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Example of an inherently dynamical system: Circadian
oscillators
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Change of concentration with time

dc, (t)
I .
a—— f(C,CpnsCoi Kiu Ky, s Ky )
C;Cyy.rs G Relevant concentrations
K, Kyyo Ko Rates of chemical reactions

What is the form of f ?



concentration

de(t)
dt
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Degradation of molecules
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Dependence of concentration on time

c(t)=c,exp(-t/7)

r=1/k

Characteristic
decay time

time



Reversible reaction
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Bimolecular reactions
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From dynamics to equilibrium
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Approximation of unequilibrium
system by equilibrium
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Unequilibrium process
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very fast

e oz B(t)/A(t)=k, /k_



Michaelis-Menten kinetics

A
W Vimax k

N r
E+S= ES—>E+P
k_

= Vmax/z_

I Assumption: k., k >r

|

|

. UPL_ rles)-v,, LUK
(B} dt 1+[S]/K,
~ Vinax Michaelis Menten Kinetics
g 5] <k, =Py rsyik,
f-é 0.10

- The mass action low
K. 0.1 02 0.3
substrate concentration
(mM)

Speed of ATP hydrolisis by myosine



Example 1: CRISPR/Cas —
Advanced bacterial Immune systems

CRISPR transcript processing

CRISPR/Cas

Advanced bacterial immune system which is based on expression of small RNA
molecules

First theoreticaly predicted (bioinformatics + specific model) and subsequently
experimentaly confirmed



CRISPR/Cas system

 CRISPR/Cas = CRISPR + Cas proteins

 CRISPR array: sequences which are repeated “R” are
seprated by variable sequences “S”

Repeat

SpoRr Aacghqocgatacgctcacgcag39“°¢°°9ch‘
Repeat accgceiticgeagacavstas
gataa
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cas2

CRISPR array

cas3



Mechanism of resistance to infection

CRISPR array is transcribed as a
long transcripts (pre-crRNA),
which are then processed to small
RNA molecules (crRNA) by Cas
proteins.

As soon as crRNA recognizes
virus sequence, Cas proteins will
be recruited to the target, and
the virus DNA is destroyed.




CRISPR transcript processing

Cas gene expression
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crRNAs are very stable!

pre-crRNAs are very stable,
which is a consequence of non-

specific degradation.

Pougach et. al., Mol. Microbiol., 2010



Model of CRISPR transcript processing

generating
pre-crRNA pre-crRNA
V
? crRNA
crRNA
M.D., M. Djordjevic and K. Severinov, Biol. Direct, 2012,

Expression of cas genes leads to strong linear
amplification of transcripts:

A[crRNA] =— Apre-cring Al pre—crRNA]

CrRNA

a

Interestingly this strong amplifications crucialy depends
on non-specific processing of pre-crRNA transcripts.




Expression of cas genes
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Joint increase of transcription and processing
rates
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Saturation in crRNA can be
reliewed if pre-crRNA production
IS also increased. This joint increase
can lead to very large production of
CrRNA.
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Repression by H-NS

Promoters for CRISPR and cas
genes are repressed by H-NS-a.
(c) 2. 2
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Joint increase of processing

‘ and pre-crRNA generation
1 rate is probably directly
(@) ——ollon S | omwe relevant for functioning of the

CRISPR repoats
CRISPR leader

system in natural conditions.



Conclusion CRISPR/Cas

System can generate very large quantities of
crRNA very fast.

This fast production is based on control of the
system at the level of RNA processing, and on
tuning the system parameters (e.g. on extreme
transcript stability values).

Unindentified nuclease which is responsible for
fast pre-crRNA degradation is probably the
most important control element of
CRISPR/Cas.



Example 2: Oscillatory systems



Oscillatory systems

*Many cell processes are repeated in regular
manner.

*Two important examples are cell cycle and
circadian rhythms (track change between
day and night).

Biological oscillators are typically complex,

but can often be reduced to feedback
between activator and receptor.



Inertia/Oscillations
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Mechanical oscillations are based on inertia.

— Inside cell (in cytoplasm) inertia plays a minor

ARARARRNAR > role, due to a large viscosity.

Oscillations inside cell are based on
biochemical reactions and feedback loops
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Figure 3.17a Physical Biology of the Cell, 2ed. (© Garland Science 2013




Oscillator in cell cycle
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Figure 3.16a Physical Biology of the Cell, 2ed. (© Garland Science 2013)

What is crucial is existance of a positive regulator
(cyclin) and negative regulator (cyclin dependent kinase),
and feedbacks between them.



Circadian oscillators
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Figure 3.18 Physical Biology of the Cell, 2ed. (© Garland Science 2013)
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Make track of changes between day and night — an
extreame example are photoreceptor cells in this spider



Different biological processes — the
same mechanism

| | |

R APC Per/Tim
minimal oscillator embryonic cell- circadian
description cycle oscillator oscillator
Figure 3.17a Physical Biology of the Cell, 2ed. (© Garland Science 2013)
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Feedback loop between activator and repressor leads to
oscillations.

One of the major goals of systems biology: Understand common
design principles behind mechanistically otherwise different
biological systems.



“For the greatest benefit to mankind”
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The Nobel Assembly at Karolinska Institutet has today decided to award the

2017 NOBEL PRIZE IN
PHYSIOLOGY OR MEDICIN

Michael Rosbash
Michael W. Young

“for their discoveries of molecular mechanisms controlling the circadian rhythm”

@ Nobelprize.org



More on oscillators

Working session 2: Biological rhythms (genetic
oscillators): delay and relaxation oscillator

Relaxation oscillator — combination \
of positive and negative feedback, <7 @~ .- repressor __- activator

basically the type of oscillator that /‘ /

we talked about today.

Gene 1 / Gene 2
e e Delay oscillator — just
5 J negative feedback, but
Qo). with the delay
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Problem

The following kinematic scheme is given:

unprocessed
transcript
generation

a) Write differential equations that determine amounts of pre-crRNA and
crRNA transcripts. Assume the following:
u— pre—crRNAamount
p —crRNAamount
A, — pre—crRNA decay rate
A, —CrRNA decay rate
@— pre —crRNA transcription rate
kK — pre—crRNA y crRNA transcription rate




b) Worite equations that determine equilibrium pre-crRNA
and crRNA amounts.

c) Assume that the system is induced so that Cas proteins
are expressed so that the degradation rate of pre-crRNA
to crRNA Is increased from k to k’, while all other
parameters remain the same. Show that there is the
following relationship between the change of pre-crRNA
and crRNA. 2

A[P]=—7: [u]

d) Simulate the system dynamics, that is reproduce the
crRNA dynamics shown in slide 15. The parametes are:

@ =10 nM/min A, =1 1/min A, =1/100 1/min



