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The buzz Uppsala, November 2008

Sto
hasti
 (Merriam-Webster Online Di
tionary)Greek sto
hastikos skillful in aiming, from sto
hazesthai to aim at,guess at, from sto
hos target, aim, guess. Date: 1934.1. Random; spe
i�
ally: involving a random variable <a sto
hasti
pro
ess>.2. Involving 
han
e or probability: probabilisti
 <a sto
hasti
 modelof radiation-indu
ed mutation>.
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Kineti
s (Merriam-Webster)Date: 
ir
a 1859.1 a. A bran
h of s
ien
e that deals with the e�e
ts of for
es upon themotions of material bodies or with 
hanges in a physi
al or
hemi
al system.1 b. The rate of 
hange in su
h a system.2. The me
hanism by whi
h a physi
al or 
hemi
al 
hange ise�e
ted.
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Mesos
opi
 (Merriam-Webster)No entries found. -Did you mean maso
histi
?Mesos
opi
 s
ale (Wikipedia)In physi
s and 
hemistry, the mesos
opi
 s
ale refers to the lengths
ale at whi
h one 
an reasonably dis
uss the properties of a materialor phenomenon without having to dis
uss the behavior of individualatoms, and 
on
epts of averages su
h as density and temperature areuseful. (- - -)This arti
le does not 
ite any referen
es or sour
es. (Nov 2007)

Stefan Engblom, Department of Information Te
hnology, Uppsala University, Sweden 6



Mesos
opi
 kineti
s Uppsala, November 2008

Modeling 
hemi
al rea
tionsModel IdeaMi
ro Movement of individual atoms/mole
ulesCollisions ! (Possible) rea
tionsMeso Non-individual, assuming well-stirred mixtureA sto
hasti
 model is used for rea
tionsMa
ro �Average�; �in the limit of many mole
ules-With a mesos
opi
 model, an a

urate but still manageablenon-individual model is possible thanks to sto
hasti
ity (note thatboth the mi
ro- and the ma
ros
opi
 models are deterministi
).
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Well-stirredAssumption #1: the 
han
e of �nding a mole
ule is equal throughoutthe volume (homogeneous).Assumption #2: the energy of a mole
ule does not depend on itsposition in the volume (thermal equilibrium).-Under these assumptions there is a favorable sto
hasti
 model of
hemi
al kineti
s � a 
ontinuous-time Markov 
hain.-There are many examples of when this model works better thanma
ros
opi
 equations...
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Multistability (Gardner/Cantor/Collins)

Solid: deterministi
, dashed: sto
hasti
.
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Sto
hasti
 resonan
e (Barkai/Leibler)

Solid: deterministi
, dashed: sto
hasti
.
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Sto
hasti
 fo
using (Paulsson/Berg/Ehrenberg)

Solid: partially deterministi
, dashed: fully sto
hasti
.
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Inhomogeneous kineti
s Uppsala, November 2008

Not well-stirred:-When the mole
ular movement (di�usion) is slow 
ompared to therea
tion intensity � large lo
al 
on
entrations may easily build up.-When some rea
tions are lo
alized � e.g. depend on an enzymemole
ule situated at a pre
ise position.These 
onditions are not unusual for rea
tions taking pla
e insideliving 
ells!
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Mesos
opi
 spatial kineti
s-Not well-stirred in the whole volume, but if it is subdivided intosmaller 
omputational 
ells su
h that their individual volume issmall, then di�usion su�
es to make ea
h 
ell well-stirred.

Smaller 
ells in a large volume.
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Numeri
al solution methods
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hasti
 simulation Uppsala, November 2008

Dire
t method (Gillespie '76)0. Let t = 0 and set the state x to the initial number of mole
ules.1. Generate the time to the next rea
tion � by pi
king a 
ertainrandom number. Determine also whi
h rea
tion from anotherrandom number. (...)2. Update the state of the system by setting t := t + � andx := x + (produ
ts of rea
tion).3. Repeat from step 1 until some �nal time T is rea
hed.-Repeat several times to get an average value, to estimate theprobability of rea
hing a 
ertain state, to determine the average timebefore some event happens...-Very expensive when typi
al times between rea
tions are small.
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Moment equations Uppsala, November 2008

Averages-Instead of simulating many times, it is possible to dire
tly formulateequations for average quantities. However, the equation for the meanvalue (1st moment) depends on the 
ovarian
e matrix (2nd moment).Generally the nth moment depends on the (n + 1)th moment.-Simply trun
ating at a 
ertain order yields an approximation. Easyto 
ompute, but the quality is di�
ult to evaluate. (Paper I )
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t1st, 2nd and 3rd order equations, bottom: a sto
hasti
 simulations. # ofmole
ules vs. time (Paper I ).
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Probabilities-A di�erent type of equation that gives the probability of rea
hing a
ertain state 
an also be derived. This is the master equation.-Dire
tly solving the master equation is extremely expensive sin
e thenumber of states is huge. E.g. 4 di�erent spe
ies that are present inless than 100 mole
ules yields 100 million states.-A more e�
ient way of solving the master equation is investigated inPaper II and III .
Stefan Engblom, Department of Information Te
hnology, Uppsala University, Sweden 18



The master equation Uppsala, November 2008

(a) Solution to the master equation. (b) Sto
hasti
 simulation.Adapted from Paper III .

Stefan Engblom, Department of Information Te
hnology, Uppsala University, Sweden 19



Simulating spatial models Uppsala, November 2008

Rea
tions inside a 
ell (Paper IV )-Bistable double-negative feedba
k system (Elf/Ehrenberg):EA k1�! EA + A EB k1�! EB + BEA + B ka
kd EAB EB + A ka
kd EBAEAB + B ka
kd EAB2 EBA + A ka
kd EBA2A k4�! ; B k4�! ;

-Di�usion in a model of an S. 
erevisiae 
ell with internal stru
turesin the form of a nu
leus and a large va
uole. Mole
ules 
annot di�usea
ross the membranes and enter the organelles.-�URDME� software (Cullhed/Engblom/Hellander, Paper IV ) implementingthe �Next subvolume method� (Fange/Elf ).
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(a) Spe
ies A. (b) Spe
ies B.From Paper IV .
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Os
illations in E. 
oli (Fange/Elf, Cullhed/Engblom/Hellander)-Os
illations of proteins involved in the 
ell division of Es
heri
hia
oli ba
terium; �ve spe
ies, �ve rea
tions.
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The end Uppsala, November 2008

Thank you for your attention!
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