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advantages of biological oscillations:

v temporal organization

v spatial organisation

v prediction of repetitive events
v efficiency

v precision of control

P. E. Papp Progress in Neurobiology 1986
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... circadian clock

circa = around dies = day

endogenous oscillator
period length of about 24 hours
temperature-compensated
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.. common fundamental properties
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.. distribution of circadian period lengths
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... free-run

Lentiviral circadian reporter
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Days

... entrainment
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.. central and peripheral clocks

SCN master clock

Dibner & Schibler Journal of Internal Medicine 2015



.. genetic code and information flow

DNA
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RNA

l

Protein

American biologist James Watson and English physicist Francis Crick 1950s



.. gene regulation
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e.g. lac operon Francgois Jacob and Jacques Monod 1961
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.. hegative feedback loop

non-linearity



.. circadian rhythm in fruit flies
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.. hon-linearity

d_X B k1
dt Zn+1

Goodwin 1963
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.. transcription-translation feedback loop (TTFL)

Goldbeter Proc Biol Sci 1995
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... sustained oscillations

total PER (P,)

Goldbeter Proc Biol Sci 1995
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.. sustained oscillations in cyanobacterio

J- Phycol. 25, 185186 (1989)
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A CIRCADIAN RHYTHM IN CELL DIVISION IN A PROKARYOTE, THE
CYANOBACTERIUM SYNECHOCOCCUS WHT7803!

Beatrice M. Sweeney® and M. Beatriz Borgese®
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ABSTRACT
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continuous light (2 pE-m~3.5"') and constant tempera-
ture (22, 20 or 16°C) with a maximum in dividing cells
at about 24 h intervals. Thus, the prokaryote, S
coccus, satisfies the criteria for the possession of a
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i of these activities does not dey 4110 circadian clock
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sponsible is known as a circadian clock.

Circadian timing has now been found in many
diverse eukaryotes ranging from unicellular protists
to man. Curiously, until recently, this phenomenon
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a number of investigators have looked for such
rhythms (see Hastings and Schweiger 1976:49-50
for a discussion of unpublished negative findings).
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Life on Earth is driven by the power of oxygenic photosynthesis

transforming solar into chemical energy.
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.. fithness advantage - extrinsic vs. intrinsic adaptive value
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Do cyanobacteria sleep at night ?
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.. daily changes in total RNA and rRNA in Synechocystis
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.. daily changes in total RNA and rRNA in Synechocystis
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.. daily program of a photosynthetic cell

Ribosomal proteins: synthesis and modif.
Translation

ATP synthase

P hotosynthesis and respiration
Transposon-telated functions

Branched chain family

Hypothetical

Photosystem ||

P hycobilisome

P hotosystem |

chrome complex

Molybdopterin

Protein modification and translation fa.
NADH dehydrogenase

Pentose phosphate pathway

. Hydrogenase
Respiratory terminal oxidases
Transport and binding proteins
replication, restriction, modificat.
Central intermediary metabolism
Unknown

DNA

Beck et al. AEM 2014

Lehmann et al. BMC Bioinformatics 2013

w
H
w
(=]
~
@
[{e)
5]

17 2 0 0 1 2 3 2
4 1 1 1 1 09 099 097
a7 7 9 ? 11 B 10 6
Je—4 0.1 1 1 092 096 1 1
i 0 0 0 0 0 0 0
2e-1 1 1 1 1 1 1
20 7 5 3 7 2
o0 0.34 1 1 1 1 1
y 5 4 7 14 7
1 1 1 099 066 044 0.7
1 1 1 0 0 0 0
042 EETE 079 05 033 1 1 1 1
40  [EEY 149 56 a6 % 168 12
1 R 085 03 0% 08 024 034

0 5 2 1 2 0 2 0
1 E (88 099 065 069 1 0.89 1
0 1 0 7 1 1 0
0.56 1 1e—21 V] % 04 071 091 1
2 0 7 1 0 0 0 0
0.13 1 PR 055 09 1 1 1 1
3 ‘ 2 i 0 0 1 0
033 Sy 051 063 1 1 1 0.86 1
1 1 0 0 0 0 0 1
0.73 (X 1 1 1 1 1 0.43
0 t 0 0 0 0 0 0
1 1 1 1o 1 1 1 1 1 1
7 1 1 1 0 1 1 1 1
Ot Q8 NG 0 iy 03 0 03 0
065 097 ; 1 : 085 O 0.7 1
e 0 1 0 0 0
ng 1 1 059 1 1 1
0 0 0 1 3 1
0.48 1 1 1 088 0.079 0.65
0 i 0 3 1 0 0
1 0.73 1 03 069
4 16 0 24 14 / - $
067 ) y
l 3§ g
a7 .
o o } op o oo i
043 048 1 081 04 a1
13 8 12 73 90 59
1 081 091 057 017 Oon 0.0

L4

relative Expression [fold—change]

-~

10

-5
6 12 16 24 30 36 42 48
hours



Relative Expression Levels
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.. cyclic proteome of Synechococcus elongatus
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. cyclic proteome ... is minimal

Identified proteins

78 Cyclic proteins

Identified mRNA Cyclic mRNA

Guerreiro et al. Mol Cell Proteomics 2014
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. dynamics of multi-protein complexes
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Peak area

.. dynamics of metabolic pathway proteins
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.. IMDa complex linking
olycolysis, pyruvate metabolism and carbon fixation
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.. 3-protein clock of Synechococcus elongatus

0 12 24 36 48 60 (h)

P-KaiC - A -

Nakajima et al., 2005

Ratio of P-KaiC

1.0

08

0.6

0.4

o2r

kY.

24 48 72
Hours at 30 °C



.. phosphorylation of KaiC hexamers is ordered
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.. modeling a core reaction network

model assumptions:

COand C® = oscillating states of KaiC, low P and high P

Cs = KaiC hexamers: low P and high P depend on actual reaction rates
Kk = phosphorylation rates depend on KaiA level
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C, highest P-state binds six KaiB stably
B,,Cs dephosphorylates and releases KaiB dimers in the lowest phosphorylation state



. systematic scan of reaction networks having a feedback loop

negative feeback (monomer exchange)
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.. experimental verification by Native Mass Spectrometry
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v' negative feedback via KaiA sequestration

| two different binding sites for KaiA on KaiC:
a site for KaiA sequestration ano
a site for catalytic binding



. cryo-EM of KaiCBA allows for 4.7 A resolution

Snijder et al. Science 2017



Snijder et al. Science 2017

Tseng et al. Science 2017




. 3-protein clock of Synechococcus elongatus

Phosphate

Snijder et al. Science 2017
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.. phase shifting
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.. human phase-response curve
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% Phospho-KaiC

.. entrainment of the 3-protein clock by temperature
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. predicted phase synchronization dynamics
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AV PIESE - pKaiC cT12 et piREs

Phosphorylation
cycle

coupled feedback model:
Hertel et al. 2013 PLoS Comput Biol T-KaiC with KaiA activates

U-KaiC suppresses kaiBC expression
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.. INnput
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.. circadian rhythm of DNA supercoiling

Hours in constant light
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Smith and Williams, 2006; green: DAPI-stained DNA




advantages of biological oscillations:

v temporal organization

v spatial organisation

v prediction of repetitive events
v efficiency

v precision of control

P. E. Papp Progress in Neurobiology 1986
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