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Zusammenfassung

Zirkadiane Uhren sind ein universell auftretendes System zur zeitlichen Regulierung großer Teile der zel-
lulären Genexpression in einem 24 Stunden Rhythmus. Dieser Regulationsmechanismus bietet den Or-
ganismen unter zyklischen Bedingungen einen Fitnessvorteil gegenüber ihren Konkurrenten, da sie die
Fähigkeit verleihen, Veränderungen zu antizipieren und sich darauf vorzubereiten. Cyanobakterien sind
photosynthetische Prokaryoten, die ihre Genexpression auf zirkadiane Weise koordinieren, um sich an
den Tag/Nacht Zyklus anzupassen. Ihre zirkadiane Uhr besteht dabei aus nur drei Proteinen, KaiA, KaiB
und KaiC, die in ein Netzwerk von Input- und Output-Faktoren eingebettet sind. Des weiteren sind
Cyanobakterien auch für ihre hohe Diversität bekannt. Daher wurde in dieser Arbeit die Verteilung und
Konservierung der bekannten zirkadianen Proteine aus Synechococcॿ elongatॿ PCC 7942 analysiert mit
dem Ergebnis, dass drei verschiedene Zeitsysteme unter Cyanobakterien identifiziert werden konnten: (i)
ein Synechococcॿ ähnliches System, welches ein komplettes Set der Faktoren in einfacher Form verfügt,
(ii) ein Prochlorococcॿ ähnliches reduziertes System und ein (iii) Synechocystॾ ähnliches System, was über
mehrere Kopien von Faktoren, inklusive KaiB und KaiC, verfügt. Darüber hinaus zeigen Untersuchun-
gen, die ein gemeinsames Auftreten von Proteinen analysieren, eine Kerngruppe von Proteinen für dieses
Zeitsystem, inklusiveKaiB, KaiC, LdpA, SasA,RpaAundRpaB, sowie eine Erweiterungsgruppe vonPro-
teinen, inklusive KaiA, CikA und LabA, die für die zirkadiane Regulation wichtig sein könnten. Die
Ergebnisse aus demumfassend vergleichendenGenomik-Ansatz unterstützen frühere Studien und erweit-
erndasBild zirkadianerRegulation innerhalbderKlasse derCyanobakterien. Zudemzeigendie Ergebnisse
die weit verbreitete Verteilung einiger Faktoren, unter anderem in Bakterien und Archaeen. Im letzten
Teil der Arbeit werden die Fortschritte des molekularen Verständnisses über die zirkadiane Uhr aufgear-
beitet, die erst durch mathematische Modelle erzielt werden konnten. Die in vitroRekonstruktion dieser
zirkadianen Uhr legte dabei den Grundstein für mathematische Modellierungsansätze. Seitdem wurden
molekulare Details der Funktionalität über Zeitsysteme im Allgemeinen und die cyanobakterielle zirkadi-
ane Uhr im Besonderen aufgeklärt, inklusive verschiedener Strategien zu Entrainment und Robustheit.
Die Begutachtung beleuchtet jedoch auch einige Aspekte der zirkadianen Uhren, die bisher noch nicht
ausreichend analysiert wurden. Die Ergebnisse dieser Arbeit geben einen umfassenden Überblick über
die Verteilung der cyanobakteriellen zirkadianen Uhr, indem sie eine Reihe von Proteinfaktoren identi-
fizieren, die das Zentrum für dieUhr in Cyanobakterien bilden könnten. Zusammenmit den überprüften
Fortschrittenüber dasVerständnis dieser zirkadianenUhr durchmathematischeModellierungbildet es die
Grundlage für weitere Analysen für eine reduzierte Uhr innerhalb oder außerhalb von Cyanobakterien
und ermöglicht die Analyse einer ursprünglichen Uhr.
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Abstract

Circadian clocks are a universally found timing system to regulate large parts of the cell’s gene expression in
a 24-hour rhythm. This regulatory mechanism provides a fitness advantage to the organisms over its com-
petitor under cyclic conditions due to its ability to anticipate and prepare for recurring changes. Cyanobac-
teria are photosynthetic prokaryotes that coordinate their gene expression in a circadian fashion to adapt
to the Day/Night cycle. Their circadian clock consists of only three proteins at its core, KaiA, KaiB, and
KaiC, which are embedded into a network of input and output factors. Furthermore, Cyanobacteria are
known for their high diversity. Thus in this thesis, the distribution and conservation of the known circa-
dian clock factors from Synechococcॿ elongatॿ PCC 7942 was analyzed identifying three distinct timing
systems amongCyanobacteria: (i) a Synechococcॿ-like systemwith a complete set of factors as a single copy,
(ii) a Prochlorococcॿ-like reduced set, and (iii) a Synechocystॾ-like system that harbors multiple copies of
some of the factors including the core factors KaiB and KaiC. In addition, co-occurrence analyses revealed
a core set of protein factors, including the core factors KaiB, KaiC, the input factor LdpA, and the output
factors SasA,RpaA, andRpaB, for this timings system aswell as an extending set of proteins, including the
core factor KaiA, the input and output factor CikA, and the output factor LabA, which might be impor-
tant for circadian regulation. These results support previous findings and extend the picture of circadian
regulation systems among Cyanobacteria by using a comprehensive comparative genomics approach. Fur-
ther, the results highlight the widespread distribution of some of the factors among other Bacteria as well
as Archaea. In the last part of the thesis, the advances in the molecular understanding of this timing sys-
temmade bymathematical models, which were facilitated by the in vitro reconstruction of the core of this
circadian clock, are reviewed. Since then themolecular details about the functionality of timing systems in
general and the cyanobacterial circadian clock, in particular, have been unraveled, including various prin-
ciples, like entrainment and robustness strategies. However, reviewing those achievements also highlights
some of the aspects of circadian clocks that have not yet been sufficiently analyzed. The results of this
thesis give a comprehensive overview of the distribution of the cyanobacterial circadian clock factors by
identifying a set of protein factors that might build the core for timing systems in cyanobacteria. Together
with the reviewed advancements into the understanding of this circadian clock by mathematical model-
ing, it builds the basis for further analyses of smaller clock system among or outside of Cyanobacteria and
enables the analysis of an ancient clock system.
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Progress ॾ made by trial and failure; the failurॽ are gen-

erally a hundred timॽ more numeroॿ than the successॽ;

yet they are usually left unchronicled.

Sir William Ramsay

1
Introduction and Scientific Context

1.1 Timing of cellular processes

Regulating the expression of genes or the activity of gene products is as old as free-living life itself. The

coordination of the various processes that run within a cell is of central importance for an organism to

most efficiently use its precious resources in order to occupy its niche in the best potential way. Thus it is

not surprising that several transcriptional regulators can already be found in the predicted genome of the

last universal common ancestor 1. However, regulating gene expression can manifest itself in a multitude

of ways with a large range of complexity. Constitutive genes are transcribed constantly within a cell, e.g.

genes that are needed for maintenance of the cell. However, some genes are expressed either facultatively

when needed or induced by an external or internal stimulus. Regarding genes or gene products that are

regulated in a temporal fashion, you can distinguish between two large classes: (i) those genes or gene

products that are regulated as a reaction of an internal or external stimulus, e.g. changes in the nutrient

availability, (ii) genes and gene products that are either activated or repressed before the change of the

stimulus occurs, anticipating the recurring changes in the presence of a certain stimulus, e.g. light intensity.
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Both classes of regulation can produce stable oscillations of gene expression. By studying such systems,

conserved regulatory motifs have been identified, e.g. negative feedback control of processes 2. Negative

feedback control takes place when the output of a system reduces or negatively affects the input of the

system. Those negative feedback mechanisms tend to support stability of the output signal and reduce

the effect of other perturbations on the output. The gained insights into gene regulation and identified

motifs even led to the construction of synthetic regulatory circuits, which create stable oscillation of gene

expression 3,4.

1.1.1 Circadian clocks

One regulatory mechanism that creates stable oscillations of gene expression by anticipating recurring

changes of a stimulus (Zeitgeber) is a circadian clock (circa = about, diem = a day). They are defined by

three criteria: (i) persistence of oscillations without an exogenous cycle, e.g. in constant light or darkness,

(ii) temperature compensation, and (iii) the entrainment of the endogenous oscillator(s) to the exogenous

cycle 5. The ability of entrainment allows the Zeitgeber to synchronize the oscillation with the exogenous

rhythm. Circadian clocks thus have in the presence of the Zeitgeber a period length of around 24 hours,

the length of a day on Earth 5.

Circadian clocks are an adaptation to recurring cyclic environmental conditions. Those changing condi-

tions are usually challenging to organisms, however, they also open a chance for adaptation and hence a

fitness advantage. In fact, in Cyanobacteria, a fitness advantage of a circadian clock in cyclic environments

could be shown by competition experiments between cyanobacteria harboring an intact clock system and

mutants with clock deletions. In constant environments, no phenotype was visible between wild-type

andmutant cells highlighting that themutation had no effect on the viability of the cells. However, under

light-dark cycles, thewild-type cells with intact circadian clocks outcompete and overgrow themutant cells

showing the impact of anticipating and preparing for the recurring change6,7.

It seems that a selective pressure by cyclic environments favored the evolution and adaptation of circa-

dian clocks in amultitude of organisms ranging fromCyanobacteria (model organism: Synechococcॿ elon-

gatॿ PCC 7942 8) to fungi (model organism: Neurospora crassa9), plants (model organism: Arabidopsॾ

thaliana 10), and animals (model organism: Drosophila melanogaster 11, hamster 12, mice 13, and humans 14).

Interestingly, the differences in the amino acid sequence of protein factors in the respective circadian sys-

tem suggest a convergent evolution of this mechanism 15,16.

At first, circadian clocks were only identified in eukaryotes and it was assumed that simple prokaryotic

organisms would not be able to maintain oscillations with period lengths larger than their division time 5.

However, thosemisconceptionswere disabused after the discovery of diazotrophic cyanobacteria that pho-
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tosynthesize during the day and fix nitrogen at night 17 and later the finding of circadian gene expression

in Synechococcॿ elongatॿ PCC 7942 8.

1.2 Cyanobacteria: The first known prokaryotic oxygenic phototrophs

Cyanobacteria represent one of the oldest phyla of Bacteria on Earth with fossil records dating back over

two billion years 18. They are considered to be mainly responsible for the build-up of an oxygenic atmo-

sphere on Earth by performing oxygenic photosynthesis and producing oxygen as a by-product of fixing

carbon dioxide 18. The ability to performoxygenic photosynthesis is unique among prokaryotes and other-

wise only found in eukaryotes such as algae and plants. This is one of themultiple reasons why Cyanobac-

teria are regarded as the evolutionary ancestors of today’s chloroplasts in algae and plant cells 19,20. It is

believed that a unique endosymbiotic event of an early eukaryotic cell with an ancient cyanobacterium led

to the evolution of the chloroplast, followed by a substantial rearrangement of the cyanobacterial genome

including a large number of gene transfers to the host nucleus 19,20.

Isolated cyanobacterial strains show a high diversity with respect to their genomes, morphology, and phys-

iology 21,22. Their genomes, as it is commonly found in bacteria, are usually composed of a circular chromo-

some, which is often accompanied by additional plasmids 21. However, large differences are reported for

ploidy and genome size in Cyanobacteria where genomes can vary between 1.49 Mb and approximately

12 Mb 21,22. While several marine picocyanobacteria are mono- to diploid, there are other Cyanobacteria

that are oligo- to polyploid like Synechococcॿ elongatॿ PCC 7942 or Synechocystॾ sp. PCC 6803, whose

chromosome copy number ranges from three to multiple hundred copies per cell 21. Regarding the mor-

phology, Cyanobacteria are unicellular as well as multicellular with sometimes additionally differentiated

cell types like heterocysts for nitrogen fixation. Based on these morphological and physiological differ-

ences Cyanobacteria are grouped into five taxonomic subsections 22. Section I and II comprise unicellular

Cyanobacteria, like Synechococcॿ elongatॿ PCC 7942 and Synechocystॾ sp. PCC 6803 or the nitrogen fix-

ing Cyanobacteria Cyanothece. All of the three belong to section I Cyanobacteria. Section III, IV, and V

represent filamentous Cyanobacteria. While section III Cyanobacteria cannot form nitrogen fixing hete-

rocysts, are section IV and V Cyanobacteria are able to differentiate cells into heterocysts23.

Due to its potential of creating a variety of high-value organic compounds from light, water, and carbon

dioxide, Cyanobacteria are increasingly utilized for biotechnological production of ethanol, isobutanol,

sugars 24, isoprenes, or terpenes 25–27.
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1.3 Circadian clocks in cyanobacteria

Cyanobacteria evolved a sophisticated and complexmechanism to capture and harness light energy as their

main energy source for their metabolism. However, since the natural availability of sunlight is chang-

ing during the course of 24 hours, it is important for Cyanobacteria to regulate their gene expression in

such a way that it allows the organism to harvest as much sunlight as possible in the most efficient way.

One adaptation that Cyanobacteria evolved in order to cope with this problem is a circadian clock. Cor-

rectly anticipating the change from dark to light and vice versa is thus of central importance. However, in

Cyanobacteria, in contrast to eukaryotic circadian systems, photoreceptors that directly transfer informa-

tion about the light availability to the core clock have not been identified yet. Instead, Cyanobacteria sense

the light availability indirectly through the redox and energy state of the cell 28. The ratio of adenosine

triphosphate (ATP) to adenosine diphosphate (ADP) as well as the redox state of the plastoquinone pool

are two metabolically active compounds that play a critical role in the entrainment of the circadian clock

in Synechococcॿ elongatॿ PCC 7942 29.

In the cyanobacterial circadianmodel organism Synechococcॿ elongatॿ PCC 7942 the circadian clock con-

sists at its core of the three proteins KaiA, KaiB, and KaiC. These three proteins combined function as a

post-translational oscillator (PTO), which is synchronized by environmental conditions as described be-

fore either through the energy or redox state of the cell directly or by input factors that themselves sense

these states and transfer this information to the core clock.

In turn, the state of the circadian clock is transferred to different output factors depending on the time of

day, which control gene expression and other cellular processes 30 (Fig. 1.1).

1.3.1 KaiC at the center of a three-part circadian clock

KaiC is at the core of the circadian clock in Synechococcॿ elongatॿ PCC 7942. Each KaiC monomer con-

sists of two large domains, referred to as the CI and CII domain 33. KaiC hexamers, which assemble ATP

dependent and resemble the active form of KaiC, are able to bind up to 12 ATPmolecules and are capable

of autophosphorylation/-dephosphorylation 34–36. The state of the circadian clock is determined by the

phosphorylation state of the KaiC hexamer, which undergoes in interaction with KaiA and KaiB, a com-

plete phosphorylation and dephosphorylation cycle within 24 hours. Primarily, the binding of a KaiA

dimer to the A-loop of KaiC, a C-terminal extension of the CII domain, during the day stimulates the

autophosphorylation of KaiC 37,38. KaiB antagonizes the activating effect of KaiA and initiates the dephos-

phorylation of KaiC at the end of the subjective day 39. KaiB binds to the phosphorylated KaiC hexamers

and, in the following, sequesters and deactivates KaiA40.
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Figure 1.1: The extended network of the circadian clock in Synechococcus elongatus PCC 7942. At the core of the circadian
clock in Synechococcus elongatus PCC 7942 are the three proteins KaiA, KaiB, and KaiC. The state of the clock is determined
by the phosphorylaধon level of KaiC. KaiA sধmulates the autophosphorylaধon of KaiC during the subjecধve day, whereas
KaiB antagonizes the effect of KaiA by sequestering the protein and thereby iniধates the dephosphorylaধon phase. Pex and
CpmA are two transcripধonal regulators of kaiA. The central output pathway of the clock is through RpaA, which regulates
gene expression. During the subjecধve day, RpaA is phosphorylated by the hisধdine kinase SasA and dephosphorylated by
CikA during the subjecধve night. RpaA is further inhibited by LabA. In addiধon, the RpaA homolog RpaB is compeধng for
DNA binding sites. During the day, sunlight causes the reducধon of the plastoquinone pool and other quinones. Reduced
plastoquinones inhibit LdpA and destabilize CikA resulধng in degradaধon of the protein. At the onset of darkness, quinones
are rapidly oxidized, which cause an inacধvaধon of KaiA through aggregaধon of the protein.
The figure is taken from Schmelling & Axmann 201831 and further extended. Graphical representaধons of the core proteins
KaiA, KaiB, and KaiC as well as proteins from the central output pathway SasA, CikA, and RpaA are based on ”Cyanobacterial
Circadian Clock Output Mechanism” by The BioClock Studio (https://youtu.be/DcuKifCRx_k). The coloring of the Kai
proteins is adapted to the coloring of the protein structures of the Kai proteins from Snijder and colleagues32. The coloring of
SasA, CikA, and RpaA is adapted to those used in The Bioclock Studio video referenced before. Grey dashed lines represent
transcripধon and translaধon processes. Grey solid lines represent de-/formaধons of homo-mulধmers. Dark dashed lines
represent interacধons of unknown mechanism. Dark solid lines represent direct interacধons or effect.
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As described before the core clock is able to directly sense energy or redox state of the cell. The phosphory-

lation of KaiC is affected by the ATP/ADP ratio directly, however, this ratio alone is not sufficient to keep

the clock functional41,42.

Even though the core factors of the cyanobacterial circadian clock are able to directly sense redox or en-

ergy states of the cell, further protein factors are needed to transfer the environmental conditions to the

clock. Furthermore, protein factors are needed that read out the state of the clock and transfer this signal

to control gene expression.

1.3.2 The modulation of kaia as a circadian input

There are three studied proteins as part of the extending network of the circadian clock in Synechococcॿ

elongatॿ PCC 7942 that either regulate the expression of kaiA or interact directly with this protein to

transmit the environmental signal to the clock. The first input factor of the circadian clock identified in

Synechococcॿ elongatॿ PCC 7942 was the protein period extender (Pex), named after its period-extending

effect of three hours upon overexpression43. Pex is a transcriptional regulator, which represses the expres-

sion of kaiA by binding cis-element in the promoter region of kaiA 44. Another protein that is thought

to regulate the expression of kaiA is circadian phase modifier A (CpmA)45. However, deletion in cpmA

also shows severe effects on growth suggesting a more general role in cellular metabolism45.

Another factor that might modulate the activity of KaiA is the redox state of the plastoquinone pool46,47,

which is in photosynthetic organisms a function of light availability and intensity. Under high light con-

ditions, the plastoquinone pool is reduced. Whereas darkness or even low light conditions result in an

oxidation of the plastoquinone pool. The onset of darkness even causes an abrupt oxidation of quinones

in Cyanobacteria. It was suggested that the N-terminal pseudo-receiver domain of KaiA is able to bind

oxidized quinones, which causes KaiA proteins to aggregate and thereby silencing the stimulating effect

onKaiC’s phosphorylation activity47. Sensing of oxidized quinones by KaiA is suggested to directly signal

the onset of darkness to the circadian clock48. However, these quinones are suggested to be some specific

quinones and not from the bulk plastoquinone pool directly. These special quinones are supposed to

change its redox state in interaction with other protein factors that copurify with KaiA, light-dependent

period A (LdpA) and circadian input kinase A (CikA) 28,47.

