =
magn

kBT



Compass needle: structural requirement 

 
filament stabilizes chain:  
MC simulations        
 

   
 
 

Bahareh Kiani 

without 
binding to 
filament 
 
 
 
 
 
 
 
 
with binding 
to filament 
 
 



Probing mechanical stability 

 
rotating a magnetic field 
 
chain ruptures in 2 steps 
•  end unbinding 
•  split into short chains 

       
 

   
 
 

A. Körning et al.  
Nano Lett. 2014 



AN	ACTIVE	FILAMENT	
Posi2oning	of	magnetosomes,	chain	forma2on,	cell	division	



Formation of magnetosome chains 
•  experiment: iron-starved cells shifted to medium with iron, but no 
nutrients 
•  form magnetosome chains over 5-10 hours 

110 min 

330 min 420 min 1320 min 

280 min 

[Faivre et al. Biophys. J. 2010] 

→  role of magnetic 
interactions?  
(interplay of physics and 
biology) 

→  diffusion + magn. 
interactions sufficient for 
chain formation? 
→  role of MamK,J 
proteins? 

→  idea: in-silico mutants 
defective in processes  



Model for chain formation 

•  hybrid Langevin dynamics–Monte Carlo simulation 

•  3 degrees of freedom:  
position (1d)         → Langevin eq.  
crystal volume      → stoch. nucleation, determinist. growth 
direction of magnetization (1d) → MC spin flip, hysteresis for 

     crystals > crit. size 

•  simulate ~10 hours of dynamics 

•  most parameters known, diffusion coeff. varied over wide range 

Klumpp & Faivre, PLoS One 7, e33562 (2012) 



Diffusion + magn. interactions 
diffusion + magn. interactions sufficient for chain formation? 
 
analyze simulated cells 10 hours  
after induction  

 
•  substantial fraction of cells form ≥2 chains 
•  chains not centered 
•  onset of magnetization later than in expt. 

 



Active transport to cell center 

active transport,  
driven by (de)polymerization 
of cytoskeletal filaments? 
(MamK, FtsZ-like, others?)  

Fact=1 pN 

Fact=0.01 pN 



Active transport to cell center 

active transport,  
driven by (de)polymerization 
of cytoskeletal filaments? 
(MamK, FtsZ-like, others?)  

Fact=1 pN 

Fact=0.01 pN 

→ robust chain formation above velocity threshold v=DFact/(kT) ≈ 15 nm/min 
→ competition with local chain formation 
→ forces/velocities in range for (de-)polymerization motors 
 



mamK deletion mutant 
 
•  MamK discovered as main protein of filaments 

•  mamK deletion in M. gryphiswaldense:  
shorter chains, cells with multiple chains 
[Katzmann et al. Mol. Micro 2010]  
 

→ role for mamK in active transport (motor?) 
 Klumpp & Faivre, PLoS One 7, e33562 (2012) 
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Cell division in magnetotactic bacteria 

•  magnetosome chain is divided  
    → magnetic polarity inherited  

Katzmann et al. 2011,  
Staniland et al. 2010 



Repositioning of the chain 

Mauricio Toro-Nahuelpan 

•  division of chain 
•  chain at septum 

chain posittioned in cell center before division 
chain repositioned to cell center after division 



Before division: positioning in the cell center 
quantitative analysis of chain 
partitioning:  
 
•  WT: precise partitioning                

(~6 % or   ~1 magnetosome) 
•  mamK D161A: approx. random 

→  active positioning due to active 
filament  

→  exp. fit: balance of active transport 
and diffusion 

Toro-Nahuelpan et al. BMC Biol. 2016 
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Active filament 

Mauricio Toro-Nahuelpan 

•  labeled MamK travels to center from 
both poles 

•  speed 0.3 µm/min 



Repositioning after cell division 

 
→  active movement to cell center 
→  labeled magnetosomes slower than 

filament 7 nm/min 
→  dependent on hydrolysis by filament  
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M. Toro-Nahuelpan  
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Figure 2. Magnetosome chain motion imaging throughout the cell cycle. A. In vivo time-lapse fluorescence 
microscopy of the magnetosome chain by means of the MamC-EGFP signal, a magnetosome membrane-specific protein 
used as a magnetosome marker. White bars: center of EGFP signal position. Distance between bars is indicated in µm. 
White arrowheads indicate the frame of cytokinesis completion for each cell. White dashed lines: MamC-EGFP signal 
progression. Scale bar (black): 1 µm. B. Composite image from DIC (red) and EGFP (green) channels indicating the cell 
selected for a kymograph. C. Kymograph displaying the MamC-EGFP signal in the y-axis over the time x-axis. Schemes 
above and below depict the septum site and magnetosome chain positioning at the start and end point of the time-lapse.  

WT 

t 0 

500 nm 
95 min 

t 0 

t 95 

Ti
m

e 
(m

in
) 

WT 

DIC 

3 µm 

1.1 µm 

50’ 

65’ 

90’ 

30’ 

0’ 

95’ 

60’ 

MamC-EGFP 

3 µm 

1.5 µm 

A 

B C 

Toro-Nahuelpan et al. BMC Biol. 2016 
 



Summary 

magnetotactic bacteria: model system to study 
role of physics in biology 
 
•  magnetism: new functions + constraints 

•  many interesting problems to be studied  

•  key role of active processes 

•  challenge: generic physical forces and 
specific signals (chemotactic signaling etc.) 
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