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Diffusion: Fick’s Second Law

Applies when concentration in volume is changing 
in time (i.e. Jin ≠ Jout)



Free Diffusion: Concentration in Space and Time



Bimolecular Reactions:  
Rate of Encounter of Particles with Collision Cross-section



Bimolecular Reactions:
Derivation of probability of reaction per collision

Probability of reaction between diffusing 
volume molecule and a surface molecule: 

From rate of encounter: From Mass Action:



Bimolecular Reactions: Collision Detection



Fractal Filigree Spatial Structure Emerges 
From Unordered Diffusion-Limited Aggregation

3D 2D

A + B  -> B + B



Large-Scale Ordered Spatial Structure Emerges 
From Simple Local Assembly Rules

Assembly by aligning and docking binding site coordinates



Directed Transport Along Assembled Structures 

Simple example of transport on filament with MCell3-macromol



D.2.2. Strategy for model, method, algorithm and/or software development
Subaim 1.1  Spatially structured, multi-state multi-component molecules
Building on our progress to date on non-diffusible but spatially structured, and diffusible but non-spatially 
structured complexes, detailed above, we will develop algorithms for diffusible spatially structured, multi-
state multi-component molecules, in close coordination with the TR&D3 team.  Accomplishing this Subaim will 
be challenging on two main fronts: 1) how  will the user specify the spatial structure?  2) how  will the user 
specify space-dependent reactions? 3) how  will collisions be detected and reactions occur between diffusible 
spatially structured complexes?
1) How will the user specify the spatial structure?  To solve this problem we will define the spatial arrangement 
of components within a complex as the 3D coordinates of ligand binding sites within the complex, in the 
coordinate system of the complex.  The binding site coordinates can be thought of as a coarse-graining of the 
molecular structure of the complex, but obviously not as coarse as treating the whole complex as a single 
point!.  We propose that these coordinates can be obtained by several different methods, for example 
structures from the Protein Data Bank, from ProDy or ENM models (TR&D1), or from a user-defined model.  
The 3D CAD features of Blender are ideal for manipulating these models so we will expand the capabilities of 
CellBlender to create/import/modify these structures for cell modeling.
2) How will the user specify space-dependent reactions? Having obtained the coarse-grained structures we 
now  must link them to reaction rules.  To solve this problem we will expand the of scope of  BNGL to specify 
the initial spatial arrangement of components within seed species (as obtained in step 1 above).  The syntax of 
reaction rules in BNGL will also be expanded to allow  specification of any spatial rearrangement resulting from 
a given reaction.  Though preliminary, Fig IV.5 gives one possibility for this syntax for a spatial model of water, 
in a spherical coordinate system, (r, Φ, θ).  A 3D Cartesian coordinate system, (X, Y, Z), for the components 
could be used when convenient.  CellBlender and BioNetGen’s RuleBender (TR&D3) will be expanded to 
accommodate the new  spatial BNGL syntax, coordinating their file organization, file formats, data exchange 
and on-demand tool invocation.
3) How will  collisions be detected and reactions occur between diffusible spatially structured complexes?  To 
solve this problem we will draw  upon our implemenation of non-diffusible but spatially structured 
complexes.  Under this earlier scheme, using MCell’s ray-tracing collision detection algorithms5, diffusible 
particles move and collide with the spatially distinct individual components of the non-diffusible complexes.  In 
the frame of reference of the diffusing particle this looks like single ray intersecting with multiple stationary 
targets.  But if one changes to the frame of  reference of  the complex this looks like multiple rays moving in 
parallel and intersecting with a single stationary target.  Thus collision detection between diffusible spatially 
structured complexes and any other type of molecule is just a simple matter of reference frame. The Brownian 
random walk of the complex itself and collisions with membrane boundaries will be handled by MCell’s ray-
tracing algorithms.  In the case of 3D diffusion of  complexes in the volume, the center of mass of  the complex 
will be moved and reflect off of surfaces in such a way that all of  the volumetric components of  the complex 
must remain within their current cellular compartment. But note that if one or more component of a complex is 
embedded in a membrane then only 2D surface diffusion is allowed 
-- the surface component(s) will diffuse along the surface and the 
center of  mass and any volumetric components of the complex will 
be moved relative to this 2D coordinate system. In this case some of 
the other volumetric components of the complex might be located 
above the membrane and others below  the membrane. Thus the 
complex itself, in this case, is a transmembranous complex with 
components located on opposite sides of the membrane.  We 
propose that this representation of  transmembranous complexes will 
allow  us to simulate the dynamics and reorganization of trans-
domain and trans-cellular complexes in the PSD and AZ needed for 
DBPs 2 & 7.
Subaim 1.2  State-dependent Dynamic Geometries.
Many key processes in biology from cell division to endocytosis (e.g. 
release synaptic vesicles studied by C&SP17) to cell motility and 
plasticity of  cell protrusions (e.g. dendritic spines studied by DBPs 2 
& 7 and C&SP19) involve cellular or subcellular geometries that 
vary with time. The ability to simulate these dynamic processes will 
provide the cell modeling community with an important new 
capability that would enable the simulation of a whole new  class of 
important biological phenomena. MCell currently allows dynamic 

Fig IV.5. Proposed syntax for spatially 
structured complexes in BNGL.

Subaim 1.1 Spatially structured, multi-state multi-component molecules 



Issues for Discussion

1) How to get coordinates of components (i.e. binding sites)? 
a) from PDB? 

2) How to do diffusion of small complexes? 
a) aggregation of macromolecule members/components? 

3) How to do diffusion of large complexes? 
a) tumbling? 

4) How to do collision detection? 
a) non-space-filling/non-crowding? 
b)  space-filling/crowding? 

5)  Other issues?