LdpA is an iron-sulfur proteinwith twoFe4S4 clusters that is sensitive to the cellular redox state of the plas-

toquinone pool 28,49. A reduced plastoquinone pool inactivates LdpA and sets the clock into the “short-

period mode”. In contrast, an oxidized plastoquinone pool activates LdpA, which then lengthens the

period of the circadian clock 28. Further, active LdpA stabilizes CikA under low light conditions or dark-

ness 28.
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KaiA is stimulating the autophosphorylation of KaiC and thus of central importance for the functionality

of the circadian clock in Synechococcॿ elongatॿ PCC 7942. Hence, it is not surprising that KaiA is regu-

lated at various levels. On the expression level, kaiA is regulated by Pex and CpmA, whereas as the KaiA

protein is regulated by the redox state of quinones either directly or potentially in interaction with LdpA

and CikA.

1.3.3 Antagonistic network in the readout of the clock

Reading out the state of the clock and transferring this information to downstream processes is the next

step of circadian regulation in Synechococcॿ elongatॿ PCC 7942. The main role of the circadian clock is

the orchestration of global gene expression 50,51. However, cell division 52,53, as well as chromosome com-

paction 54, are suggested to be circadian regulated in Synechococcॿ elongatॿ PCC 7942. This process is

governed by the interaction of the core clock with proteins in the output network. At the center of the

output network, is the regulator of phycobilisome associatedA (RpaA), which is activated and deactivated

by the histidine kinase Synechococcॿ adaptive sensorA (SasA) andCikA, respectively 55,56. In addition, low-

amplitude and bright A (LabA) and regulator of phycobilisome associated B (RpaB) as well as labA-like

A (LalA) and circadian rhythmicity modulator (Crm), which are not further regarded, are part of an ex-

tended output network 57–60.

During the day when KaiC phosphorylation is stimulated by KaiA, SasA interacts with KaiC through its

N-terminally KaiB-like sensory domain61. This interaction with KaiC, in turn, stimulates the autophos-

phorylation activity of SasA 55,61. Histidine-phosphorylated SasA transfers its phosphate group to the

downstream partner RpaA. RpaA is an OmpR-type response regulator, which is activated by this phos-

photransfer. 54,55. Following, activated RpaA is the major regulator for circadian genome-wide gene ex-

pression in Synechococcॿ elongatॿ PCC 7942 30,55. Whereas, SasA is currently the only known activator of

RpaA, there are several proteins that either directly inactivate RpaA or compete with RpaA about DNA

binding sites.

CikA is themain repressor of RpaA byworking antagonistically to SasA 56. CikA interacts with the KaiBC

complex during the subjective night, more precisely to the KaiC-bound KaiB protein at the same site of

KaiA binding62. This interaction enhances the dephosphorylation of RpaA through CikA 56. It is sug-

gested that CikA is also involved in the input pathway in Synechococcॿ elongatॿ PCC 7942, serving a dual

role on the regulation of the circadian clock63,64. It has been shown that CikA is able to sense the redox

state of the plastoquinone pool by binding quinones directly to its pseudo-receiver domain64. However,

quinone binding is suggested to reduce the stability of CikA 28. Another aspect that hints at an involve-

ment in the entrainment of the circadian clock is the influence of CikA on the phosphorylation state of
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KaiC during recovery of the clock after a dark pulse64. This is in agreement with previous findings, which

show an inability of CikA deficient mutants to reset the phase of the clock after a five-hour dark pulse63.

In addition, CikA deficient mutants show an amplitude reduction as well as a shortening of the circadian

period by two hours63.

Alongside the antagonistic regulatory network of SasA and CikA, RpaA is also regulated by LabA and its

homologous response regulator RpaB, which is involved in circadian gene expression and control of cell

growth65,66. This antagonistic regulation of RpaA is extended by LabA, which is believed to comprise a

second negative regulation of RpaA in addition to CikA during the night 57.

In contrast, RpaBworks in parallel to RpaA by regulating gene expression and competing for DNAbind-

ing sites rather than inhibiting RpaA directly. However, the dephosphorylation of RpaA and thus its

deactivation is also affected by RpaB 58. The main regulator mechanism of RpaB is, analogous to RpaA,

the phosphorylation of RpaB as the protein abundance remains almost constant67. During the subjective

night, RpaB represses gene expression, whichmight in some cases be supported by other factors like CikA

or LabA at dusk. Whereas during the subjective day, phosphorylated RpaA is suggested to mediate dis-

association of RpaB from the DNA66. Recently, new protein factors of the circadian network have been

identified. First, the phosphate-responsive response regulator SphR, which accepts phosphate fromCikA

and SasA in in vitro assays 56. Deletion of sphR alone does not interrupt circadian rhythmicity, however,

in triple mutants together with cikA and sॼA cell elongation phenotypes are visible68. The second factor

is another histidine kinase CikB, which interacts with SphR and RpaA comprising an additional input

mechanism in parallel to CikA. Double deficient mutants of cikA and cikB show nearly wild-type circa-

dian rhythmicity, supporting previous findings that oxidized quinones can directly reset the clock and that

the RpaA/SasA output pathway alone is sufficient to maintain circadian rhythm48,68. All this elucidates

the complexity of the RpaA-centered output network and highlights that this system is still not yet fully

understood.

1.3.4 The diversity of the circadian clock factors among cyanobacteria

All of the before described insights in the functionality of the circadian clock were studied in the model

organism Synechococcॿ elongatॿ PCC 7942 and it is tempting to think that those insights are universally

true for all Cyanobacteria. However as mentioned before, Cyanobacteria are known for their diversity,

which can be observed as expected with regard to the circadian clock. Our knowledge about the diversity

of circadian clock systems in Cyanobacteria is still sparse compared to the plethora of information about

the system in Synechococcॿ elongatॿ PCC 7942.

Circadian rhythmshavebeen identified in several cyanobacterial strains, frommarineProchlorococcॿMED469
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over Synechocystॾ sp. PCC 680370,71 and Synechococcॿ elongatॿ PCC 7942 51,72 to the nitrogen-fixing

cyanobacteria Cyanothece ATCC 5114273,74 and Anabaena sp. PCC 712075 and the toxic cyanobacterium

Microcystॾ aeruginosa PCC 780676. All of these strains show oscillating gene expression, however, large

differences in the percentage of genes in the genome are detectable ranging from 20 – 79%.

Beside thosedifferences inoverall transcription, variations in theprotein composition aredetectable. Whereas

Synechococcॿ elongatॿ PCC 7942 has the three factors KaiA, KaiB, and KaiC at its core, Prochlorococcॿ

strains only harbor two of those three proteins withKaiB andKaiC77,78. Interestingly, the resulting timing

system inProchlorococcॿ is not considered as a circadian clock since oscillations ceasewithout an exogenous

stimulus. Thus, this timing system is called an hourglass-like clock77. On the other side, three copies of the

core clock factors KaiB and KaiC have been identified in Synechocystॾ sp. PCC 680379. It has been shown

that those KaiB and KaiC, which show the highest sequence similarity to the proteins in Synechococcॿ

elongatॿ PCC 7942 and form a gene cluster with KaiA, also comprise the core of the clock in Synechocystॾ

sp. PCC 6803 and are thus named KaiB1 and KaiC1 33. However, it remains unknown what the function

of the two other orthologs are and if they are even involved in the regulation of the circadian clock. KaiB2

and KaiC2 are only characterized inLegionella pneumophila, where they act in the stress response 80, while

KaiB3 and KaiC3 are suggested to fine-tune the circadian clock in Synechocystॾ sp. PCC 6803 81.

1.4 Comparative genomic analyses

With the rise in high-throughput technologies and the amount of data researchers produce, it is now bet-

ter than ever possible to compare organisms with each other on a genomic level. One approach that is

often used in such cases is a comparative genomic analysis. Thereby, the genomic sequences of multiple

organisms are compared to find sequences that are similar between these organisms and ones that differ

(Fig. 1.2 A). Thatway it is possible to identify conserved sequences ormotifs. These analyses yield informa-

tion about the relation of those sequences, which are defined as analogs, homologs, orthologs, or paralogs.

Analogs are sequences, which have evolved convergently and are thus unrelated, whereas, homologs are

sequences that are related to each other by sharing a common ancestor. Homologs are further differenti-

ated as orthologs or paralogs. Orthologs are sequences, which retain similar functionality in two different

organisms that share one single ancestor. In contrast, paralogs are homologous sequences that arise from

a gene duplication event and that do not share functional properties 82. It is then often assumed that the

conservation on a sequence level transfers into a conservation of the function of this gene or gene product

between the analyzed organisms. Comparative genomic analyses are nowadays donewith the help of com-

puters in order to be able to analyze the ever-increasing numbers of genomes that are sequenced. Besides
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comparing two ormore genomeswith each other it is also possible to search for orthologs of a gene or gene

product of interest in a large number of organisms to identify those organisms that harbor this conserved

gene sequence in their genome (Fig. 1.2 A). Two commonly used computer-based tools for comparing se-

quences with each other are the “Basic Local Alignment Search Tool” (BLAST) 83 and the CLUSTAL 84,85

(Fig. 1.2 A). Depending on the approach either of the tools is used or sometimes even both in sequence.

BLAST searches for homologous sequences to a sequence of interest in a given database. The algorithm

aligns a short subsequence of a few characters, e.g. nucleotides or amino acids, to sequences in the database.

Successful alignments are then extended to create an alignment that fully covers the sequence of interest.

However, the results are often only partial alignments between the two sequences.

CLUSTAL, on the other side, compares two or more sequences globally, i.e. the algorithm takes all input

sequences in its full-length form. The algorithm then tries to align those sequences. In order to best align

all given sequences inserts CLUSTAL gaps between parts of the sequences. Further detailed information

about the functionality of the two tools can be found in the respective publications.

Using a comparative genomic approach sequence orthologs can be identified between a large number of

organisms. These orthologs can give first hints into a conserved functionality of a gene or protein in a

related species or identify species that might harbor a certain system.

1.5 Computational modeling of biological processes

Analyzing the presence or absence of a certain gene or gene product can help to elucidate the structure

and properties of an organism’s functionality. However, these kinds of computational analysis give only

a static picture of reality, whereas biological processes are highly dynamic. Regulatory or metabolic pro-

cesses vary during the course of a day and change with regard to the environmental conditions. Biological

functionality comes from the interaction of components, like transcription factor binding to a promoter

sequence on a DNA or conversion of a substrate by an enzyme. Those interactions are commonly rep-

resented as networks. These networks can describe, e.g. small regulatory interactions (Fig. 1.3 A) or even

genome-scale metabolic networks (Fig. 1.3 B).

As seen before with the sophistication of technologies and the increase in the amount of data, compu-

tational tools are needed in order to sufficiently analyze them. However, for the reconstructing of the

dynamic nature of biological processes, computational approaches are needed that differ from the static

approaches described before. Those dynamic computational approaches fall under the concept of math-

ematical or computational modeling. Common to all kinds of mathematical or computational models is

that they try to decode a biological process in a formal language. Representing biological processes in some
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Figure 1.2: Comparaধve genome analyses. A Whole-genome comparison. Comparing all gene or protein sequences of a
genome to another genome or mulধple genomes yields in a set of shared sequences and sequences that differ between the
input genome and the references. The results of this analysis are depending on the filter threshold for similarity between
the single sequences. B Searching for orthologs of a given sequence or set of sequences. Instead of comparing all known
sequences of two or more genomes, a single sequence or a set of sequences can be compared against a database of se-
quences. This database can be constructed depending on the purpose of the analysis. The results of this analysis depend on
the filtering criteria and thresholds. C Tools for ortholog search. Two sođware tools that are commonly used for the before
described analyses are BLAST and CLUSTAL. BLAST searches for similar sequences in a given database by aligning a short
subsequence of the original sequence and then extends the alignment. Whereas CLUSTAL takes mulধple sequence as an
input and tries to best align those sequences by inserধng gaps into the sequences.
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small regulatory interacধon network. B Schemaধc representaধon of a genome-scale metabolic network.

kind of formal language serves two purposes according to Steuer and colleagues 86: (i) communication of

knowledge about a functional interaction, which would be impossible verbally; (ii) prediction of the be-

havior of a set of interactions beyondwhat is human intuition is able to do. For simplification in this thesis

computational modeling can be divided into two classes, which are distinguished by the size of the repre-

senting network, level of detailed description, and the kind of dynamic reconstruction: large-scale models

and small-scale models.

Large scale models such as a genome-scale representation of a metabolic network with all known metabo-

lites and reactions in a cell are identified by a large number of components accompanied by a reduced level

of detail about each component. This is usually due to a lack of knowledge about rate constants or other

kinetic parameters. Large-scale models are represented as graph-based topological analyses or stoichiomet-

ric models. However, in those cases where detailed information is available and a higher level of detail is

desired, small-scale models are more suited. Those models are most often represented by a set of ordinary

differential equations (ODE).

Even though computational models help researchers to understand the behavior of a given system inmore

detail, those models also have their limitations as they are only an abstraction of the real system.

12



2
Aims of the Thesis

Comparative conversation analysis of circadian clock factors in cyanobacte-

ria

Cyanobacteria are known for their high diversity in morphology, physiology, habitats as well as genome

size and structure 21. Furthermore, they are the best-studied prokaryotes, which regulate large parts of

their genome in a circadian fashion. Thus, it is not surprising to see that there are even differences in

the composition of the factors involved in the circadian clock. Previous studies with a smaller sample

size already indicated that there are three different types of timing systems among Cyanobacteria: (i) the

circadian clock model organisms Synechococcॿ elongatॿ PCC 7942, (ii) the hourglass timing system of

Prochlorococcॿ, missing some of the factors known from Synechococcॿ elongatॿ PCC 7942, and (iii) the

system from Synechocystॾ sp. PCC 6803, which harbors multiple copies of core clock factors42,79. Some

of these studies also indicate a more widespread distribution of clock factors from Cyanobacteria in other

Bacteria and even Archaea79. With a large increase in available genomic data, it is now possible to get a

comprehensive picture of the distribution and conservation of cyanobacterial circadian clock factors. This
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work aims at analyzing the diversity of circadian clock factors among Cyanobacteria as well as identifying

possible KaiC-based circadian clocks in other organisms outside of the cyanobacterial phylum. With this

information, conservation analyses of sequence motifs are feasible that are known to be important for

the structural interaction of the core clock proteins. On the other side, it is possible to analyze the co-

occurrences of these factors to further predict sets of protein factors, which have different functionswithin

this timing system. The new insights into the distribution and co-occurrence of circadian clock factors can

be used to identify novel dependencies of these factors, which can guide new experiments to unravel the

molecular mechanism and interaction.

Mathematical modeling to unravel mechanisms and design principles of the

cyanobacterial circadian clock

It is just over a decade ago that the circadian clock of Synechococcॿ elongatॿ PCC 7942 was reconstructed

in a test tube 87. Since then tremendous achievements have been made by using mathematical modeling

to decipher various molecular mechanisms of this timing system and circadian systems in general. In this

work, we review the detailed insights into the functionality of circadian systems and the cyanobacterial

circadian clock in particular gained by mathematical modeling. These insights range from the description

of themolecular functions of the core clock and its interaction over to strategies for entrainment and input

compensation such as shorter phosphorylation cycles of individual KaiC hexamers under lowATP condi-

tions. Further strategies for robustness to noise and environmental changes such as the increase in genome

copy number or the uncoupling of the oscillator from transcriptional processes were identified. Another

part of this review is to highlight and identify those aspects of circadian clocks that are still unanswered

and need further investigation. Ones fully understood insights in circadian regulation allow for manip-

ulation of the system with varying potential applications such as the industrial production of chemicals

under natural conditions or terraforming of habitable planets and moons with different day lengths.

14



Zeit ist dॼ, wॼ man an der Uhr abliest.

Albert Einstein

3
Key results of this thesis

Circadian regulations in Cyanobacteria were first discovered over three decades ago 17. Since then the circa-

dian clock of the model organism Synechococcॿ elongatॿ PCC 7942 has been studied in detail. However,

there are still open questions regarding this circadian system, including the core of the circadian clock. Fur-

thermore, the system shows, against initial beliefs, large complexity with regard to the number of factors

involved and their interactions.

The structure of the core clock proteins KaiA, KaiB, and KaiC has been resolved individually, but struc-

tural information of naturally occurring complexes of these three proteins remained unclear40,88–90. The

results of the work described in Chapter 4 clearly show the different complexes these three proteins can be

found in and their stoichiometry 32. Furthermore, the interaction sites between the three proteins and the

conformational changes that occur have been described in detail throughout the full 24-hour phosphory-

lation cycle 32. Similarity analyses on the sequence of the three core clock proteins among Cyanobacteria

revealed a strong conservation of these sequences, especially in those regions that are important for the

interaction of the proteins 32, which hints at a conserved mechanism among Cyanobacteria.

It was suggested in previous studies that Cyanobacteria show some diversity also with regard to the cir-
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cadian system42,79. With an increase in available genomic data, we were able to study the diversity of the

circadian system more comprehensively91. The findings covered in Chapter 5 strengthens the previous

findings of the diversity of the circadian system in Cyanobacteria. Furthermore, orthologs in other bacte-

rial species andArchaea could be identified by these analyses, extending the previous knowledge about the

distribution of those proteins. Phosphorylation studies of KaiC orthologs fromArchaea also demonstrate

conserved functionality of KaiC across kingdoms91. In addition, the co-occurrence analyses of protein fac-

tors in Cyanobacteria highlights two sets of proteins that are suggested: (i) to enable timing in cyanobacte-

ria, which includes the core clock factors KaiB, KaiC, the input factors LdpA, IrcA, and the output factors

SasA, RpaA, RpaB, and CpmA, and (ii) further to extend this ability to also circadian regulation, com-

prised of the core factor KaiA, the input factors CdpA, PrkE, CikA, as well as the output factors LabA,

and LalA91.

Besides thedetailed insights into the functionality of the circadian clock inCyanobacteria, generated through

laboratory experiments, a tremendous understanding of this clock system, in particular, and circadian

clocks, in general, have been achieved by mathematical modeling. In Chapter 6 we review a decade of

theoretical studies and their remarkable findings 31. Mathematical models have helped to understand the

molecular mechanisms of the cyanobacterial circadian clock, including the 24-hour phosphorylation cycle

with its interaction of KaiA, KaiB, and KaiC92. Insights gained through mathematical modeling revealed

strategies to filter the noise of the external stimulus and the limitations of this system regarding noise93–95.

Furthermore, some models describe strategies for entrainment and stability against changing nucleotide

concentrations as well as ones for uncoupling of circadian clocks from the cell cycle96–98.
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4
Structures of the cyanobacterial circadian

oscillator frozen in a fully assembled state

Joost Snijder, Jan M. Schuller, Anika Wiegard, Philip Lössl, Nicolas Schmelling, Ilka M. Axmann, Jürgen

M. Plitzko, Friedrich Förster, Albert J. R. Heck (2017) Structures of the cyanobacterial circadian oscillator

frozen in a fully assembled state, Science, 355 (6330), 1181–1184, doi: 10.1126/science.aag3218
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Summary of Publication

In this chapter, the structural interaction of the three core clock proteins is elucidated. Previously, struc-

tural information about the complex of KaiA, KaiB, andKaiC have been inconclusive and only been stud-

ied with modified or truncated Kai proteins. Thus it was unclear how the core complex forms in nature.

