Simulation of the KaiABC
Circadian Oscillation by Matlab



Circadian Rhythm

Noon

High alertness
10:00

Best coordination
Highest testosterone secretion 14:30
09:00

) Fastest reaction time
Bowel movement likely 08:30, 15:30

Melatonin secretion stops

Greatest cardiovascular efficiency
07:30,,

and muscle strength

Sharpest rise 17:00

in blood pressure06:45»

06:00 18:00

18:30Highest blood pressure
19:00 Highest body temperature
Lowest body temperature 04:30

21:00 Melatonin secretion starts

02:00

Deepest sleep 22:30

00:00 Bowel movements suppressed

Midnight

* A roughly-24-hour cycle in the biochemical, physiological or behavior
processes of living entities, including plants, animals, fungi and cyanobacteria

 Endogenously generated
» Can be entrained by external cues (called Zeitgebers), such as daylight

* Allow organisms to anticipate and prepare for precise and regular
environmental changes



Three General Criteria

. The rhythms persist in the absence of cues.

. They persist equally precisely over a range of
temperatures (i.e. temperature-compensation).

. The rhythms can be adjusted to match the local
time.

 Are prokaryotes capable of circadian rhythmicity?
* “Why have a timer for a cycle that is longer than your
life time?”



Bacterial Circadian Rhythms

Cyanobacteria display daily 12
rhythms of nitrogen fixation .
in both LD cycle and in
constant light (1985-1986)

Satisfy the three criteria

psbAl mRNA Level

Keep track of two timing
processes

Adaptive significance

Kondo, T., et. al. PNAS 1993; Wihalcescu, I., et. al. Nature 2004; Johnson, C. H. Nature 2004.



Molecular Mechanism of the
Cyanobacterial Clockwork - KaiABC

Traditional view: transcriptional

A 80

feedback oscillators —8—Total
I —d— T-KaiC
1 1 i i i —e— ST-KaiC
Reconstitution in vitro using only sol S|

KaiA, KaiB, and KaiC

KaiC: a hexameric enzyme that can
autophosphorylate (KaiA-dependent)
and autodephosphorylate at both
S431 and T432

KaiA: its dimer enhances the

autophophorylation of KaiC 0 20 40 60 80
Time (h)

KaiB: antagonizes the activity of KaiA

New model: The phosphoform distribution (or a combination tightly linked to
the phosphorylation state) determines the phase of the oscillator.

Rust, M.J., et. al. Science 2007.



Four-state model with first-order kinetics
of interconversion of KaiC phosphoforms

U

total phosphorylation

time

New model: The phosphoform distribution (or a combination tightly linked to
the phosphorylation state) determines the phase of the oscillator.

Rust, M.J., et. al. Science 2007.



1. KaiA activity alters the first-order rate constants for
interconversion of KaiC phosphoforms

2. KaiB suppresses KaiA activity in an S-KaiC-dependent
manner
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Rust, M.J., et. al. Science 2007.



Description of the Model

Assumptions:
1. The concentrations of the three

phosphorylated species are the
only slow dynamical variables;

dT . r ~y Y s B Y 'y Al ’
dt kur(S)U + kpr(S) D — kru(S)T — krp(S) 1 (1)
(]D '\ Y Y v A ‘
dt krp(S)T + ksp(S)S — kpr(S) D — kps(S) D (2)
(]‘Sv Y - Y Y \ Y ¥

— = kus(S)U + kps(5) D — ksu(5) 5 = ksp(5) 5 (3)

Rust, M.J., et. al. Science 2007.



A = max{0, [KaiA| — 2m.S}

Assumptions:

1. The concentrations of the three
phosphorylated species are the
only slow dynamical variables;

2. The interconversions are first-order
reactions with rates that dependent
hyporbolically on the concentration
of active KaiA;

Rust, M.J., et. al. Science 2007.
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Summary of the model

dT " -

E = ALI(S) U+ A.‘]_)]‘(S) D — li.‘TU(S) T — /ﬁ‘-'j']_)(b) 1 (1)

dD . " o . . '

—= = kro(S)T + ksp(S) S — kpr(S) D — kps(S) D (2)

ds - , " cr ;

- kus(S)U + kps(S) D — ksu(S)S — ksp(S) S (3)
A = max{0, [KaiA] — 2mS} (4)

kiy A(S)

kxy(S) =K%y +

A’l/z + 44(19')



kxy (S) = ky +

iy A(S)
Kl/g + A(S)

A = max{0, [KaiA| — 2mS}

Assumptions:

1.

The concentrations of the three
phosphorylated species are the
only slow dynamical variables;

The interconversions are first-order
reactions with rates that dependent
hyporbolically on the concentration
of active KaiA;

Each S-KaiC monomer (together
with KaiB) inactivates one KaiA
dimer (m=1).

Rust, M.J., et. al. Science 2007.



% T-KaiC

Determine K, ,: K,,,=0.43+0.05uM

kity A(S)

kxy(S) = kxy +
A = max{0, [KaiA| — 2mS}

I{l/‘l + /1(8)

L)
L —m-0nM
—-8-66 nM
| —A-130nM
~y-260 nM
| —9-390nM

Time (h)

Rust, M.J., et. al. Science 2007.
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Determine k° and k*

kity A(S)
K’]/-_) + A(S)

kxy(S) = k({ y T

+ 1.3 uM of KaiA
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Rust, M.J., et. al. Science 2007.
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Category Process Parameter name Value Experiment
E [ on'™® Figure 2B*

z T3ST £ oK™ Figure 2B*

3 ST "3 [y Figure 2B*

¥ U3S K ow™ Figure 2B*
— - ) | .

! ST7T kb Ok Figure 2B
ST25 £, 0311 Figure 2B
53U £y 011h" Figure 2B

5 T ST [ 0212951 | Figwe2A

v SST 7] 0505692k |  Figure 24

g T>U 7 00MB42E" | Figure2A

|- ST>T T 0173000087 | Figwe 2A

g STS 1& -03193§ h* Figure 24
S50 7 BTN | Figwe2A

Cancentration of
Kah cuusine halt K, 043 M Figure S4
KaiC
Stoschiometry of
inactivation of KaiA m 1 assumed
dimers by S-KaiC _
) Bradford assay
e [KaiA) 13pM | (see Materials
and Methods)
. Bradford assay
e [KaiC] 34pM | (see Materials
and Methods)
To 0.68 pM Figure 1A
Initial Conditions Dy 136 pM Figure 1A
Se 034 M Figure 1A

Rust, M.J., et. al. Science 2007.



Simulation results of oscillation with matlab:
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KaiC/
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Time (h)
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Rust, M.J., et. al. Science 2007.



2-D phase portrait:
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* Not exactly periodical, but “chaotic” or periodical with a very long period
* Long-term average period is 20.6865h



Time (h)

» Perturbation simulations: 1/10 of the value
of T-KaiC, ST-KaiC, or S-KaiC at 45h

* Phase shift: 21 x the fraction of a period
that the original unperturbed oscillatory curves
would have to be shifted in time to match the
perturbed oscillation once it recovers its full
amplitude oscillation
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Phase response curve (normalize 2mt to 1 here)

phase shift

0.1 0.2 0.3 04 0.5 0.8 0.7
perturbation phase



Phase response curves

Human PRCs
morning evening

phase shift

1

night

= Bright light
—[Velatonin

perturbation phase

Dim light
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Summary

Successful simulation of the KaiABC minimal
model by Matlab

Discussion about periodicity and
perturbations in the KaiABC oscillator

Phase response curve (PRC) generation for the
model and comparison to natural PRC

Some discussion



