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ABSTRACT

Summary: MesoRD is a tool for stochastic simulation of chemical
reactions and diffusion. In particular, it is an implementation of the next
subvolume method, which is an exact method to simulate the Markov
process corresponding to the reaction-diffusion master equation.
Availability: MesoRD is free software, written in C++ and licensed
under the GNU general public license (GPL). MesoRD runs on Linux,
Mac OS X, NetBSD, Solaris and Windows XP. It can be downloaded
from http://mesord.sourceforge.net.

Contact: johan.elf@icm.uu.se; johan.hattne@embl-hamburg.de
Supplementary information: ‘MesoRD User’'s Guide’ and other
documents are available at http://mesord.sourceforge.net.

1 INTRODUCTION

Slow intracellular diffusion rates, in combination with reaction rates
that depend non-linearly on local molecule concentrations, make
stochastic reaction-diffusion descriptions necessary for quantitative
analysis of in vivo biochemistry (EIf and Ehrenberg, 2004; Lipkow
et al., 2005; Schnell and Turner, 2004). A starting point for such a
description isthe reaction-diffusion master equation (RDME) (Baras
and Mansour, 1997; Kuramoto, 1974). Inthe RDME thetotal system
volumeisdivided into anumber of virtual subvolumesthat are small
enough to be considered homogenized by diffusion onthetime-scale
of the chemical reaction. The state of the system is defined by the
copy number of each speciesin each subvolume. Thisstateischanged
by chemical reactions within the subvolumes or diffusion jumps of
single molecules between neighbouring subvolumes (Fig. 1). The
rates of the chemical reactions depend on thelocal concentrations of
the molecules within each subvolume. The rates of diffusion events
are modelled asfirst order reactions, defined in the subvolumewhere
the jump originates. Given the state description and the rates for the
different events, the RDM E describes the time evol ution of the prob-
ability of each possible state of the system. Due to the exceptionally
high dimension of the state space, neither analytical nor direct numer-
ical solutions of the RDME are possible for interesting biochemical
systems. The natural escape routeis Monte Carlo simulation of indi-
vidual realizations of the Markov processes described by the RDME.
Thiskind of simulation was pioneered in 1979 (Mal ek-Mansour and
Houard, 1979), when Gillespi€’sdirect method (Gillespie, 1976) was
used to simulate a system with 21 subvolumes in one dimension.
Now, however, we are interested in chemical reactions in struc-
tured geometries in three dimensions, which may require millions
of subvolumes to be correctly discretized. Specialized simulation
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Fig. 1. (A) A very small example of spatial discretization in 2 x 2 x 1
subvolumes. (B) Viewer screenshot. (C) Min system oscillations in E.coli
(Huang et al., 2003) simulated using MesoRD (manuscript in preparation).

methods must be used to obtain reasonabl e execution timesfor these
systems.

One such method, the next subvolume method (NSM) (EIf and
Ehrenberg, 2004), was recently developed. The algorithm behind
NSM takes advantage of the special structure of the RDME, and gen-
eratestrajectoriesthat areequival ent tothosefrom Gill espie’ smethod.
Efficient and flexibleimplementation of the NSM isfinicky, whichis
why we now present MesoRD (rel eased on September 3, 2004).

2 MesoRD
2.1 Running MesoRD

The kinetic model isread into the MesoRD program at runtime. The
model is defined in the systems biology markup language (SBML)
(Huckaet al ., 2003), with geometry and diffusion information added
in annotation fields. Parameters that do not describe the chemical
system but still are needed for its simulation, such as spatial discret-
ization, simulation duration and visualization options, arespecified at
runtime through the user interfaces. Currently, the Windows version
only hasagraphical user interface, while Unix versionsrely solely on
the command line for user interaction. Command line control allows
for scripted batch processing.

A simulation startsonce the SBML file has been parsed, the neigh-
bour relationships among the subvolumes have been defined and the
initial number of molecules have been distributed. While simulating,
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the program divides the workload into three threads: (i) The smula-
tion thread, which samples the time to the next reaction or diffusion
event from the state dependent probability density functions and
updatesthe state of the system accordingly. (ii) Theoptional visualiz-
ation thread, which runs a three-dimensional OpenGL viewer of the
simulation. (iii) The status thread, which displaysthe progressto the
user and handles requests to terminate simulation. At user-specified
intervals, the full state of the system is written to file for statistical
post-processing.

2.2 Geometry in MesoRD

In MesoRD, the geometry of each compartment is described using
congtructive solid geometry (CSG) (Requicha and Tivole, 1978)
(http://hdl.handle.net/1802/1209). This means that each compart-
ment is defined by differences, intersections or unions of a number
of geometric primitives (boxes, cones, cylinders and spheres). Any
primitive, or combination of primitives, can be rotated, scaled and
trandated. Periodic boundary conditions can be used for boxes and
cylinders.

2.3 Expression evaluation

Rate expressions are specified for each reaction in the SBML model
definition. MesoRD handles units explicitly and converts the rates
into number of events per time and subvolume. This is required to
interpret dt x rate as the probability that the event occurs during an
infinitesimal time dt. MesoRD has afew parameterswhich take their
values at runtime but still can be used in rate expression definitions.
One such example is the concentration of one molecule in one sub-
volume, Q~1, which is necessary to write the rate expression for the
reaction A + A—> @k - a - (a — Q).

MesoRD represents general mathematical expressionsin abstract
syntax trees (ASTS). Recursive traversal of such trees can easily
turn into a performance bottleneck. MesoRD attemptsto restructure
ASTs into sums of products that can be evaluated iteratively. For
instance, rate expressions derived from the law of mass action can
be simplified in this way.

Furthermore, the outcome of any evaluation is cached, so that a
subsequent computation of the same rate expression for the same
configuration of reactant molecules need not involve any evaluation
at al. The cache should yield an acceptabl e hit rate when the number
of reactant molecule configurationsis reasonably low. In many cases
thisisexpected to betrue; if the number of subvolumesislarger than
the number of molecules, the number of molecules of each species
within a subvolumeislow.

2.4 Performanceissues

No thorough performance analysis of MesoRD has been made.
However, on a Xeon 3.06 GHz with 1 GB RAM, MesoRD simu-
lates approximately 5 x 108 reaction or diffusion events per hour for
a system with 10° subvolumes. With five species and five different
reactions, MesoRD uses ~250 MB for a10° subvolume simulation.
On dual processor machineswith shared memory, visualization does
not significantly degrade simulation performance.

The NSM (EIf and Ehrenberg, 2004) scales logarithmically with
the number of subvolumes, whereasanimplementation of Gillespie's
direct method would scale linearly. An implementation of the next
reaction method (NRM) (Gibson and Bruck, 2000) would also
scale logarithmically with the number of subvolumes. However, the
memory requirements and number of operations per iteration would
be much higher. The SmartCell software (Ander et al., 2004), which
in some aspectsissimilar to MesoRD, therefore recently changed its
simulation algorithm from NRM to NSM.

3 CONCLUSIONS

The use of MesoRD is not limited to the realm of molecular biology.
Itsefficiency for systemswith millions of subvolumesand molecules
makesit generally useful in physical chemistry. MesoRD can also be
used for testing approximations of the RDME based on renormaliz-
ation group approaches (Lee and Cardy, 1995) and for comparison
of RDME descriptions with simulations based on discretization in
timeinstead of space (Andrews and Bray, 2004).
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