In a collaborative work together with Joost Snijder, Jan M. Schuller, Anika Wiegard, Philip Lössl, Ilka M.

Axmann, JürgenM. Plitzko, Friedrich Förster, andAlbert J. R.Heck we usedmass spectrometry and cryo-

electronmicroscopy to unravel the complex formation and interaction. The Kai proteins weremodified if

needed and purified by Anika Wiegard and further analyzed by Joost Snijder, Jan M. Schuller, and Philip

Lössl in mass spectrometry and cryo-electron microscopy. We could identify the temporal formation of

the different Kai complexes and further clearly elucidate the interaction sites between the three Kai pro-

teins, whichwere previously under debate. Itwas of interest to us how conserved the interaction sites are in

cyanobacteria. In the following, I performed similarity analyses of the three proteins in Cyanobacteria and

mapped the conservation of each amino acid onto the original sequence of the Kai proteins in Synechococ-

cॿ elongatॿ PCC 7942 and thereby identifying a high conservation of the sites involved in the interaction

between the three proteins. The results of this work were published in Science and can be found on doi:

10.1126/science.aag3218.
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4.1 Abstract

Cyanobacteria have a robust circadianoscillator, knownas theKai system. Reconstituted from thepurified

protein components KaiC, KaiB, and KaiA, it can tick autonomously in the presence of ATP. The KaiC

hexamers enter a natural 24-hour reaction cycle of autophosphorylation and assemblywithKaiB andKaiA

in numerous diverse forms. We describe the preparation of stoichiometrically well-defined assemblies of

KaiCB and KaiCBA, as monitored by native mass spectrometry, allowing for a structural characterization

by single-particle cryo–electron microscopy and mass spectrometry. Our data reveal details of the inter-

actions between the Kai proteins and provide a structural basis to understand periodic assembly of the

protein oscillator.

4.2 Introduction

Many organisms, from Cyanobacteria to animals, have adapted to Earth’s day-night cycle with the evo-

lution of an endogenous biological clock. These clocks enable circadian rhythms of gene expression and

metabolismwith aperiod close to 24hours. Many circadian rhythms rely on complexnetworks of transcription-

translation feedback, but simpler posttranslational oscillations have also been described in bothCyanobac-

teria and human red blood cells99. The circadian oscillator of Cyanobacteria is composed of three compo-

nents: the proteins KaiC, KaiB, and KaiA 100. This posttranslational oscillator is robust enough to allow

reconstitution simply through incubation of purified recombinant KaiC, KaiB, and KaiA in the presence

of ATP 87. The in vitro oscillator can maintain a stable rhythm for weeks 101,102, allowing for its detailed

study. The proteins of the Kai system collectively generate a circadian rhythm based on assembly dynam-

ics associated with KaiC autophosphorylation and dephosphorylation 103,104. KaiC forms a homohexamer

consisting of two stacked rings of domains CI and CII, which have ATPase and kinase activity, respec-

tively 105. During the subjective day, the kinase activity of KaiC is stimulated by the binding of KaiA to the

intrinsically disordered C-terminal regions of KaiC, resulting in sequential autophosphorylation at Thr432

and Ser431 of KaiC 38. During the subjective night, KaiB interacts with phosphorylated KaiC, forming the

KaiCB complex 105. Binding of KaiB to KaiC changes the activities of SasA and CikA, which are key sig-

naling proteins of clock output pathways that modulate transcription 30. Moreover, the KaiCB complex

exposes an additional KaiA-binding site, sequestering KaiA and thus preventing its productive association

with KaiC 106. The sequestration of KaiA allows KaiC to readopt its default autodephosphorylation activ-

ity, thereby slowly resetting the protein clock to an unphosphorylated state 101.

Atomic-level structures of the individual Kai proteins are available 88–90, but structural information on the

KaiCB and KaiCBA complexes is still ambiguous40,107–109. KaiB forms monomers, dimers, and tetramers
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in solution, with six KaiB monomers binding cooperatively to one KaiC hexamer 110. It has been unclear

whether KaiB binds to the CI or CII domain of KaiC 106,107,110–112. Nuclear magnetic resonance (NMR)

spectroscopy studies of engineered and truncated Kai proteins suggested that KaiB binds the KaiC-CI

domain and only one subunit of a KaiA dimer 106, but it is unclear whether the wild-type, full-length pro-

teins arrange similarly in the KaiCBA complex. Here we use mass spectrometry (MS) and cryo-electron

microscopy (cryo-EM) to study the assembly and structures of the full-length clock components to provide

a structural basis for the assembly dynamics of the in vitro circadian oscillator.

4.3 Materials and Methods

4.3.1 Cloning, Expression and Purification of Kai proteins

Plasmids pGEX-kaiA, pGEX-kaiB and pGEX-kaiC for expression of GST-KaiA, GST-KaiB and GST-

KaiCwere kindly provided byT.Kondo,NagoyaUniversity, Nagoya, Japan. To expressGST-KaiB-K42A,

GST-KaiC-A108L and GST-KaiC-A108E mutations were introduced into pGEX-kaiB or pGEX-kaiC

using the primers listed in Supplementary Table A.4 and the Q5® Site-Directed Mutagenesis Kit (New

England Biolabs). Protein expression and purification from Escherichia coli BL21 (DE3) cells was carried

out as previously described 33,110. After cell lysis, GST-fused proteins were bound to Protino Glutathione

Agarose 4B (Macherey and Nagel) and cleaved of their GST-tag by incubation with PreScission Protease

(GE Healthcare). Homogeneity of the recombinant proteins was controlled by separating them via SDS-

PAGE. If it was not sufficient, proteins were applied to a MonoQ-column (GE healthcare) and separated.

After dialysis in Reaction buffer (20 mM Tris·HCl, pH 8, 150 mM NaCl, 0.5 mM EDTA, 5 mM MgCl2,

and 1 mMATP ) protein concentration was determined using infrared spectroscopy (Direct Detect, Spec-

trometer, Merck Milipore) or the Bradford method.

4.3.2 Sequence conservation analysis

The coding sequences of the genome of Synechococcॿ elongatॿ PCC 7942 and Synechocystॾ sp. PCC 6803

were obtained from theNCBI FTP server (May 2016). Further, the sequences of KaiA from Synechococcॿ

elongatॿ PCC 7942 and KaiB1 and KaiC1 from Synechocystॾ sp. PCC 6803 were retrieved from the down-

loaded coding sequences and compared to the entries in the Cyanobase Database 113 to assure correctness.

The KaiB and KaiC homologs from Synechocystॾ sp. PCC 6803, rather than the ones from Synechococ-

cॿ elongatॿ PCC 7942, were selected to exclude any hits to other naturally occurring homologs of these

proteins, which do not resemble the core clock of cyanobacteria. For the construction of a database all

entries in the genbank protein database 114 that were labeled as ”Complete Genome” or ”Chromosome”
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(May 2016) were downloaded. The amino acid sequences of KaiA, KaiB1, KaiC1 were set as queries for a

homology searchusing the standalone versionofBLASTP2.2.30+ 83 and compared against the constructed

database (May 2016; Settings: e-value cut-off: 10-5, max. number of alignments: 10,000, wordsize: 3, ma-

trix: BLOSUM62). In a reciprocal BLASTanalysis the generatedmatcheswere used as queries to eliminate

false positive results. Only the reciprocal best hit was recorded for further analyses. This time the coding

sequences of Synechococcॿ elongatॿ PCC 7942 and Synechocystॾ sp. PCC 6803 were used as databases

(Settings: e-value cut-off: 10, max. number of alignments: 1, wordsize: 3, matrix: BLOSUM62). After-

wards all matches were filtered regarding their alignment partner. Only those protein records that aligned

to the KaiA, KaiB1, or KaiC1, respectively, were kept and considered as a validated hit. Multiple sequence

alignments of KaiA, KaiB1, KaiC1 homologs for only those cyanobacteria, which showed homologs to all

three protein, were constructed with the standalone version of CLUSTALOmega 1.2.1-1 85 (May 2016; Set-

tings: iterations: 20, max. guidetree iterations: 1 dealign: yes). Afterwards the alignments were editedwith

Jalview 115 such that all gaps in the sequences of the respective Synechococcॿ elongatॿ PCC 7942 homolog

were removed. Edited multialignments were used to create WebLogos 116.

4.3.3 Complex Assembly

Kai proteins were incubated for assembly in Reaction Buffer, For the 24 hour time course experiments

KaiC, KaiB and KaiAwere incubated at a final concentration of 3 μM, 3 μM and 1.5 μM, respectively, at 30

°C or 4 °C, as indicated. To achieve complete formation of KaiC6B6, KaiC and KaiB were incubated for

one week at 4 °C, at final concentrations of 3 μM and 9 μM, respectively. To achieve complete formation

of KaiC6B6A12, KaiC, KaiB andKaiAwere incubated for oneweek at 4 °C, at final concentrations of 3 μM,

9 μM and 9 μM, respectively. The same conditions were used to test the effect of single point mutations

(KaiC-A108L, KaiC-A108E and KaiB-K42A) on KaiCBA complex assembly.

4.3.4 Native Mass Spectrometry

Kai samples in Reaction Buffer were transferred to ice-cold MS-compatible buffer containing 75 mM am-

monium acetate (pH 6.8) using Vivaspin 500 centrifugal filter units with a 5 kDamolecular weight cutoff.

The centrifugation steps were performed at 4 °C and samples were kept on ice until analyzed. Aliquots

of 1-2 μLwere loaded in gold-coated borosilicate capillaries prepared in-house for nanoelectrospray ioniza-

tion. The samples were analyzed on aWatersQTOF2 instrument, modified for nativeMS of large protein

complexes. The instrument was operated at 10 mbar source pressure, 1,300–1,500 V capillary voltage, 160

V cone voltage, 50 V collision energywith 1–2×10−2 mbar pressure in the collision cell using xenon as colli-

sion gas. In addition, the 24 hour time course experiments were also analyzed on aMicromass LCT1 mass
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spectrometer, modified for high mass analysis. The instrument was operated at 9 mbar source pressure,

1,300–1,500V capillary voltage, 160V cone voltage and the pressure in the first hexapolewas kept at 4×10−2

mbar using argon as a buffer gas. Peaks were manually identified in the mass-to-charge ratio spectra and

matched by charge state for a given assembly. Frommatched peaks, the exact charge state can be calculated

for each peak which is subsequently used to calculate the mass by multiplication with the mass-to-charge

ratio (see Fig A.2). The masses of Kai assemblies reported in Supplementary Table A.1 correspond to the

average over all charge states identified for that complex. The assignments for Kai complexes listed here

have additionally been verified by tandem MS experiments.

4.3.5 Hydrogen/deuterium exchange MS

Free KaiC, free KaiB and free KaiA were incubated for one week in Reaction Buffer at 4 °C at a concentra-

tion of 30 μM.KaiB-boundKaiCwas incubated for oneweek inReaction Buffer at 4 °C at a concentration

of 30 μM in the presence of 90 μMKaiB.KaiC-boundKaiBwas incubated for oneweek inReactionBuffer

at 4 °C at a concentration of 30 μM in the presence of 90 μM KaiC. All components in the KaiCBA com-

plex were analyzed from KaiC, KaiB and KaiA incubated for one week in Reaction Buffer at 4 °C at a

concentration of 30 μM, 90 μM and 90 μM, respectively. The HDX reaction was started by diluting the

above stock solutions 20-fold to a final volume of 40 μL in D2O. The reaction was carried out on ice for

1, 10, and 60 min before quenching by 2:1 dilution into ice-cold 6 M guanidine HCl, 300 mM Tris (2-

carboxyethyl) phosphine, with pH adjusted to give a final pH of 2.5. Immediately after quenching, the

sample was injected into a Waters HDX/nanoAcquity system for digestion on an online pepsin column

(25 °C, at a flow rate of 50 μL min−1) followed by separation on a 10-min RP-UPLC gradient at 0 °C and

MS on aWaters XevoQToFG2. For peptide identification, samples of KaiC and KaiB were prepared un-

der identical conditions in H2O and analyzed using MSe data acquisition. Data for peptide identification

was processed with ProteinLynx Global Server 2.5 software. Deuterium uptake was calculated compared

with the control samples in H2OusingWaters DynamX 1.0.0 software. The experiments were performed

in triplicate.

4.3.6 Cross-linking MS

The individual Kai proteins were transferred fromReaction buffer to 25 mMHEPES pH 8, 150mMNaCl

using Vivaspin 500 centrifugal filter units (Sartorius) with a 5 kDa (KaiB) or 10 kDa (KaiA and KaiC)

molecular weight cutoff. Subsequently, the KaiC6B6A12 complex was assembled as described above. A

total amount of 300 μg KaiC6B6A12 was cross-linked at a protein complex concentration of approximately
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1 mg/ml using 1 mM bis(sulfosuccinimdyl)suberate (BS3, Thermo Fisher Scientific). The cross-linking re-

action proceeded at 4 °C and was quenched after 4 hours by adding Tris-HCl (pH 7.6) in 20-fold molar

excess to the BS3 concentration. The cross-linked proteins were denatured in 8 M urea, reduced with 4

mM DTT for 30 min at 56 °C, alkylated with 8 mM iodoacetamide for 30 min in the dark, again sup-

plemented with 4 mM DTT and finally digested overnight at 37 °C using trypsin at a 1:100 (w/w) en-

zyme:substrate ratio. The resulting peptide mixture was desalted using Sep-Pak C18 cartridges (Waters),

dried under vacuum, dissolved in 10 % (v/v) formic acid and fractionated by strong cation exchange (SCX)

chromatography as described previously 117,118. The elution fractions that, according to the SCX chro-

matogram, contained predominantly higher charged peptides (z ≥ 3) were analyzed by reversed-phase

liquid chromatography/tandem-mass spectrometry (LC/MS-MS) using a Proxeon EASY-nLC 1000/Or-

bitrap Elite system (both Thermo Fisher Scientific) and in-house packed C18 columns (Poroshell 120 EC-

C18, 2.7 μm (Agilent Technologies)). Peptides were loaded using 100 % solvent A (0.1 % (v/v) formic acid

in water) and separated over 60 min at 350 nL/min flow rate by increasing the solvent B concentration

(0.1 % (v/v) formic acid in acetonitrile). Precursor and fragment ion mass spectra were acquired in the Or-

bitrap mass analyzer, respectively operating with 60,000 and 15,000 mass resolution (at m/z 200). The 5

most abundant precursor ions carrying at least 3 positive chargeswere fragmented by subjecting them to se-

quential collision-induced dissociation (CID) and electron-transfer dissociation (ETD). Subsequently, all

acquired fragment ion spectra were deconvoluted to charge state 1 using theMS2 spectrum processor add-

on node in Proteome Discoverer v1.4 (Thermo Fisher Scientific) and analyzed with the XlinkX crosslink

search engine 118. TheXlinkX searchwas performed in enumerationmodewith 10 ppmprecursormass tol-

erance and 20 ppm fragment mass tolerance, using a database that was derived from the three Kai protein

sequences and nine shuffled decoy sequences. This target-decoy crosslink database was generated using

the following settings: peptide length = 3–40 amino acids, allowedmissed cleavages = 3, enzyme = trypsin,

linked residue=Lys, fixedmodification=Cys carbamidomethylation, variablemodifications=≤2Met ox-

idations. Based on the individual confidence scores (N scores) of the matched target- and decoy-peptides,

an N score-dependent false-discovery rate (FDR) was calculated. A crosslink was accepted when the N

scores for both crosslinked peptides were ≤ 6e−10, which corresponds to ≈ 1 % FDR. As an additional

criterion, accepted crosslinks had to be confirmed by at least 2 independent fragment ion mass spectra.

4.3.7 Cryo-electron microscopic analysis of the KaiCB and KaiCBA complex

We determined the structure of KaiCB and KaiCBA complexes, prepared as described above, by single

particle cryo-electron microscopy (cryoEM). For both complexes, about 4 μL of protein was applied to

a lacey carbon copper grid, incubated for 30 s, manually blotted with filter paper and washed two times
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with 4 μL buffer before final blotting and vitrification in liquid ethane cooled by liquid nitrogen. The

grids were imaged using a Titan Krios transmission electron microscope (FEI Company) operated at 300

kV. All images were recorded on a post-GIF K2 Summit camera (Gatan Inc,) operated in super-resolution

counting mode with a defocus range between 1 and 3.5 μm, using a dose rate of 3 e-/Å2 at the specimen

plane and a total exposure time of 15.2 s. Every 0.4 s an intermediate framewas recorded resulting in a total

of 38 frames with an accumulated dose of 4̃5 e-/Å2. Images were collected at 105,000 x magnification (1.35

Å/pixel). TOM2 automated acquisition software 119 was used to collect a total of 1,694micrographs for the

KaiCB dataset and 3,181 micrographs for the KaiCBA dataset.

The movie stacks were aligned using an in-house implementation of the algorithm described in 120. CTF

parameter determination was carried out on the whole micrograph level using ctffind4 121. All image pro-

cessing was performed in RELION 122. Particles were picked manually in a subset of micrographs using

e2boxer 123 to generate a library of 2D class averages for subsequent automatic particle picking 124. A total

of 213,329 particles for KaiCB and for 77,079 particles for KaiCBA were selected and subjected to iterative

rounds of 2D alignment and classification. The results of the 2D analysis were used to remove damaged,

aggregated, or falsely selected particles from the dataset for subsequent 3D analysis. As an initial model for

3D Classification a cylinder with the approximate dimensions of the 2D class averages was chosen (12 nm

diameter and height of 15 nm) to avoid starting model bias. To assess conformational heterogeneity 3D

classification was carried out. The classes with the best-resolved features were combined, which resulted

in 5,137 particles and 32,498 particles for KaiCB and KaiCBA, respectively. From the remaining particles

resolutions of 11.5 Å for the KaiCB and 7.2 Å for the KaiCBA complex could be obtained. The map was

subjected to rotational correlation analysis 125, yielding pronounced peaks at multiples of 60° indicating

six-fold symmetry. Applying 6-fold symmetry improved the resolution to 7.8 Å for the KaiCB and to 5.1

Å for the KaiCBA complex.

The aligned particles were used for the ”particle polishing” method within RELION 126. The particle mo-

tion trajectories were estimated and fitted using a running average window of 3 frames. Individual frame-

reconstructions were generated and per-frame B-factors were estimated. Based on the quality of the indi-

vidual reconstructions and their respective B-factors, frames 2-24 were kept and weighted accordingly in

the sums. For the KaiCB and KaiCBA complexes these polished particles further improved the resolution

to a global resolution of 7 and 4.7 Å, respectively. The final maps were sharpened with a B-factor of -205

Å2 and -245 Å2 for the KaiCB and KaiCBA complexes, respectively. Local resolutions of the complexes

were computed using Bsoft 127. To prevent over-interpretation in the model building, the map was filtered

accordingly in the analyzed areas.
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4.3.8 Modeling

An atomicmodelwas built for theKaiCBA complex. The crystal structures ofKaiC in different functional

states unambiguously fitted one handedness of the density. Our density of the CI ATPase of KaiC fits best

to the crystal structure of the KaiC CI domain in the presence of ADP (PDB 4TLA ChainC). For the CII

Kinase domain the crystal structure of the full length KaiC (PDB 3dvl) was used as a model. The KaiA

C-terminal domain was taken from the full-length KaiA structure (PDB 1R8J). We generated an atomic

model ofKaiB in the thioredoxin-like fold using SasA (PDB 1T4Y) as a template inMODELLER 128,129. All

structureswere pruned of flexible tails and initially rigid body fitted usingUCSFChimera 130. To correct for

clashes themodel was subjected to geometry minimization using the PHENIX software package 131, as pre-

viously described 132. After minimization the cross-resolution between the model and the reconstruction

was calculated to be 4.9 Å. All the 3D structures were displayed using UCSF Chimera 130.

4.3.9 Data deposition:

The4.7-Å cryo-EMKaiCBA structure and the 7-Å cryo-EMKaiCB structure are available from theEMDB

with accession codes EMD-XXXX and EMD-XXX, respectively. The rigid body fitted KaiCBA model

generated in this study has been deposited in the PDB with the accession code XXXX.

4.4 Results and Discussion

The standard in vitro Kai oscillator consists of a 2:2:1 molar ratio of KaiC:KaiB:KaiA in the presence of

excess MgATP, incubated at 30 °C 87. We tracked the phosphorylation-dependent assembly of the Kai

proteins under these conditions and used native MS to determine the masses and stoichiometries of the

formed noncovalent assemblies 133. For the in vitroKai oscillator, we simultaneously detected multiple co-

occurring Kai-protein complexes, revealing more than 10 different Kai protein–assembly stoichiometries

over the course of 24 hours (Fig. 4.1A and Table A.1). The KaiC starting material had low amounts of

phosphorylation. Upon initial mixing, most KaiC therefore existed as a free hexamer, whereas a small

fraction formed a complex with one or two KaiA dimers (Fig. A.1A). These KaiCA complexes have au-

tophosphorylation activity, which led to cooperative formation of phosphorylated KaiC6B6 complexes

through a KaiC6B1 intermediate 110. In our samples, formation of KaiCA and KaiCB complexes peaked at

4 to 8 hours incubation time. The formation of higher-order KaiCBA complexes followed the formation

of KaiCB complexes, with a maximum at 8 to 12 hours of incubation followed by a steady decline toward

24 hours. We observed KaiC6B6 with between one and six KaiA dimers bound. Detailed assignments of

peaks and repeated measurements are shown in Fig. 4.1B and Figs. A.1 to A.3. During the dephosphory-
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lation phase (16 to 24 hours), as KaiCBA complexes disassemble, we detected KaiA2B1 complexes in the

lower mass region of the spectra (Fig. A.1B). Thus, the disassembly pathway of the KaiCBA complexes

appears not to be simply the reverse of the assembly pathway but rather a distinct route.

We attempted to freeze Kai-protein assembly in specific states, producing particles amenable to more de-

tailed structural characterization. Whereas at 30 °C the default activity of KaiC is autodephosphorylation,

autophosphorylation is favored at 4 °C 104,109. Therefore, we tested how a lower incubation temperature

affected assembly of the complete in vitro oscillator. At 4 °C, KaiCBA complex formation was slower than

at 30 °C. However, KaiCBA abundance steadily increased, and, even after 24 hours, it did not peak (Fig.

4.1A). This indicated a possible route for preparation of KaiCBA complexes with full occupancy of the

KaiA-binding site. Therefore, we incubated KaiC, KaiB, and KaiA at a 1:3:3 molar ratio at 4 °C for one

week in the presence of MgATP. We observed near-complete occupancy of the KaiA-binding site, as seen

from the predominant formation of KaiC6B6A12 assemblies (Fig. 4.1C). The measured mass of this com-

plex was 823.3± 0.5 (standard deviation) kDa, compared to a theoretical mass of 821.3 kDa for KaiC6B6A12

(Table A.1). Similarly, prolonged incubation of KaiC with KaiB at 4 °C resulted in the efficient formation

of KaiC6B6 complexes (measured: 426.9 ± 0.1 kDa; theoretical: 426.4 kDa; Table A.1). Further exper-

iments revealed that formation of the KaiCB complex is the limiting step for the complete assembly of

KaiCBA (Fig. A.1C). Using the protocol described above, we obtained near-homogeneous KaiC6B6A12

and KaiC6B6 assemblies, which we further structurally characterized by single-particle cryo-EM (Fig. 4.2).

Preferred orientations of particles in ice limited the overall resolution of the KaiCB reconstruction to 7

Å, whereas the KaiCBA map was resolved to 4.7 Å (Figs. A.4 and A.5). Superposition of the KaiCB and

KaiCBA maps indicated that the KaiCB subcomplex remained essentially invariant in the KaiCBA com-

plex (Fig. A.4). Both maps clearly show that KaiB binds to the KaiC-CI domain, resolving a controversy

in the field 106,110–112,133. This architecture was further confirmed by cross-linkingMS experiments (Fig. A.6

and Table A.2). For a molecular interpretation of the cryo-EM maps, we fitted available atomic models of

their constituents (Fig. 4.2C).

The KaiCB structure is composed of three stacked rings (Fig. 4.2). Fitting of the homohexameric KaiC

crystal structure 88 showed that the bottom two rings correspond toKaiC, and the upper ring is accordingly

assigned to KaiB. A comparison of themap to the various nucleotide bound states of the KaiC-CI domain

indicated that this domain is in an ADP–bound state (Fig. A.7) 134. The nucleotide binding sites at the CI

domain showed an unaccounted for density, which was hence assigned to a bound nucleotide (Fig. 4.2D).

The KaiB subunits are arranged in a six-fold symmetrical ring, stacked on the lids of the small KaiC-CI–

ATPase subdomains (Fig. A.8). Isolated KaiB of the cyanobacterium Synechococcॿ elongatॿ PCC 7942

exists in two different folds 135. One fold, seen only in KaiB to date, has been observed in protein crys-
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Figure 4.1: Monitoring KaiCBA assembly dynamics by naধve MS. (A) Naধve mass spectra of the in vitro oscillator at 30 ° or
4 °C, as indicated. The relaধve signal intensity (RSI) is ploħed against the mass-to-charge raধo (m/z). Areas of the spectra
corresponding to KaiC, KaiCA, KaiCB, and KaiCBA are indicated. (B and C) Enlarged mass spectra with full peak annotaধon.
The idenধfied Kai complexes are schemaধcally represented above the spectra (KaiC-CI, green; KaiC-CII, blue; KaiA, yellow;
KaiB, pink). The complexes are highlighted with differently colored circles and diamonds that match the symbols used to
label the mass spectrum. A detailed explanaধon of the peak assignment is provided in Fig. A.2. An overview of all mass
assignments is given in Table A.1. (B) Mass spectra of oscillator at 30 °C ađer 12 hours of incubaধon. (C) Mixture of KaiCBA
containing excess KaiA and KaiB incubated for 1 week at 4 °C. These Kai complexes have near-complete occupancy of the
KaiA-binding site.
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tals90,107,136,137. NMR spectroscopy experiments suggested that KaiB switches from the fold observed in

crystal structures to a thioredoxin-like fold upon binding to KaiC 135. The cryo-EM map of KaiCBA con-

firmed that KaiC-bound KaiB adopts the thioredoxin-like fold (Fig. A.9). The observed KaiC-KaiB in-

terface is further supported by hydrogen-deuterium exchange (HDX)–MS experiments (Fig. A.8, Table

A.3, and data files S1 to S3). The KaiCBA model predicted that KaiC-Ala108 is an essential part of the

KaiC-KaiB interface. Indeed, by native MS we observed loss of binding upon mutation of Ala108 (Fig.

A.10). The position of individual KaiB subunits in the KaiCBA model also suggests possible KaiB-KaiB

contacts that could promote cooperativity of KaiB binding to KaiC (Fig. A.11). The KaiA protein from

Synechococcॿ elongatॿ PCC 7942 is composed of an N-terminal pseudoreceiver (PsR) domain and a C-

terminalα-helical domain that takes part in homodimerization 89. KaiAdimerization is consistentwith the

KaiC6B6A12 stoichiometry determined for the fully assembled complex. Fitting of the KaiA dimer struc-

ture into the KaiCBA map (Fig. 4.2) yields excellent colocalization of secondary-structure elements in the

map and the model for the C-terminal dimerization domain and is further supported byHDX-MS exper-

iments (Fig. A.12). KaiB binds to KaiAmost prominently with its β2 strand, which is present in bothKaiB

folds and comprises the evolutionarily most-conserved residues of the protein (Fig. A.13). The KaiCBA

model predicts that KaiB-Lys42 is important for the KaiB-KaiA interaction, which was confirmed by loss

of KaiA binding upon mutation of KaiB at this site, as observed in native MS experiments (Fig. A.10).

The presence of KaiB-Lys42 is also important for the in vivo clock in Synechococcॿ elongatॿ PCC 7942

and Thermosynechococcॿ, as kaiBC and psbA promoter activities become arrhythmic upon mutation of

this site 136.

For every KaiA dimer in the KaiCBA model, only one monomer is in contact with KaiB. The HDX-MS

data also showed signs of asymmetric binding, confirming that the two KaiA protomers in the dimer are

distinct in the KaiCBA complex (Fig. A.14). The density assigned to KaiA in the KaiCBA map does not

cover most of the N-terminal PsR domain, indicative of the domain’s structural flexibility. Positioning of

the PsR domains according to the fitted domain-swapped crystal structure also results in extensive clashes

withKaiB (Fig. A.15). HDX-MS experiments do not indicate that the PsRdomain unfolds or becomes dis-

ordered (Table A.3 and data file S1). We therefore suspect that the PsR domain is still folded, but attached

with a flexible linker, which would explain the lack of density in the cryo-EM map of the KaiCBA com-

plex. We did observe a small, unassigned KaiA-density segment near the cleft between the homodimeric

C-terminal domains. We tentatively assigned this segment to residues 147 to 172, which form the small

cross–β sheet and the N-terminal α5 helix in the KaiA crystal structure (Fig. A.15). Binding of KaiB to the

linker region of KaiA therefore appears to dissociate the two strands in the dimer, resulting in a large dis-

placement of the PsR domain. The α5 helix of KaiA likely occludes the site to which the flexible C-termini
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Figure 4.2: Cryo-EM map and pseudoatomic model of the KaiCBA complex. (A) Top and side view of the three-dimensional
(3D) reconstrucধon of the KaiCBA complex. The CII and CI domains of KaiC are colored in dark green and green and in blue
and light blue, respecধvely. The segmented density corresponding to KaiB is colored alternaধng in pink and purple, and the
individual KaiA homodimers are colored orange and orange-red. (B) Top and side view of the model of the KaiCBA complex.
Colors are the same as in (A). (C) Selected examples of the quality of the map. (D) Density in the nucleoধde binding pocket
of the KaiC-CI domain superimposed with the nucleoধde bound in the KaiC crystal structure bound to ADP (Protein Data
Bank 4TLA chain C).
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Figure 4.3: The structural basis of periodic assembly in the cyanobacterial circadian clock. (A) Structural transiধons of the
individual Kai proteins during the circadian cycle. (B) Molecular changes in the KaiCBA oscillator. Stepwise binding of two
KaiA dimers triggers KaiC autophosphorylaধon at Thr432 and Ser431 (I). These phosphorylaধon events enable cooperaধve
binding of fold-switched KaiB monomers to the KaiC-CI domain, forming the KaiCB complex (II). KaiCB provides a scaffold
for the successive sequestraধon of KaiA in ternary KaiCBA assemblies, concurring with a rearrangement of the KaiA PsR
domains (III). KaiA sequestraধon promotes KaiC autodephosphorylaধon, resulধng in the regeneraধon of free KaiC through
release of KaiBA subcomplexes (IV).

of KaiC bind 138. On the basis of these structures and our native MS data, we propose a detailed model

for the cyclic phosphorylation-dependent assembly of Kai components in the in vitro oscillator (Fig. 4.3).

Upon mixing the protein components of the in vitro oscillator, unphosphorylated KaiC hexamers bind

one or two copies of a KaiA dimer on the C terminus of the KaiC-CII domain 38. Binding of the second

KaiA dimer stimulates autophosphorylation of KaiC, first at Thr432 and then at Ser431 104. Serine phos-

phorylation triggers binding of KaiB in a fold-switched state. Six copies of KaiB bind cooperatively 110 to

form phosphorylated KaiC6B6 complexes. The bound KaiB subunits present alternative binding sites for

KaiA, away from a phosphorylation-stimulating interaction with the KaiC-CII domain. The KaiA dimer

binds asymmetrically through its linker region to KaiB, resulting in a wide displacement of the PsR do-

main. As the pool of free KaiA dimers is depleted, KaiC switches back to autodephosphorylation activity.

Complete dephosphorylation of KaiC results in dissociation of the KaiCBA complex by loss of KaiA2B1

subcomplexes, thereby completing one cycle of the oscillator. In cyanobacterial cells, KaiC and KaiB are
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produced from the same operon and in 10- to 100-fold excess to KaiA 39. The high excess of KaiCB over

free KaiA could promote efficient sequestration of KaiA in vivo. The model presented here can thus serve

as a framework to better understand the circadian clock in cyanobacterial cells.
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clock

NicolasM. Schmelling, Robert Lehmann, Paushali Chaudhury, Christian Beck, Sonja-Verena Albers, Ilka
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Summary of Publication

This chapter contains the collaborative workwithRobert Lehmann, Paushali Chaudhury, Christian Beck,

Sonja-Verena Albers, Ilka M. Axmann, and Anika Wiegard. Cyanobacteria are known for their large di-

versity and previously different timing systems have been identified in Cyanobacteria with shared protein

factors21,42,79. Thismotivated us to analyze the distribution of protein factors of the circadian clock system

in Synechococcॿ elongatॿ PCC 7942 as well as some factors of Synechocystॾ sp. PCC 6803 in an in-depth

search for orthologs in other prokaryotes as well as eukaryotes. We further compared microarray data of

several cyanobacterial strains in order to identify common gene expression patterns. Last, we biochemi-

cally characterized the kinase activity of some of the KaiC orthologs in Cyanobacteria and Archaea. The

microarray analyses were carried out by Robert Lehmann and the biochemical characterization of KaiC

homologs was carried by Anika Wiegard. I could find in a comparative genomics approach that protein

factors involved in the circadian clock of Cyanobacteria are present in a large variety of prokaryotic or-

ganisms, however, no eukaryotic genome could be identified to contain KaiC in combination with other

factors of the circadian clock, which was a central criterion in our analysis. I could further identify three

classes of the circadian clock system in cyanobacteria, which were identified by co-occurrence analyses of

the cyanobacterial circadian clock factors.

The results of this work, a comparative genomic analysis as well as co-occurrence analyses of cyanobac-

terial circadian clock factors, were published in BMC Evolutionary Bioloং and can be found on doi:

10.1186/s12862-017-0999-7.
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5.1 Abstract

Circadian clocks are found in organisms of almost all domains including photosynthetic Cyanobacteria,

whereby large diversity existswithin theprotein components involved. In themodel cyanobacteriumSyne-

chococcॿ elongatॿ PCC 7942 circadian rhythms are driven by a unique KaiABC protein clock, which is

embedded in a network of input and output factors. Homologous proteins to the KaiABC clock have

been observed in Bacteria and Archaea, where evidence for circadian behavior in these domains is accu-

mulating. However, interaction and function of non-cyanobacterial Kai-proteins as well as homologous

input and output components remain mainly unclear.

Using a universal BLAST analyses, we identified putative KaiC-based timing systems in organisms outside

as well as variations within Cyanobacteria. A systematic analyses of publicly available microarray data elu-

cidated interesting variations in circadian gene expression between different cyanobacterial strains, which

might be correlated to the diversity of genome encoded clock components. Based on statistical analyses

of co-occurrences of the clock components homologous to Synechococcॿ elongatॿ PCC 7942, we propose

putative networks of reduced and fully functional clock systems. Further, we studied KaiC sequence con-

servation to determine functionally important regions of diverged KaiC homologs. Biochemical charac-

terization of exemplary cyanobacterial KaiC proteins as well as homologs from two thermophilic Archaea

demonstrated that kinase activity is always present. However, a KaiA-mediated phosphorylation is only

detectable in KaiC1 orthologs.

Our analysis of 11,264 genomes clearly demonstrates that components of the Synechococcॿ elongatॿ PCC

7942 circadian clock are present in Bacteria and Archaea. However, all components are less abundant in

other organisms than Cyanobacteria andKaiA, Pex, LdpA, and CdpA are only present in the latter. Thus,

only reduced KaiBC-based or even simpler, solely KaiC-based timing systems might exist outside of the

cyanobacterial phylum, which might be capable of driving diurnal oscillations.

5.2 Background

Life on Earth is under the influence of changing environmental conditions, which not only pose a chal-

lenge to organisms, but also present a chance of adaptation and therefore a possible fitness advantage over

competitors6,7. Using inner timing systems organisms can coordinate their physiology and behavior ac-

cording to the daily recurring changes. Simple timing systems work in an hour glass like fashion and need

to be reset every day by environmental stimuli, whereas true circadian clocks generate self-sustained and

temperature-compensated 24-hour rhythms of biological activities 139,140.

Circadian clocks are found inmany eukaryotes such as algae, plants andmammals 16. Even though circadian
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clocks seem like a conserved trait in evolution, differences in the protein components, involved in circa-

dian timing, suggest a convergent evolution of timing mechanisms 16. For many years it has been believed

that something as complex as a circadian clock could not have been evolved in unicellular organisms like

prokaryotes 16,141,142. However, the existence of temperature compensated 24-hour rhythms of cell division

in Synechococcॿ sp. WH 7803 and circadian nitrogen fixation in Cyanothece sp. PCC 8801 proved other-

wise 143–147. The molecular basis of the cyanobacterial circadian clock was intensively investigated in Syne-

chococcॿ elongatॿ PCC 7942, where the core clockwork resembles a posttranslational oscillator 87,148,149.

In contrast, eukaryotic circadian rhythms are believed to be mainly based on transcriptional-translational

feedback loops. However, findings on post-translational systems are accumulating99,150,151 and might exist

also in Archaea 150.

Light is assumed to be the driving stimulus in circadian clock entrainment 152. In Synechococcॿ elongatॿ

PCC 7942, contrary to eukaryotic circadian clock systems, a photoreceptor in the input pathway of the

clock could not be detected thus far. Instead, Synechococcॿ elongatॿ PCC 7942 cells sense light indirectly

through the redox and energy state of the cell 28. Here, two metabolic components are considered to play

a major role 29: The ATP/ADP ratio and the redox state of the plastoquinone pool48,153. The core of the

circadian clock in Synechococcॿ elongatॿ PCC 7942 consists of three proteins KaiA, KaiB and KaiC. KaiC

monomers are composed of two domains, which assemble into two hexameric rings 34,154. The C-terminal

ring is capable of autophosphorylation and –dephosphorylation 35,36. KaiC phosphorylation is stimulated

by the interaction with KaiA 37,38, and additionally, affected by the ATP/ADP ratio of the cell41. KaiB in-

hibits the activating effect of KaiA and initializes dephosphorylation 39. Altogether, KaiC hexamers phos-

phorylate and dephosphorylate rhythmically during the course of a day. Two very recent studies provide a

structural basis for the dynamic assembly of clock proteins by using crystallography andNMR62, andmass

spectrometry and cryo-electronmicroscopy of the native proteins 32. The binding of oxidized quinones to

KaiA has been suggested to stop the clock directly by causing KaiA aggregation46,47. The KaiABC core

clock is embedded into a network of input and output pathways. The input factors that interact with the

core clock are Pex, LdpA, PrkE, NhtA, IrcA, CdpA 28,43,44,63,64,155. Output factors are SasA, LabA, LalA,

CpmA, Crm, RpaA, and RpaB, as well as CikA, which is functioning both in input and output pathway

of the circadian clock 30,45,54–61,65–67.

Sequence analysis indicated that at least three different types of timing systems are present in Cyanobacte-

ria, (i) a KaiABC-based system as in Synechococcॿ elongatॿ PCC 7942, (ii) a reduced systemwith a KaiBC

core and a reduced set of input/output factors as inProchlorococcॿ and (iii) a reducedKaiABC system as in

Synechococcॿ sp. WH8102, which despite including all three kai genes, has the same input/output factors

as the reduced KaiBC system 156. Furthermore, multiple kai genes can exist in an organism42,79. In Syne-
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chocystॾ sp. PCC 6803 for example, three copies of both kaiB and kaiC are found. KaiA, KaiB1 andKaiC1,

most similar to the kai genes of Synechococcॿ elongatॿ PCC 7942 33,81, are thought to resemble the core

clock. KaiB3 andKaiC3 are thought to function as fine tuning factors for the circadian clock in Synechocys-

tॾ sp. PCC6803, whereas no circadian function has been found forKaiB2 andKaiC2 81. However, recently

kaiC2-dependent adaptive growth and diurnal rhythms of nitrogen fixation were observed in Rhodopseu-

domonॼ palustrॾ 157. Homologs of kaiB and kaiC genes also exist in other Bacteria and even Archaea,

where a shortend KaiCmost often resembles only one domain79. An archaeal one-domain KaiC homolog

was shown to form ahexameric ring, similar to the twoduplicated domains of Synechococcॿ elongatॿPCC

7942 KaiC 158. In Haloferax volcanii the transcripts of four kaiC homologs display diurnal accumulation

profiles 159. However, the function of non-cyanobacterial Kai-proteins is mainly unclear, so far. Although

some of the input- and output factors were also found in prokaryotes other than Cyanobacteria45,156,160,161,

it is unknown whether the Kai homologs outside the cyanobacterial phylum or the additional cyanobac-

terial Kai homologs interact with (other) in- and output factors.

In this study, we performed BLAST analyses to first identify possible KaiC-based timing systems in organ-

isms outside of Cyanobacteria and second to explore variations in circadian clocks within Cyanobacteria.

Further, we examined variations in circadian gene expression between different cyanobacterial strains us-

ing microarray data. Together, this aims at decoding the correlation between Kai proteins and additional

clock components. Based on the co-occurrence of clock components known from Synechococcॿ elonga-

tॿ PCC 7942 we propose putative networks of reduced and fully functional clock systems. Further, we

used the sequence information of KaiC and its homologs in Cyanobacteria to determine the similarities

at important sites of the protein. We chose cyanobacterial KaiC proteins as well as homologs from two

thermophilic Archaea and demonstrated that kinase activity is always present. However, a KaiA-mediated

phosphorylation is only detectable in cyanobacterial KaiC1 homologs.

5.3 Methods

5.3.1 Programming languages

The programming languages Python (version 3.5.1) and R (version 3.2.3) were used in this work. The

processing and analysis of the microarray time series datasets was performed using R. Regarding the dis-

tribution analysis, the Biopython project ( 162; version 1.66) was used to download from GenBank as well

as to work with FASTA files. Besides Biopython, the Python packages: IPython ( 163 version 4.1.1) as an

interactive Python environment with the IPython notebook; numpy and scipy ( 164; version 1.10.4, version

0.17.0) for numerical operations; matplotlib ( 165; version 1.5.1) for data visualization; and pandas ( 166; ver-
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sion 0.17.1) for data analyses were used. The Python code necessary to reproduce the BLAST analyses is

available on GitHub (http://doi.org/10.5281/zenodo.229910)91.

5.3.2 Reciprocal BLAST and NCBI

The coding sequences of all entries in the genbank protein database 114, which were labeled as ”Complete

Genome” or ”Chromosome”, were downloaded from theNCBI FTP server (versionMay 2016). These se-

quences, including the coding sequences of Synechococcॿ elongatॿ PCC 7942 and Synechocystॾ sp. PCC

6803, were used to construct a custom protein database for the homology search. Further, protein se-

quences of the 23 clock related proteins (Table B.1), from Synechococcॿ elongatॿ PCC 7942 and Syne-

chocystॾ sp. PCC 6803, respectively, were checked against the entries in the Cyanobase Database to ensure

correctness 113 (version May 2016). These 23 protein sequences were used as queries for a search of ho-

mologs within the custom protein database, applying the standalone version of BLASTP 2.2.30+ 83 (May

2016, dx.doi.org/10.17504/protocols.io.grnbv5e) with standard parameter (wordsize: 3, substitution ma-

trix: BLOSUM62). The 10,000 best hits with an e-value of 10−5 or lower were filtered for further analyses.

The first BLAST run returned circa 65,000 hits for all 23 cyanobacterial proteins combined.

These hits were used as queries for a second reverse BLASTP run, searching for homologs in Synechococcॿ

elongatॿ PCC 7942 or Synechocystॾ sp. PCC 6803 genomes using the same parameters as above with an

altered e-value of 10. Only hits with the original query protein as best reversal hit were accepted for further

analyses, thus minimizing false positive results.

Raw and processed data is available on figshare (https://dx.doi.org/10.6084/m9.figshare.3823902.v3,

https://dx.doi.org/10.6084/m9.figshare.3823899.v3) 167,168.

5.3.3 Testing of co-occurence

Co-occurrence of circadian clock proteins was examined by using the right-sided Fisher’s exact test 169. For

each of the 94 cyanobacterial strains, all identified homologous clock genes were gathered into one set.

The phylogenetic distribution of Cyanobacteria in the NCBI genbank database is very imbalanced. Some

genera (e.g. Prochlorococcॿ and Synechococcॿ) are covered better than others. To avoid selection bias, we

removed sets with identical combinations of genes, resulting in 69 unique clock systems. Null hypothesis

of Fisher’s exact test is a pairwise independent distribution of the proteins across all clock systems. P-

values were corrected for multiple testing after Benjamini-Hochberg 170 with an excepted false discovery

rate of 10−2. We denote that due to the nature of statistical testing, proteins appearing in almost all clock

systems are always virtually independent to others. All proteins were clustered according to their corrected

p-values.
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5.3.4 Microarray analysis

The diurnal expression program of six cyanobacterial strains was probed using microarray time series

datasets (Table B.3). Unfortunately, the data for the two reported Synechocystॾ sp. PCC 6803 experiments

by Labiosa and colleagues 171 and Kucho and coworkers 172 could not be obtained. The study by Toepel

and coworkers 173 had to be discarded due to the employed ultradian light cycles (6:6 LD cycles). The Syne-

chocystॾ sp. PCC6803 datasets, the Synechococcॿ elongatॿPCC7942 dataset of Ito and colleagues, and the

Anabaena sp. PCC 7120 dataset were l2m transformed, while theCyanotheceATCC 51142 datasets are only

available after transformation. The two biological replicates of the Anabaena sp. PCC 7120 dataset were

concatenated for the following analyses75, similar to the Synechocystॾ sp. PCC 6803 dataset70. Expression

profiles were smoothed using a Savitzky-Golay lowpass filter, as proposed by Yang and colleagues 174, in

order to remove pseudo peaks prior to the detection of periodic genes. Diurnally oscillating expression

profiles were detected using harmonic regression analysis 175. The derived p-values for each gene is based

on the assumption of a linear background profile as compared to the sinoidal foreground model. After

multiple hypothesis testing correction according to Benjamini-Hochberg 170, all datasets yielded signifi-

cantly oscillating genes (q≤ 0.05) except forMicrocystॾ aeruginosa PCC 7806, with 7 samples the shortest

dataset.

5.3.5 Multiple sequence alignment

Multiple sequence alignments were constructed by the standalone version of CLUSTAL Omega 1.2.1-1 85

using 20 iterations, while only one iteration was used to construct the guide tree (May 2016, dx.doi.org/10.

17504/protocols.io.gscbwaw). The sequences for the alignments were obtained from the processed data

generated, as described in the method section 5.3.2. Afterwards the alignments were adjusted to Syne-

chococcॿ elongatॿ PCC 7942 sequence with Jalview 115 and edited multialignments were used to create

WebLogos 116.

5.3.6 Cloning, heterologous expression and purification of Kai proteins

To express KaiC1 proteins from Synechocystॾ sp. PCC 6714, Nostoc punctiforme ATCC 29133, Cyanoth-

ece sp. PCC 7424 as well as KaiC3 from Cyanothece sp. PCC 7424, Microcystॾ aeruginosa PCC 7806,

Pycrococcॿ horikoshiiOT3 PH0833, and Thermococcॿ litoralॾDSM5473, the respective kaiC genes were

amplified by PCR fromgenomicwildtypeDNA.TheORFs and primers are listed inTable B.4. Amplified

sequences were ligated into BamHI andNotI restriction sites of the plasmid pGEX-6P-1 (GEHealthcare).

For P.horikoshii and T.litoralॾKaiC3 the amplified PCR products were ligated into pETDuet1 Vector us-
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ing BamHI/HindIII and PstI/HindIII restriction enzymes in MCS1, respectively. Escherichia coli DH5α

or BL21 (DE3) cells were transformed with the resulting plasmids (pGEX-kaiC1-Sy6714, pGEX-kaiC1-

Npun29133, pGEX-kaiC1-Cy7424, pGEX-kaiC3-Cy7424, pGEX-kaiC3-Mic7806, pSVA3151, pSVA3152). For

expression of GST-fused KaiA-7942 and KaiC-7942 pGEX derivatives, kindly provided by T. Kondo

(Nagoya University, Japan), were used. Expression of GST-Kai proteins occurred at 37 °C and 200 rpm

in Terrific broth medium containing 100 μg ampicillin ml−1. GST-KaiA-7942 expression was induced

with 1 mM isopropyl β-D-thiogalactopyranoside (IPTG) and carried out overnight, whereas GST-KaiC

homologs were expressed for 72 hours without induction. Cells were harvested and lysed in ice-cold ex-

traction buffer (50 mM Tris/HCl (pH 8), 150 mM NaCl, 0.5 mM EDTA, 1 mM DTT, 5 mM MgCl2 and

1 mM ATP). Recombinant GST-Kai proteins were affinity purified using Protino Gluthatione Agarose

4B (Macherey–Nagel) as described in Wiegard and colleagues 33. During the procedure the GST-tag was

removed with PreScission protease in cleavage buffer (50 mM Tris/HCl (pH 8), 150 mM NaCl, 1 mM

EDTA, 1 mM DTT, 5 mM MgCl2 and 0.5 mM ATP). Homogeneity of the recombinant proteins was

controlled by separating them via SDS-PAGE. If it was not sufficient, proteins were further purified by

anion-exchange chromatography using a MonoQ 5/50 GL or ResourceQ column (GE Healthcare). Af-

ter dialysis in reaction buffer (20 mM Tris/HCl (pH 8), 150 mM NaCl, 0.5 mM EDTA, 5 mM MgCl2,

and 1 mMATP) protein concentration was determined using infrared spectroscopy (Direct detect, Merck

Millipore). Proteins were stored at -20 °C. For His-tagged KaiC3 homologs, Escherichia coli BL21 (DE3)

RIL cells were transformed with pSVA3151 (P.horikoshii) and pSVA3152 (T.litoralॾ), and grown as precul-

ture overnight at 37 °C in LB medium containing ampicillin (50 μg ml−1) and chloramphenicol (34 μg

ml−1). Fresh medium containing antibiotic was inoculated with 0.1% preculture and grown at 37 °C to an

OD600 of 0.7. After induction with 0.3 mM of IPTG, growth was continued for 16 hours at 16 °C. Cells

were collected by centrifugation, frozen in liquid nitrogen, and, after storage at -80 °C, resuspended in 50

ml lysis buffer (50 mM HEPES-NaOH, pH 7.2, 150 mM NaCl) containing complete EDTA-free protease

inhibitor cocktail (Roche) together with DNase I and lysed by sonication. Cell debris were removed by

centrifugation at 4 °C for 30 min at 20,000 x g. Further Ni-NTA (Sigma Aldrich, Seelze, Germany) based

purification was performed using columns equilibrated in purification buffer (50 mM HEPES-NaOH,

pH 7.2, 150 mM NaCl). For the removal of unspecifically bound protein columns were washed with 15

column volumes of equilibration buffer including 10 mM imidazole. T.litoralॾ KaiC3 was eluted in the

same buffer with 150 mM imidazole containing equilibration buffer, whereas for P.horikoshii KaiC3 the

elution was carried out in 20 mM MES pH 6.2, 150 mM NaCl, 150 mM imidazole as this protein is stable

in low pH buffer. Further purification ofT.litoralॾKaiC3 was achieved by size exclusion chromatography

using Superdex 200 10/300 GL. P.horikoshii KaiC3 was incubated at 50 °C for 20 min and centrifuged for
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15 min at 10.000 x g. Subsequently, the supernatant was dialyzed overnight against 20 mM MES pH 6.2,

150 mMNaCl buffer. As a quality control, proteins were separated via SDS-PAGE and pure proteins were

frozen in liquid nitrogen and kept at -80 °C.

5.3.7 In vitro phosphorylation assays

To investigateKaiAdependentphosphateuptake 12μgofKaiC-7942,KaiC1-Sy6714,KaiC1-N 29133,KaiC1-

Cy7424, KaiC3-Cy7424, KaiC3-Mic7806, KaiC3-T.lit or KaiC3-P.hor were mixed with 10 μCi γ-P32-ATP

in 60μl Tris reaction buffer (20mMTris/HCl (pH 8), 150mMNaCl, 0.5 mMEDTA, 5mMMgCl2, 1 mM

ATP) in the presence or absence of 6 μg KaiA-7942. 10 μl aliquots were taken after 0, 0.75, 1.5, 3 and 22

hours of incubation at 30 °C and reaction was stopped by adding SDS-sample buffer. Proteins were sepa-

rated in high-resolution polyacrylamide gels (10% T, 0.67% C) by SDS-PAGE (modified from 176), stained

with Coomassie brilliant blue and subjected to autoradiography. Signals were analyzed using a Fujifilm

FLA-3000 (FUJIFILM). To analyze in vitro phosphorylation of KaiC3-T.lit and KaiC3-P.hor at higher

temperatures, 10 μg of the recombinant proteins were incubated with 10 μCi γ-P32-ATP in 50 μl HEPES

reaction buffer (50mMHEPES (pH 7.2), 150mMNaCl, 5 mMMgCl2, 1 mMATP) or 50μl MES reaction

buffer (50 mM MES (pH 6), 150 mM NaCl, 5 mM MgCl2, 1 mM ATP), respectively, at 75 °C. After 0, 5,

10 and 15 minutes 10 μl aliquots were taken and analyzed by SDS-PAGE and autoradiograpy as described

above. Comprehensive protocols are available on protocols.io (dx.doi.org/10.17504/protocols.io.g3gbyjw,

doi.org/10.17504/protocols.io.gysbxwe).

5.4 Results and Discussion

5.4.1 Most complete set of circadian clock orthologs in Cyanobacteria

Growing evidence hints at circadian rhythms in many Cyanobacteria and first sequence analyses revealed

that the core genes, known from Synechococcॿ elongatॿPCC7942, are conserved in almost all cyanobacte-

rial species 33,78,79,140. Even though daily rhythms seem to be conserved in Cyanobacteria, composition and

quantity of corresponding genes on the genome level showhigh variability42. Dvornyk and colleagues first

attempted to describe the variety of cyanobacterial core circadian clock systems in 200379. Since then, the

amount and depth of sequencing data increasedmanifold, which allowed us to perform a detailed analysis

of the KaiC-based circadian clock including the input and output pathways. The circadian clock proteins

of Synechococcॿ elongatॿ PCC 7942 (Table B.1) and the three diverged KaiB and KaiC homologs from

Synechocystॾ sp. PCC 6803 (Table B.1) were the basis for our analysis. Their protein sequences served as

basis for a reciprocal best hit BLAST analysis. Organisms with at least one homolog to KaiCwere retained
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for further analysis. This stringent filter was essential since KaiC represents the core of the circadian clock

in Synechococcॿ elongatॿ PCC 7942. These organisms were grouped by their corresponding genus for a

first overview of the homolog distribution (Fig. 5.1A).We found homologs in Cyanobacteria, Proteobacte-

ria, Archaea, as well as other Bacteria such as Chloroflexi. This finding is in good agreement with previous

studies 33,79,177. However, our comprehensive study identified a plethora of new bacterial and archaeal gen-

era harboring homologs to the circadian clock genes (Fig. 5.1A). Nevertheless, Cyanobacteria represent

the phylum with the highest degree of sequence similarity and integrity of the system followed by Bac-

teria, mostly Proteobacteria. In Archaea, homologs to only a fraction of core genes could be identified

(Fig. 5.1A).

5.4.2 CorecircadianclockfactorsKaiBandKaiCbeyondthephylumofCyano-

bacteria

Four out of seventeen studied factors are exclusively found in Cyanobacteria (Fig. 5.1A). One of these

factors is KaiA, as previously reported in studies with a smaller sample size79,177. However, even some

Cyanobacteria, likeCandidatॿAtelocyanobacterium thalassa (previouslynamedCyanobacteriumUCYN-

A), and all representatives from the genus Prochlorococcॿ lack kaiA (Fig. 5.1A)42. Interestingly, multiple

copies of kaiA in a single cyanobacterial genome could not be identified. This is of special interest, be-

cause we could observe strong sequence length variations for KaiA (Fig. 5.5A, C) and multiple copies for

the other core proteins KaiB andKaiC have been reported (Fig. 5.1B) 33,42,79. With the kaiA-lackingCandi-

datॿ Atelocyanobacterium thalassa and a kaiA-containing cyanobacterial endosymbiont 184 only two out

of 94 studied Cyanobacteria do not contain a kaiB, whereas a third of the cyanobacterial genera contain

multiple copies of kaiB and kaiC (Fig 5.1B, C). There are a few exceptional cyanobacteria likeGloeobacter

violaceॿ 185, which are even lacking the kaiC gene and are thus not detected in this analysis due to the previ-

ously described filtering criteria. However, all Cyanobacteria havinghomologs tokaiB andkaiC are coding

for at least one pair of proteinsmost similar toKaiB1 andKaiC1 from Synechocystॾ sp. PCC 6803 (Fig. 5.1B,

C), which is consistent with previous studies 33,79. Only Cyanothece sp. PCC 7822 has homologs similar to

all three kaiB and kaiC copies from Synechocystॾ sp. PCC 6803 (Fig. 5.1C). The majority (67.68%) of the

bacterial genera, outside of the cyanobacterial phylum, encode KaiC3-like proteins. Approximately half

of them also contain additional KaiC homologs, most similar to KaiC1, KaiC2, or sometimes even both

(Fig. 5.1B). This observation does not hold true for KaiB homologs, here KaiB2 is themajor KaiB homolog

(75.86%). One group of organisms, all belonging to the phylum of Bacteroidetॽ, stands out in this anal-

ysis, because they encode only proteins similar to KaiB2/KaiC2 (Fig. 5.1B). Archaeal genera show mainly

homologs with highest identity to KaiC1 or KaiC3. Furthermore, almost all of the Archaea have multiple
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Figure 5.1: Distribuধon of circadian clock proteins. (A,B) Shown are the mean sequence similarites of each protein for each
genus that contains a KaiC homolog from Synechococcus elongatus PCC 7942. The genera are sorted by their group and KaiC
similarity. The number in parenthesis represents the number of individual genomes per genus. (A) shows the mean similari-
ধes for the circadian clock proteins of Synechococcus elongatus PCC 7942. (B) shows the mean similariধes for the circadian
clock proteins of Synechocysࣅs sp. PCC 6803. The four taxonomic main groups are highlighted: Cyanobacteria (Green), Pro-
teobacteria (Blue), Archaea (Red), Other (Grey). (C) shows the number of homologs for each protein in each cyanobacterium.
Copy numbers higher than five were condensed. Cyanobacterial strains with true circadian clocks72,75,143,172,173,178–183 are
highlighted with a yellow hexagon and the strain with hourglass like ধming mechanism77 with a green triangle. We could
not find references for all strains, however, we idenধfied strains with circadian rhythms, which are not listed here as their
genomes are sধll not fully assembled.

copies of the KaiC protein. Whereas only four have homologs to KaiB, which is either similar to KaiB2 or

in thermophilicMethanothermobacter similar to KaiB1 (Fig. 5.1B).

5.4.3 Circadian clock factors solely involved in cyanobacterial input path-

ways

Multiple clock input factors are present in all four taxonomic groups namely PrkE, NhtA, and CikA. The

latter also acts in the output of the circadian clock (Table B.2, Fig. 5.1A) 56,63,64. The prevalence of CikA is in

good agreement with its tremendous effect on resetting the circadian clock in Synechococcॿ elongatॿ PCC

794263, where its interaction with the Kai complex is mediated by additional proteins64,155. CikA destabi-

lizes in the presence of oxidized quinones and thereby integrates information about the cellular redox state

into the oscillator64. Naturally, CikA-lacking Prochlorococcॿ are not able to reset their timing mechanism

in continuous light77, pointing at the importance of this factor. However, single mutations in sॼA can

restore circadian properties in Synechococcॿ elongatॿ PCC 7942 cikA mutants and it has been suggested

that a simpler network with modified interactions of the other clock proteins can exist 186.

The input factors Pex, LdpA, and CdpA are found to be unique for Cyanobacteria (Fig. 5.1A), confirm-

ing a previous analysis of ldpA 187. Hence, with Pex, a transcriptional repressor of kaiA 43, and LdpA,

a redox-sensing protein 28 two factors, which sense the cellular metabolic state of the circadian clock in

Synechococcॿ elongatॿ PCC 7942, are missing outside of the cyanobacterial phylum. LdpA is also the

only input factor present in the reduced but functional timing system of Prochlorococcॿ42,78. This might

indicate the necessity of this factor for the entrainment of the clock 160. Nevertheless the possibility of a

functional clock without Pex and LdpA remains, since LdpA and Pex mutants in Synechococcॿ elongatॿ

PCC 7942 are only altered in their period length44,49 and Pex is alsomissing in the KaiA-lackingProchloro-

coccॿ and the KaiA-containing Synechocystॾ sp. PCC 6803 (Fig. 5.1A). In Synechococcॿ elongatॿ PCC

7942 the third unique cyanobacterial input factor, CdpA, influences phase resetting and acts in parallel to

CikA 155. Since CdpA seems to be essential in Synechococcॿ elongatॿ PCC 7942 155, it likely has a prior role
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in processes other than phase resetting and is hence dispensable for input pathways in other organisms

than Cyanobacteria.

Altogether, the absence of three important input factors outside of the cyanobacterial phylum suggests

that other entrainment systems might be used for putative timing systems. In Rhodobacter sphaeroidॽ,

which displays circadian gene expression rhythms, a histidine kinase is encoded in an operon with kaiBC

and was suggested as a candidate for transducing the redox signal to KaiBC 188. Further, the direct entrain-

ment by theATP/ADP ratio41,189 might be the primarymechanism to synchronize the circadian clockwith

metabolism and the environment.

5.4.4 Central output factors are missing in Archaea and non-cyanobacterial

genera

Theoutput pathway of the circadian clock in Synechococcॿ elongatॿPCC7942 involves eight proteins (see

Fig. 5.7). RpaA serves as a key regulator 30. Its activity is indirectly modulated depending on the phospho-

rylation state and the ATPase activity of KaiC 53,56. SasA (antagonistically to CikA) connects the core clock

to RpaA, which in turn regulates global gene expression, including the kaiBC promoter 30,55,56,190. LabA,

Crm and RpaB are also known to affect RpaA 57,58,60,66,190. CpmA modulates kaiA expression by an un-

known mechanism45. In contrast to the unique cyanobacterial input factors, we found none of the eight

output proteins exclusively in Cyanobacteria. Homologs of five factors (SasA, CikA, LalA, Crm, CpmA)

are present in all four investigated taxonomic groups (Table B.2). CpmA is a member of a superfamily es-

sential for purine biosynthesis and thus likely to have orthologs in other organisms45. However, RpaA and

RpaB are not present in Archaea and SasA is only found in the methanogenic generaMethanospirillum,

andMethanosalsum. Hence, the entire central output pathway is missing in Archaea (Fig. 5.1A). In addi-

tion, orthologs for RpaA are found in only nine non-cyanobacterial genera, questioning whether another

transcription factormight read out the putative core timer in other Bacteria (Fig. 5.1A). A previous BLAST

search byDvornyk and colleagues revealed that SasA homologs in non-cyanobacterial prokaryotes lack the

KaiB-like domain 161. This finding is confirmed in our analysis, indicating that stimulations of SasA ho-

mologs by KaiC outside of Cyanobacteria are very unlikely, because interaction occurs via this KaiB-like

domain, which adopts a thioredoxin-like fold61,191. Altogether, our analysis reveals that possible circadian

clocks of Bacteria and Archaea must use an output pathway that is different from the one described in

Synechococcॿ elongatॿ PCC 7942.
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5.4.5 Co-occurrence analysis hints at the core module for circadian timing

Theprevious analysis revealed substantial differences in the composition of the clock components between

Cyanobacteria, other Bacteria, and Archaea. Even within Cyanobacteria there is a huge variety in the com-

position of the potential circadian clocks (Fig. 5.1C). Cyanobacteria have either a severely reduced timing

systems, such as the one in Prochlorococcॿ, a standard system as seen in Synechococcॿ elongatॿ PCC 7942,

or an inflated system as found in Synechocystॾ sp. PCC 6803 (Fig. 5.1C). This trichotomy of systems raises

questions about essentiality and pairwise co-occurrence of circadian clock proteins. These questions were

answered in a series of right-sided Fisher’s exact tests. To avoid systematic biases due to an overrepresenta-

tion of closely related strains 192, we extracted 69 unique combinations of the 21 circadian clock factors as

described in 5.3.

Within these 69 unique systems two factors are always present: (i) KaiC, because we selected for organ-

isms containing at least oneKaiC-like protein and (ii) RpaB, which is associatedwith cell size and circadian

gene expression65,66. RpaB competes for promoter binding sites with RpaA and its phosphorylated state

is thought to inhibit the phosphorylation of RpaA 58. Other factors present in the majority (≥ 90%) of

the observed unique clock systems are KaiA, KaiB, LdpA, IrcA, CikA, SasA, RpaA andCpmA. Because of

their abundance, most of these factors show no pairwise co-occurence. For example RpaA and RpaB are

found in 68 and all 69 clock systems, respectively. Thus their joint presence comes to no surprise. Instead,

the finding confirms essential roles in global transcription regulation of Cyanobacteria 193. With Fisher’s

exact test we seek to identify gene pairs rather unexpectedly co-occuring in a smaller subset of organisms.

Such findings can indicate a common function in the circadian clock system. Only KaiA and CikA, out of

the most abundant factors, show significant co-occurence with other factors.

Within the input pathway we detected three siginficantly co-occuring pairs (Fig. 5.2): (i) CikA and its in-

teraction partner PrkE 155 (ii) PrkE and CdpA and (iii) the kaiA repressor Pex and CdpA. The first two

results are in good agreement with a previous study 155. Within the output pathway, there is a signifi-

cant co-occurrence between LabA and its ortholog LalA. Interestingly, we identified several significant

co-occurrences between factors of the input and the output pathway. CikA, which functions in the input

and output of the clock, co-occurs significantly with LabA, and LalA (Fig. 5.2). This fits well in the overall

picture as CikA and LabA are thought to regulate the activity of RpaA 56,57. Additionally, PrkE shows also

significant occurrences with both LabA and LalA (Fig. 5.2). Furthermore, CdpA was found to co-occur

significantly with LabA. (Fig. 5.2) This is of special interest since PrkE and CdpA are only known as inter-

action partners of CikA, and both are involved in phase resetting, and cell division, respectively 155. This

result, however, hints at potential increased involvement of PrkE and CdpA in the RpaA regulation and
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Figure 5.2: Co-occurrence of circadian clock proteins in cyanobacteria. (A) The p-values, calculated by pair-wise Fisher’s
exact tests, are visualized in a heatmap. Only p-values≤ 0.01 are considered as significant. Proteins are sorted by a hierar-
chical agglomeraধve clustering algorithm. (B) Network of significant co-occurring circadian clock factors in cyanobacteria,
calculated in regard to the results of the pair-wise Fisher’s exact test. The line color corresponds to the level of significance.
Missing links are those that had a higher p-value than 0.01. Node size is proporধonal to the degree of that node.

supports the view of an integrated network with overlapping interactions of input and output factors 194.

Notably, no co-occurrence of NhtA and LdpA was detected, although it was suggested that NhtA might

be involved in assembly of the iron-sulfur cofactor of LdpA 155. Significant co-occurrences with core fac-

tors could only be observed between KaiA and LalA (Fig. 5.2). However, KaiA shows a strong, but not

significant, co-occurrence with CikA (p = 0.0105). Lastly, we also found significant co-occurrences be-

tween KaiB2 and KaiC2 as well as KaiB3 and KaiC3 (Fig. 5.2). This indicates two distinct function of the

two pairs. In this context it is worth mentioning that kaiB2-containing archaeal genomes always encode a

KaiC2 homolog.

In summary, we identified a conserved set of factors (Fig. 5.2), both in input and output that show sig-

nificant co-occurrences. This set, composed of KaiA, PrkE, CdpA, CikA, LabA, and LalA, is found in

Cyanobacteria with a true circadian clock such as Synechococcॿ elongatॿ PCC 7942 and Synechocystॾ sp.

PCC 6803 172 but is missing in cyanobacterial strains with reduced timing mechanisms such as Prochloro-

coccॿ. Additionally, PrkE, CikA, LabA, and LalA are also missing in most marine Synechococcॿ species.

This finding hints at the importance of these factors for the functionality of a circadian clock. On the

other hand, NhtA and Crm seem to play only a minor or extending role in clock regulation, because they

are neither always present nor show significant co-occurrence with other factors.
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5.4.6 A systematic analysis of circadian expression in Cyanobacteria

Genome-wide time-resolved expression measurements in a range of cyanobacterial strains have repeat-

edly indicated substantial fractions of genes with circadian regulation patterns 50,72,195. Considering that

all Cyanobacteria share the challenge of a photoautotrophic lifestyle, which requires major changes in the

metabolismbetween day and night, onemight expect a common transcriptional regulatory pattern. Thus,

we compared a total of nine published microarray time-series datasets of different cyanobacterial strains

under constant light or diurnal light conditions (for details see Table B.3), which were available and ap-

plicable for this analysis. Not all of the chosen microarray experiments were conducted under constant

light conditions, which leads to a combination of circadian-clock regulated and light-induced genes. We

therefore refer to genes with oscillating expression as diurnally regulated instead of circadian. For allowing

a direct comparison, we reprocessed the raw-data and subjected the resulting expression time series to a

harmonic regression oscillation detection. This method assumes a sinusoidal shape of circadian expres-

sion profiles and uses linear expression profiles as background, yielding estimates of the peak phase and

amplitude of each gene.

In a first step we compared biological replicate datasets to establish the reproducibility of strain-specific

circadian expression programs. Similarity between two circadian expression programs was established us-

ing the circular correlation coefficient ρccc as described by Jammalamadaka and SenGupta 196 applied to

estimated peak expression phases. The following analyses were limited to genes with oscillating expression

profiles in both compared datasets since only in these cases phase and amplitude estimates are meaningful

descriptors. Direct comparison of the oscillation phases and amplitudes indicates good reproducibility be-

tween two respective measurements in form of statistically significant elevated correlation of the diurnal

expression patterns in Synechococcॿ elongatॿ PCC 7942 (ρccc = 0.61, p ≪ 0.01), Synechocystॾ sp. PCC

6803 (ρccc = 0.31, p≪ 0.01), and Cyanothece sp. ATCC 51142 (ρccc = -0.51, p≪ 0.01) (Figure 5.3 top row).

While the Synechocystॾ sp. PCC 6803 datasets show significant similarity, the correlation is diminished

by the distinct concentration of expression phases during the day in the beck1471 dataset compared to the

leh1370 measurements. Interestingly, both Cyanothece sp. ATCC 51142 datasets exhibit a good agreement

of peak expression phases with large early day and early night clusters, but the large negative correlation

emphasizes the presence of a significant number of anti-phasic gene pairs. The corresponding oscillation

amplitude values exhibit high statistically significant correlations (ρccc>0.77) for all three datasets (Fig. 5.3

bottom row).

This observationmotivated the second stepof the analysis, the comparisonof expressionpatterns between

different cyanobacterial strains. To facilitate this comparison, the prediction of homologous genes in the
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Figure 5.3: Phase and amplitude reproducibility of diurnal genes within cyanobacterial strains. Comparison of expression
phase ϕ (top, [CT]) and amplitude A (boħom, [a.u.]) of diurnal genes shared between independent datasets of the same
cyanobacterial strain. (A) Synechococcus elongatus PCC 7942 datasets of Vijayan and colleagues51 (x-axis) and Ito and
coworkers72 (y-axis), (B) Synechocysࣅs sp. PCC 6803 in the datasets of Lehmann and coworkers70 (x-axis) and Beck and
colleagues71 (y-axis), and (C) Cyanothece in Stöckel and colleagues73 (x-axis) and Toepel and colleagues74 (y-axis). The num-
ber of genes found to oscillate significantly and the corresponding Pearson correlaধon coefficient ρ between ϕ and A is
provided below each panel, followed by the respecধve p-value for ρ differing from 0. For ϕ, the circular correlaধon coeffi-
cient ρccc is also provided. Axis labels are shown in the strain-specific color.
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cyanobacterial clade byBeck and colleagues71 was used as starting point. We focused first on the set of genes

with oscillating expression patterns in all datasets. A summary of the cellular functions represented in the

core diurnal genome is shown in Figure 5.4A (Table B.5), listing the frequencies of gene function category

annotations of Cyanobase 113 for the respective Synechocystॾ sp. PCC 6803 genes. Three categories can be

seen to dominate, i.e. Translation, Photosynthesis and Respiration, andHypothetical. Most strikingly, 18

out of 64 genes annotated by Cyanobase 113 as “ribosomal protein” genes in Synechocystॾ sp. PCC 6803 fall

into the core diurnal set, furthermore seven out of 27 genes annotatedwith ”photosystem II”. The remain-

ing diurnally expressed genes are found interspersed across themetabolic network. While genes coding for

parts of photosystem II, the RNA polymerase, or the ribosomal proteins can be expected to serve impor-

tant roles in the adaptation to photic and aphotic phases, this analysis ascribes similar importance to other

metabolic processes e.g. in the repair of UV-damaged Photosystem II centers (slr1390) 197, in the phosphate

transport system (pstB2), pyrimidine and arginine biosynthesis (sll1498), or the glycolysis/gluconeogenesis

via the fructose-bisphosphate aldolase (sll0018). Marker gene candidates for a working clock can be de-

rived from the core diurnal genome. Importantly, less confidence can be placed in genes, which exhibit

peak expression phases shortly past dawn, since these can either be clock regulated or simply induced by

light. Two high confidence candidates are the light-independent protochlorophyllide reductase subunit

ChlB and the fructose-bisphosphate aldolase fbp. Indeed, fbp also shows circadian expression patterns in

Chlamydomonॼ reinhardtii 198 and Arabidopsॾ thaliana where its late-night peaks may reflect the great

importance of these aldolases in higher plants for the mobilization of plastidic starch 199. Particularly in

higher plants, the mobilization of starch, the conversion into sucrose, and its transport to other parts of

the plant occur mainly at night.

The group of 15 ”hypothetical protein” genes in the core diurnal genome constitutes an excellent candidate

set for novel clock-driven genes in strains with a working core clock. Interestingly, several of these genes

are implicated with cell division, such as the YlmG-related hypothetical gene ssl0353, which is required for

proper distribution of nucleoids in Cyanobacteria and chloroplasts 200. Similarly, the hypothetical pro-

tein slr1577 is suggested to function in the separation of chromosomes during cell division (Uniprot entry

P74610). For the gene slr1847 (Uniprot entry P73057) a DNAbinding capability is suggested, which could

therefore regulate expression, aid nucleoid organization, or protect the DNA.

The core clock genes kaiA, kaiB, and kaiC are a good starting point for a detailed comparative expression

analysis. Only the kaiB1 is significantly oscillating in all considered datasets. Interestingly, the kaiA gene

features only very low amplitude expression oscillations and is arrhythmic in the vijayan09 Synechococcॿ

elongatॿ PCC 7942 dataset. The expression phases vary from dawn (Microcystॾ aeruginosa PCC 7806) to

morning (Synechocystॾ sp. PCC 6803), over midday (stoeckel08 dataset of Cyanothece sp. ATCC 51142),
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and dusk (ito09 dataset of Synechococcॿ elongatॿ PCC 7942), into night (Anabaena sp. PCC 7120). The

observed expression phases of kaiB1 are comparable to those of kaiA, but with significantly larger ampli-

tude in Synechococcॿ elongatॿ PCC 7942 datasets. The phase of the kaiB1 homolog in Prochlorococcॿ

marinॿMED4 peaks before dawn, comparable toAnabaena sp. PCC 7120. The kaiC1 expression phases

and amplitudes match those of kaiB1, with the notable exception ofCyanothece sp. ATCC 51142 for which

antiphasic late-night peaks are observed. In Prochlorococcॿ marinॿMED4, kaiC1 peaks during the early

night in contrast to the late night phase of kaiB1.

Many aspects agree well with previous knowledge. In Synechococcॿ elongatॿ PCC 7942, the core clock

genes kaiB and kaiC are arranged in the kaiBC operon resulting in similar expression patterns 201–203,

while Cyanothece sp. ATCC 51142 features the kaiAB1C1 operon 204. Interestingly, Cyanothece sp. ATCC

51142 features consistent anti-phasic expression of kaiB1 and kaiC1 whereas the remaining strains show co-

expression, hinting at Cyanothece-specific post-transcriptional regulation of kaiB1 or kaiC1. Oscillations

in the kaiA gene expression, as reported by Ishiura and colleagues, feature small expression amplitudes

compared to kaiB and kaiC 100. In fact, kaiA consistently falls below the threshold of 2-fold expression

change for the classification as circadian oscillator, which is commonly employed in microarray studies.

In the second stepwe generalized the detailed analysis of expression phases as presented for the core diurnal

genome. We applied the circular correlation measure to all possible combinations of expression datasets.

The resulting distribution reveals a clear separation between pairs of biological replicate datasets, featuring

large numbers of shared oscillating genes andmore extreme correlations (Fig. 5.4B red), and pairs of differ-

ent cyanobacterial strainswith fewer shared oscillating genes andmuch less extreme correlation coefficients

(Fig. 5.4B blue). The only exception to this separation is theCyanothece sp. ATCC 51142 dataset stoeckel08

(Fig. 5.4B green), which sharesmany oscillating geneswith both Synechocystॾ sp. PCC6803 datasets (leh13,

beck14). The corresponding correlation coefficients are, however, similarly small compared to other inter-

strain pairs. The full set of pairwise phase comparisons, which underlay this analysis, are shown in Fig-

ure B.1. This result indicates that the diurnal peak expression phase is not preserved amongst homologous

genes in the cyanobacterial clade but might instead be tuned according to the metabolic gene outfit and

the environmental needs of the respective strain.

5.4.7 Corecircadianclockproteins,KaiA,KaiB,KaiC,vary innumberandlength

The previously observed diversity of circadian clocks within Cyanobacteria, and between other Bacteria

and Archaea prompted further sequence analyses of the core clock proteins KaiA, KaiB and KaiC. Length

comparisons gave rise to some new features of variations between the core factors of the circadian clock

(Fig. 5.5). As described in the preceding, our BLAST analysis detected KaiA exclusively in Cyanobacte-
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Figure 5.4: The funcধonal composiধon of the core diurnal transcriptome and expression phase similarity between all
datasets. (A) The gene funcধonal categories of the core diurnal gene set using the annotaধons provided by Cyanobase
for Synechocysࣅs sp. PCC 6803. (B) The comparison is carried out between all dataset combinaধons. Biological replicate
experiments available for three cyanobacterial strains show a large number of shared oscillaধng genes as well as large corre-
laধon coefficients (red). The comparison of the stoeckel08 dataset (Cyanothece) with both Synechocysࣅs datasets is marked
in green. The remaining comparisons between various strains are shown in blue.

ria. Interestingly, we could distinguish three subtypes of KaiA. While the sequence length of most KaiA

is around 300 amino acids (AA) (Synechococcॿ elongatॿ PCC 7942: 284 AA) some stains have shortend

homologs with a length of roughly 200 and 100 AA, respectively (Fig. 5.5A, C). Truncated KaiA proteins

are almost exclusively found in members of the orderNostocalॽ. Similar results were reported previously

by Dvornyk and colleagues, who also observed a higher degree of polymorphism for the kaiA gene in

comparison to kaiB and kaiC 79,156. Multiple alignments of the KaiA proteins (Fig. B.2) verified that the

truncated KaiA proteins have a shortened N-terminal sequence, which functions in the complete protein

as the amplitude amplifier 205. However, all of theseKaiA orthologs contain theC-terminal part important

for clock oscillation 205.

Distribution of the KaiB protein length reveals two distinct groups. The KaiB homologs are either as

long as the one from Synechococcॿ elongatॿ PCC 7942 (102 AA) or about 250 AA in length (Fig. 5.5B, C).

Microcoleॿ sp. PCC 7113 even has a KaiB with the length of 381 AA. KaiB homologs with query length

are present in all four groups (Fig. 5.5B). Elongated KaiB proteins are mainly present in Cyanobacteria in

the subclass Oscillatoriophycideae and the order Nostocalॽ, specifying findings of Dvornyk79 (Fig. 5.5C).

BLAST analyses using the KaiB homologs from Synechocystॾ sp. PCC 6803 revealed that elongated vari-

ants are most similar to KaiB1. Elongation via concatenation of two KaiB was ruled out by visually in-

specting alignments with two artificially concatenated KaiB1. Instead the elongated KaiB1 have a∼150 AA

N-terminal extension. BLAST searches of the N-terminal region showed no homologous sequences in

other organisms than Cyanobacteria, and no putative conserved domains could be identified. However,
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the N-terminal part is highly conserved within the Cyanobacteria having this KaiB variant. Interestingly,

thoseNostocalॽwith an elongated KaiB1, also show a truncated KaiA.

The KaiC protein from Synechococcॿ elongatॿ PCC 7942 is 519 AA in length and is build up by two do-

mains, the CI and CII domain, which have a high similarity and are connected by a linker-domain 103,206.

The C-terminal CII domain of KaiC comprises the interaction sites with KaiA as well as the specific phos-

phorylation sites 38,207–209. KaiC homologs were detected with lengths varying between 101 AA and 741

AA (Fig. 5.5A, B). There are KaiC homologs in Archaea representing the whole observed length spectrum

of KaiC, whereas bacterial KaiCs are almost always about 500 AA in length (Fig. 5.5A, B). Furthermore,

in Bacteria and Archaea KaiB (and KaiA in Cyanobacteria) is only found when a ”full-length” KaiC is

present. In these bacterial organisms the length of KaiC is almost constant, regardless of the length of

KaiA and KaiB homologs (Fig. 5.5A, B). However, in KaiB-possessing Archaea additional shorter KaiC

homologs are found (Fig. 5.5B).

Moreover, the length distribution of KaiC revealed a substantial amount of KaiC homologs with a length

of circa 250 AA, which is approximately the length of one KaiC domain. This KaiC variant is mainly

found in Archaea, but also in a few Bacteria. In these bacterial species no KaiB homolog could be iden-

tified. Shorter KaiC homologs do not contain the important phosphorylation sites for maintaining the

oscillator function. Therefore, they might not restore the full functionality of the Synechococcॿ elongatॿ

PCC 7942 KaiC, but can rather answer questions about the evolution of KaiC79. Regarding the evolution

of KaiC, two valid hypotheses exist, both of which state that KaiC arose from a shorter ancestral recA gene

followed by a gene duplication and fusion. However, on the one hand Leipe and colleagues 210 hypoth-

esize that an ancestral single-domain KaiC originated in Bacteria, was transferred into Archaea, where its

two-domain version originated, and a second lateral transfer event introduced the double domain KaiC

into cyanobacteria. On the other hand Dvornyk and coworkers79 argue in a follow up study that KaiC

has to be of cyanobacterial origin. Given the amount of new genomic data further studies would help to

unravel the evolutionary history of KaiC.

5.4.8 Conserved motifs and activities in the cyanobacterial KaiC subgroups

For KaiC2 homologs outside of the cyanobacterial phylum an involvement in stress response (Legionella

pneumophila 80) and adaptive growthunder rhythmic conditions (Rhodopseudomonॼ palustrॾ 157) has been

demonstrated. Both proteins display autophosphorylation and KaiC2 from Rhodopseudomonॼ palus-

trॾ shows elevated ATPase activity 157. Nevertheless, the function of cyanobacterial KaiC2 and KaiC3 ho-

mologs remains unclear. We already demonstrated that KaiC2 and KaiC3 from Synechocystॾ sp. PCC

6803 displays kinase activity, which is independent of KaiA, whereas KaiC1 behaved like its Synechococ-
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cॿ elongatॿ PCC 7942 ortholog 33. Those activities could also be predicted from the C-terminal amino

acid sequences 33. To test whether general features of the three KaiC subgroups can be predicted, mul-

tiple alignments of the cyanobacterial KaiC1, KaiC2 and KaiC3 sequences were constructed. A WebL-

ogo analysis revealed that relevant motifs for phosphorylation and dephosphorylation in the CII domain

are highly conserved. The ATP-binding Walker Motif A (P-loop in Fig. 5.6A, GXXXXGKT, 88,100,211) is

present in all three KaiC subgroups. Strikingly, the respective sequence of KaiC-7942 (GATGTGKT)

shows almost no modifications in KaiC1 and KaiC3 proteins. Furthermore, catalytic glutamates (EE in

Fig. 5.6A, 212,213), the R-finger contacting the γ-phosphate of ATP 214, and the truncated Walker motif B

(Walker B in Fig. 5.6A, 35,100,211), were found in all cyanobacterial KaiC subgroups. Notably, the arginine

residue of the Synechococcॿ elongatॿ PCC 7942Walker Bmotif is not conserved in KaiC2 homologs. Ser-

ine and subsequent threonine are the dominant phosphorylation sites in KaiC1 and KaiC3 proteins, like

S431 and T432 in KaiC-7942 207,208, whereas KaiC2 homologs display two serine residues. In some KaiC3

homologs a tyrosin is present as second phosphorylation site. T426, which is important for dephosphory-

lation of KaiC-7942 207,212,215,216, is also highly conserved. Therefore, phosphorylation and dephosphoryla-

tion via autokinase 35, ATP synthase and ATPase activity 36,212, respectively, are very likely for all cyanobac-

terial KaiC homologs. The same holds true for the N-terminal ATPase activity: We observed high con-

servation of the Walker motif A (P-loop in Fig. 5.6A), the catalytic glutamate residues (EE in Fig. 5.6A)

and the R-finger in the CI domains of all cyanobacterial KaiC subgroups. The presence of the R-linker in

CI domains of KaiC1 and KaiC3 homologs indicate a structural coupling of the N-terminal CI and the C-

terminal CII-domain as it was demonstrated for Thermosynechococcॿ KaiC 214, whereas KaiC2 homologs

lack the R-linker in CI.

Crystal structures are available forKaiB1 homologs andKaiB2 fromLegionella pneumophila 80,107,111,136,137,217.

Free KaiB1 crystallizes in a unique fold, but can adopt a fold switched state, which is a prerequisite for KaiC

binding and is similar to the thioredoxin like fold observed in KaiB2 crystals 80,135. Residues K57, G88 and

D90, which were suggested to regulate fold switching of KaiB-7942 135, are the most prominent residues at

the mentioned positions in KaiB1 proteins, but not highly conserved (Fig. B.3). Hence, the question arises

whether fold switching is conserved amongKaiB1 proteins. Interestingly, G88 is highly conserved in KaiB2

proteins and hence free KaiB2 proteins may not necessarily favor the fold changed state. In KaiB3 all three

residues show high conservation, which implies adoption of the ground state by the free protein and fold

switching for putative KaiC binding.

KaiC homologs from the genus Prochlorococcॿ were classified as KaiC1 orthologs in our BLAST analysis

(Fig. 5.1B). However, Prochlorococcॿ strains do not contain KaiA, and KaiC from Prochlorococcॿ marinॿ

MED4was demonstrated to phosphorylate independently of KaiA due to a modified A-loop sequence78.
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Therefore, we compared WebLogos of the A-loop sequence 37 for KaiC1 orthologs from Cyanobacteria

with and without KaiA (Fig. 5.6A). The most obvious difference to KaiC1 proteins from cyanobacterial

strainswithKaiA is the presence of neutral glutamine in the secondposition, instead of a positively charged

arginine. In KaiC2 and KaiC3 Weblogos motifs are even less conserved as already described for the Syne-

chocystॾ sp. PCC 6803 representatives 33. Interestingly, the KaiC3 WebLogo motif does not display any

charged residue anymore. The absence ofA-loop residues that are important to keep it in the buried state 37

indicate that theKaiA-independent phosphorylation is characteristic forKaiC2 andKaiC3homologs. This

is supported by the low conservation of the 438-444-loop and/or the 422-loop, which are part of the in-

teraction network that mediates inhibition of phosphorylation by the buried A-loops in Synechococcॿ

elongatॿ PCC 7942 37,103. The high conservation of these loops in KaiA-lacking strains remains enigmatic.

KaiA from Thermosynechoccॿ BP-1 interacts with residues of the A-loop and further C-terminal amino

acids of Thermosynechococcॿ BP-1 KaiC 209,218. Direct comparison of KaiC1 proteins from strains with

andwithout KaiA reveals that the lack of KaiA goes along with dramatically decreased conservation of the

KaiA interacting residues (Fig. 5.6A). Due to the high variation of those residues in KaiC2 proteins, we

predict that they do not interact with KaiA. However, several KaiA interacting amino acids are present

or conservatively substituted in KaiC3 proteins. Hence, complex formation of KaiC3 and KaiA might be

possible, but stimulation of kinase activity by KaiA is unlikely.

To test this hypothesis, phosphate uptake as an exemplary KaiC activity was analyzed for representative

cyanobacterial KaiC1 and KaiC3 proteins by incubation with γ-P32-ATP at 30 °C in the presence and ab-

sence of Synechococcॿ elongatॿ PCC 7942 KaiA (KaiA-7942). The well-studied KaiC from Synechococcॿ

elongatॿ PCC 7942 (KaiC-7942) served as control. As demonstrated in Figure 5.6B and 5.6C all recom-

binant KaiC proteins incorporated phosphate over time. The intrinsic kinase activity of KaiC1 homologs

from Nostoc punctiforme ATCC 29413 (KaiC1-N29413), Synechocystॾ sp. PCC 6714 (KaiC1-Sy6714), and

Cyanothece sp. PCC 7424 (KaiC1-Cy7424) was stimulated by KaiA-7942, similar to KaiC-7942 (Fig. 5.6B).

As expected, KaiAhad no effect on autophosphorylation ofKaiC3 fromCyanothece sp. PCC7424 (KaiC3-

Cy7424) andMicrocystॾ aeruginosa PCC 7806 (KaiC3-Mic7806, Fig. 5.6C). To extend the analysis to non-

cyanobacterial proteins, KaiC3 from the hyperthermophilic Archaea Thermococcॿ litoralॾ (KaiC3-T.lit)

and Pyrococcॿ horikoshii (KaiC3-P.hor), which show optimal growth at 85 °C and 98 °C 219,220, were ana-

lyzed in a similar way. Again both recombinant KaiC3 proteins displayed phosphorylation at 30 °C, which

was independent of KaiA-7942 (Fig. 5.6C). Incubation at 75 °C indicated that the two archaeal KaiC3 ho-

mologs display kinase activity also at high growth temperatures (Fig. 5.6D). Hence kinase activity of KaiC

proteins seems to be well-conserved, independent of the growth conditions of the strains, they are origi-

nating from.
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Figure 5.6: Acধvity of diverged KaiC homologs. (A) Conservaধon of important moধfs in cyanobacterial KaiC1, KaiC2 and
KaiC3 homologs based on WebLogo analyses. Moধfs in KaiC1 homologs are displayed for proteins from organisms, which
encode a KaiA protein or lack KaiA, respecধvely. Numbers indicate the residues in KaiC-7942. Properধes of the residues are
displayed as follows: polar (green), neutral (purple), basic (blue), acidic (red), and hydrophobic (black). (B,C) Phosphate uptake
analyses of selected KaiC1 (B) and KaiC3 (C) homologs at 30 °C in dependence of KaiA. KaiC proteins were incubated
with or without KaiA-7942 in the presence of γ-P32-ATP. Ađer 0, 0.75, 1.5, 3, and 22 hours samples were separated via
SDS-PAGE, stained with Coomassie (CBB), and subjected to autoradiography (ARG). The asterix indicates a contaminaধng
protein. (D) Kinase acধvity of archaeal KaiC3 homologs at 75 °C. KaiC3 proteins from Thermococcus litoralis and Pyrococcus
horikoshii were incubated with γ-P32-ATP and autophosphorylaধon was analyzed ađer 0, 5, 10, and 15 minutes. Shown are
the Coomassie stained proteins (CBB) and autoradiography (ARG).
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5.5 Conclusion

5.5.1 A core module for circadian regulation

Our analysis of 11,264 genomes clearly demonstrates that components of the Synechococcॿ elongatॿ PCC

7942 circadian clock are present in various bacteria and archaea. However, the frequency of Kai-clock re-

lated proteins is highest in Cyanobacteria. In fact KaiA, Pex, LdpA, and CdpA are exclusive to organisms

of this phylum. In other organisms, e.g. Rhodobacter sphaerodiॽ, reduced KaiBC-based clock systems are

likely able to drive circadian oscillations 188. An even simpler system solely dependent on KaiC might en-

able diurnal rhythms inHaloferax volcanii 159, probably using the ATP/ADP ratio for clock entrainment.

Predictions for KaiC activities based on sequence alignments and motif analyses were validated through

biochemical experiments. We confirmed kinase activity for ”full-length” KaiC proteins composed of one

CI and one CII domain, even in organism without kaiA or kaiB. KaiA from Synechococcॿ elongatॿ PCC

7942 enhanced KaiC-phosphorylation only in strains naturally possessing a kaiA gene.

Our co-occurrence analysis hints to a conserved extension set for circadian regulation, which is present in

Cyanobacteria with observed circadian behavior and absent in Cyanobacteria having a diurnal, hourglass-

like lifestyle only (see also Fig. 5.7). A diurnal core set, which is important to enable an hourglass-like

timing system that resets every day, might be composed of KaiB, KaiC, LdpA, IrcA, SasA, RpaA, RpaB,

and CpmA.However, our identified circadian core set, which potentially enables a selfsustained clock, ad-

ditionally consists of KaiA, the two input factors CdpA, and PrkE as well as the input and output factor

CikA, and the output factors LabA, and LalA.

The systematic comparison of microarray timeseries datasets indicates that the diurnal peak expression

phase is not conserved amongst homologous genes in the cyanobacterial clade. Instead, the expression

phase may be tuned according to the gene outfit and varying environmental needs. The analysis yielded a

set of 95 genes in the core diurnal genome, which can be considered critical for the adaptation to day and

night. Particularly, the subset of non-light induced genes are prime candidates for circadian clock marker

genes. This set furthermore contains several hypothetical genes, which are interesting candidates for novel

clock-driven genes.

The gained insights about the diversity within the composition of the components involved in the circa-

dian protein clock as well as the diversity on the sequence level of the core factors call for further modifica-

tion and simplification of the clock. The exponential increase ofmolecular tools for synthetic applications

in recent years sets the stage for such ambitious projects. A future goal could be the reduction of com-

plexity by removing as many factors as possible so that an integration of a circadian clock in synthetic and

industrially valuable organisms becomes feasible.
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Figure 5.7: Schemaধc overview of the circadian clock in Synechococcus elongatus PCC 7942. Shown is the protein network
in which the clock proteins are integrated based on28,30,43–45,54–61,63–67,135,155,194,221. The plastoquinone pool and ATP/ADP
raধo serve as input signals to entrain the circadian clock with the environment and metabolic state of the cell. The signals
are recognized by the input factors LdpA and CikA and the core clock factors KaiA and KaiC. Other input factors are Pex,
and the CikA interacধon partner NhtA, PrkE, IrcA, and CdpA. The sধmulaধng effect of KaiA on KaiC is antagonized by KaiB.
The output of the clock is comprised by SasA, CikA, RpaA, RpaB, LabA, LalA, Crm, and CpmA. SasA interacts with KaiC and
further phosphorylates RpaA, whereas CikA acts as a phosphatase on RpaA. RpaA together with RpaB controls global gene
expression as well as the expression of the kaiBC cluster. Solid lines represent established biochemical interacধons whereas
dashed lines represent inferred interacধons. The seven most interconnected factors we found in our co-occurrence analysis
are highlighted in green. Factors colored in light grey showed no co-occurrence in the Fisher’s exact test and are present in
< 90% of all observed systems. Asterisks (*) indicate the factors missing in Prochlorococcus.
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It is just over a decade ago that the circadian clock of Synechococcॿ elongatॿ PCC 7942 was reconstructed

in a test tube showing stable oscillations forweeks 87. Since then tremendous achievements have beenmade

by usingmathematical modeling to decipher variousmolecular mechanisms of this system and timing and

circadian systems in general. In this work, we review the detailed insights into the functionality of the cir-

cadian clock gained bymathematicalmodeling. These insights range from the description of themolecular

functionality of the core clock and its interaction over the strategies for entrainment and input compen-

sation such as shorter phosphorylation cycles of individual KaiC hexamers under low ATP conditions to

strategies for robustness to noise and environmental changes such as the increase in genome copy number

or the uncoupling of the oscillator from transcriptional processes. The review was published in Interface

Focॿ and can be found on doi: 10.1098/rsfs.2018.0038.
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6.1 Abstract

Precisely timing the regulation of gene expression by anticipating recurring environmental changes is a

fundamental part of global gene regulation. Circadian clocks are one form of this regulation, which is

found in both eukaryotes and prokaryotes, providing a fitness advantage for these organisms. Whereas

many different eukaryotic groups harbor circadian clocks, Cyanobacteria are the only known oxygenic

phototrophic prokaryotes to regulate large parts of their genes in a circadian fashion. A decade of inten-

sive research on the mechanisms and functionality using computational and mathematical approaches in

addition to the detailed biochemical and biophysical understanding make this the best understood circa-

dian clock. Here, we summarize the findings and insights into various parts of the cyanobacterial circadian

clock made bymathematical modeling. These findings have implications for eukaryotic circadian research

as well as synthetic biology harnessing the power and efficiency of global gene regulation.

6.2 Introduction

Life on Earth has evolved under the influence of changing environmental conditions. While some environ-

mental conditions may fluctuate without any apparent regularity, a large class of environmental changes

exhibits regular cycles on daily to annual timescales. The most prominent of these environmental cycles is

the daily change in temperature and light availability caused by Earth’s rotation itself. Circadian clocks are

an adaptation to this recurring cycle.

Circadian clocks are biochemical oscillators that function as an endogenous timekeeper within organisms.

Circadian clocks are characterized by three properties: (i) persistence of oscillations without an exogenous

cycle, e.g. in constant light, (ii) temperature compensation, and (iii) the entrainment of the endogenous

oscillator(s) to the exogenous cycle of light and darkness 5. Without the exogenous stimulus (”Zeitgeber”)

the period length of the oscillator can vary between organisms. The ability of entrainment, however, al-

lows the Zeitgeber to synchronize the oscillation with the exogenous rhythm.

While changing environmental conditions typically pose a challenge to organisms, changing conditions

also present the possibility of adaptation and therefore a fitness advantage over competitors. The fact that

circadian clocks can be found in a variety of organisms frommammals to plants, and fungi suggests a selec-

tive pressure by environmental light/dark cycles that favored the development of such a complex timing

system. A fitness advantage of circadian clocks has been elegantly shown in competition experiments using

cyanobacteria with intact circadian clocks and clockmutants6,7. Circadian clocks appear to be a conserved

trait in evolution. However, differences in the sequences of proteins that are involved in the circadian clock

suggest a convergent evolution of timing mechanisms 15,16.
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The history of research on the genetic basis of circadian clocks begins in the 1970s when Konopka and

Benzer first identified clock components in Drosophila melanogaster 11. Afterwards, circadian clocks were

also identified in mammals, including hamster, mice, and humans 12–14, as well as fungi with Neurospora

crassa9 and plants withArabidopsॾ thaliana 10. In the beginning, it was believed that circadian clocks were

exclusive to eukaryotic organisms and that simpler prokaryotic organisms could simply not maintain in-

dependent circadian oscillation as they divide multiple times during a day 5. However, in the mid-1980s,

researchers identified oscillations in different diazotrophic cyanobacteria, performing photosynthesis dur-

ing the day and fixing nitrogen at night 5. At least since the remarkable findings ofKondo andhis colleagues

in 1993 identifying circadian gene expression in Cyanobacteria and later the central three proteins of the

cyanobacterial circadian clock KaiA, KaiB, andKaiC all doubts that simple prokaryotic organisms can har-

bor such complex systems as circadian clocks were removed 8,100.

In this review, we will cover various computational concepts of circadian clocks. We will first introduce

basic functionality and the differences between eukaryotic and cyanobacterial circadian clocks. Afterward,

wewill focus on the cyanobacterial circadian clock system as this is the evolutionary oldest known yet func-

tional clock system. Furthermore, the cyanobacterial clock is special in the sense that it does not rely on

transcriptional process and can stably oscillate in a test tube for weeks. In addition, over the last decades

central processes and characteristics of circadian clocks have been studied experimentally and computa-

tionally, including entrainment strategies, the adaptation to noise and environmental changes, as well as

robustness concepts, using the cyanobacterial system. Further aspects and information about computing

by biological clocks, which are not covered in this review, can be found in a recent review by Dalchau and

colleagues 222.

6.3 Basic Functionality of Circadian Clocks

Circadian clocks are a prominent way to coordinate and regulate gene expression on a global cell scale. In-

stead of regulating single genes or an operon, circadian clocks are able to regulate hundreds to thousands

of genes. In Synechococcॿ elongatॿ PCC 7942, the model organism for cyanobacterial circadian clock re-

search, up to 64% of the genome is under the control of the circadian clock 51. Other cyanobacteria also

show oscillations of large portion of their genomes ranging 20% - 79%91 compared with eukaryotic organ-

isms, which show only 5% - 15% of rhythmically oscillating transcripts 223.

However, not everything that oscillates is under the control of a circadian clock. As mentioned above, cir-

cadian clocks are characterized by three essential criteria 5. In Saccharomycॽ cerevisiae, even under constant

optimal growth conditions, global gene expression oscillates. So far no circadian clock has been identified
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in yeast and these oscillations are a result of a rather general growth principle where changes in genome

configuration are due to changes in the energy levels of the cell 224,225.

Even though there are phenomena, which cause stable oscillations in global gene expression, e.g. super-

coiling of the DNA, circadian clocks are a prevalent form found in almost any group of organisms. It

has been hypothesized that the cyanobacterial clock, however, is influencing the supercoiling state of the

DNA thereby connecting the circadian system’s output with a global gene expression system 51,223. Circa-

dian clocks are divided into two groups in regard to their functionality: Eukaryotic circadian clocks com-

prise nested transcription-translation feedback loops (TTFL), whereas cyanobacterial circadian clocks, as

the only known example for prokaryotic circadian clocks, comprise a post-translational oscillator (PTO) 16.

As mentioned before, sequence analyses suggest a convergent evolution with multiple origins of circadian

clocks, which is supported by the different functionality of known circadian clocks.

Even though eukaryotic circadian clocks do not share sequence similarities between the protein factors

involved, they share structural similar circuits as all of them comprise nested positive and negative gene-

protein feedback loops. However, based on the activation or inhibition of gene expression of clock factors,

TTFL clocks are susceptible to effects of DNA replication or gene position on the chromosome as we will

discuss later.

In cyanobacteria, the circadian clock comprises three proteins KaiA, KaiB, and KaiC. At the center of the

cyanobacterial circadian clock is a phosphorylation cycle. In detail, Cyanobacteria measure time by the

phosphorylation state of KaiC, which is the central part of the clock. KaiC auto-phosphorylates during

the day stimulated by KaiA (Fig. 6.1). At dusk, KaiC is completely phosphorylated and a conformational

change allows KaiB to bind to KaiC. KaiB then antagonizes the positive effect of KaiA and initiates auto-

dephosphorylation by sequestering KaiA. At dawn KaiC is completely dephosphorylated, which causes

KaiB to be no longer able to bind to KaiC, the KaiCBA complex falls apart and the cycle starts all over

again with free KaiA binding to KaiC and stimulating the phosphorylation 32,62.

After reconstructing the phosphorylation mechanism of KaiC in a test tube 87, multiple computational

models using differential equations arose in order to elucidate the functionality of the cyanobacterial cir-

cadian clock. It was proposed that shuffling and exchange of KaiC monomers between KaiC hexamer is

important for stability and synchronicity of the oscillation 226–228. Further, the remarkably robust high-

amplitude phosphorylation cycles of KaiC are achieved by sequestration of free KaiA mediating synchro-

nization 16,101,105,229,230. This sequestration mechanism is a conserved design principle in natural systems,

which can also be found in many different systems, e.g. MAPK protein kinase cascade 231,232. Shortly after,

other models resolved the importance of KaiA and KaiB in the cyclic phosphorylation of KaiC 230,233–235.

Each KaiC monomer has two independent phosphorylation sites, and it could experimentally be shown
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by Rust and colleagues that there is an ordered phosphorylation of these sites, which was before neglected

by other models92. Further, their model showed that KaiA is inactivated when the concentration of ser-

ine phosphorylated KaiC exceeds a certain threshold. Shortly after Brettschneider and colleagues built an

advanced model on top of the model proposed by Rust and coworkers, which showed for the first time

the ability of entrainment by temperature 101. This mathematical model by Brettschneider and colleagues

(2010) suggested that the complex of KaiCpS/T (KaiC phosphorylated only on S431) and KaiB binds KaiA

dimers at a newly formed binding site thereby inhibiting KaiA-mediated stimulation of KaiC phosphory-

lation, which was confirmed just recently by single-particle cryo-electron microscopy and mass spectrom-

etry 32,62.

Computationalmodels have helped to resolve open questions about the dynamics of interactions between

clock factors in cyanobacteria. However, in eukaryotic circadian clocks protein factors regularly activate

or suppress gene expression of their own expression or of other clock factors236. In cyanobacteria, a simi-

lar negative feedback mechanism was suggested by Iwasaki and colleagues in which phosphorylated KaiC

inhibits the expression of the kaiBC mRNA 202. Computational models could first confirm those sug-

gestions by showing that such a negative feedback mechanism can, in fact, explain sustained oscillation in

kaiBC expression 237. Later, Hertel and coworkers could also identify which of the four phosphorylation

states of KaiC suppresses kaiBC expression and that even two forms activate its own expression238.

The circadian clock of the model organism Synechococcॿ elongatॿ PCC 7942 was the basis for all of the

above-described models. However, Cyanobacteria are characteristic for their diversity, which can also be

observed regarding the composition of circadian clock factors. With respect to this composition, three dis-

tinct groups of cyanobacteria can be identified: (i) Synechococcॿ-like clock composition harboring single

copies of each of the known factors in the circadian clock of Synechococcॿ elongatॿ PCC 7942, (ii) a Syne-

chocystॾ-like clock composition harboring multiple copies of some factors including KaiB and KaiC, and

(iii) a Prochlorococcॿ-like clock, which is missing multiple factors of input and output pathways as well as

the central factor KaiA42,79,91. Interestingly, the kaiA gene never occurs more than once in a genome and

cannot be found outside Cyanobacteria in contrast to other core clock factors. Furthermore, theProchloro-

coccॿ clock is called an hourglass timing system and is not considered a circadian clock as it does not persist

without an exogenous cycle but shows oscillation of global gene expression under a light-dark regime77. It

remains an open question how the multiple copies of the core clock factors in Synechocystॾ sp. PCC 6803

are integrated into the circadian clock.
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Figure 6.1: Circadian clock of Synechococcus elongatus PCC 7942 and its interacধon network. The interacধons of the core
clock result in a 24 hour cycle of phosphorylaধon and dephosphorylaধon. Depending on the phosphorylaধon state of KaiC
hexamers different proteins interact with the core clock to connect the circadian signal to global gene regulaধon. SasA and
CikA comprise an antagonisধc system, which regulates the acধvity of RpaA and thus its ability to bind promoters. The figure
is adapted fromHertel and colleagues, Shultzaberger and coworkers as well as Schmelling and colleagues91,194,238. Graphical
representaধons of the protein factors involved are based on ”Cyanobacterial Circadian Clock Output Mechanism” by The
BioClock Studio (https://youtu.be/DcuKifCRx_k). The coloring of the Kai proteins is adapted to the coloring of the
protein structures of the Kai proteins from Snijder and coworkers32. Dashed lines represent transcripধon and translaধon
processes. Solid lines represent physical interacধons between proteins. Grey solid lines represent de-/formaধons of homo-
mulধmers.
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6.4 Entrainment

One defining characteristic of a circadian clock is the ability to be entrained to an exogenous cycle. It is

important that a circadian system can be synchronized to an exogenous stimulus in order to be most use-

ful for the organism in anticipating recurring patterns. However, it is also necessary that such a system is

robust against naturally occurring fluctuation of the input signal.

There are two strategies for entraining the clock to an exogenous stimulus: (i) with a direct sensing of light

intensity by clock components or other components that pass the signal onto clock components which

strategy is normally used by eukaryotic circadian clock systems 15 and (ii) indirect sensing of light through

changes in the metabolic state of the cell, i.e. redox state or ATP/ADP ratio, which is commonly used by

Cyanobacteria41,194. The core oscillator of the cyanobacterial circadian clock depends as above described

on the phosphorylation state of KaiC. KaiC is able to autophosphorylate and -dephosphorylate, which

is enhanced by the interaction with the other core factors KaiA and KaiB. Each monomer has two phos-

phorylation sites, which in the end results in 12 independent sites for each hexamer. The phosphorylation

pattern of KaiC hexamers is highly ordered resulting in cycles of the following four states: unphosphory-

lated (U-KaiC), phosphorylated only on S431 (S-KaiC), phosphorylated only on T432 (T-KaiC), and phos-

phorylated on both S431 and T432 (ST-KaiC)92. It has experimentally been shown that the phase of the

circadian clock is affected by the ATP/ADP ratio, which is a result of the cellular catabolic metabolism

and the photosynthetic apparatus 194. Dark phases cause a drop in the ATP/ADP ratio, which shifts the

clock into the dephosphorylation phase. Rust and colleagues convincingly showed that the in vitro form

of the cyanobacterial circadian clock reacts differently to the ATP/ADP ratio depending on the timing of

the dark phase41. During the phosphorylation phase (subjective day) the oscillator is most susceptible to

changes in the ATP/ADP ratio, whereas in the dephosphorylation phase (subjective night) the oscillator

is almost insensitive. Adding the competitive inhibitor to their core clock model, they described an en-

trainment mechanism for the cyanobacterial circadian clock that works in vitro and does not rely on an

additional signaling pathway, resembling the direct effect of the metabolic state of the cell on the phase of

the circadian clock41.

Such an entrainment strategy seems like a very early form as it does not rely on other protein factors or spe-

cial compounds. ATP and ADP are most likely older than the KaiC or its ancestral version, meaning that

the core of a clock comprised of a single protein, KaiC or its ancestor, and the cellular energy compound

ATP and its derivatives could have arisen early in evolution. A recent mathematical model byHernansaiz-

Ballesteros and colleagues 239 demonstrated how a single molecule similar to KaiC can form an oscillator

through ordered phosphorylation. The model was based on a two-intermediate system as an alteration of
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an “Approximate Majority” algorithm and systematically removed reaction paths between the different

phosphorylation states. In the end, the model predicted a system with similar ordered reaction paths as

seen for KaiC 239. Thus, KaiC could have evolved as an ATP biosensor and ancient clock and later more

protein factors were added to the clock in order to make it more robust to external and intrinsic fluctua-

tions as well as to create amore robust readout. This is in good agreementwith sequencing analyses, which

suggest that KaiC originated first from a RecA (bacterial DNA recombination protein) ancestor by gene

duplication and subsequent fusion before KaiB and last KaiA originated79. Other protein factors of the

circadian clock are evolutionarily younger or as old as KaiB. For example, SasA, the first downstream inter-

action partner of KaiC (Fig. 6.1), is thought to have originated from a fusion of a two-component histidine

kinase and an ancestor of KaiB around the time when KaiB formed a cluster with KaiC 240.

However, what are the environmental conditions that led to the evolution of circadian clocks? What con-

ditions would favor the evolution of such a complex system and provide a fitness advantage for the organ-

ism? Troein and colleagues 241 attempted to answer those questions by evolving in silico gene regulatory

networks to best predict phases of a day/night cycle. Those gene regulatory networks best resemble the

eukaryotic circadian clock systems, however, their findings can still be considered to be universally correct

for other circadian clock systems. Troein and coworkers showed that only under multiple photoperiods

combined with environmental noise were circadian clocks able to evolve with a high probability. In ad-

dition, real environmental variations even increase this probability. They concluded that only seasonally

changing photoperiods combinedwith sufficient noise can lead to the evolution of circadian clocks, which

is accompanied by an increase in complexity of the system241.

It has been shown through sequence analyses that cyanobacterial clocks are evolutionarily old systems and

by mathematical modeling that seasons and noise are needed to promote the evolution of such a system.

Nevertheless, one aspect of the evolution of circadian clocks is still missing. All above-mentioned simu-

lations assume a day length of roughly 24 hours, however, the length of day changed drastically over the

last 2.5 billion years and thus also during the evolution of circadian clocks 242. Based on measurements of

sandstone laminae, the length of a solar day on Earth is estimated to be 17 hours 242. Furthermore, models

about the origin of the Moon 4.47 billion years ago predict a rotational speed of the Earth between 2.5

and 9 hours 243–245. How does the length of day affect the complexity of circadian clocks? Were additional

factors also needed to adjust the biochemical speed of circadian clocks in addition to increase robustness?
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6.5 Adaptation of Circadian Clocks to Noise and Environmental Changes

As described before, noise and environmental changes, e.g. seasonal changes in the photoperiod, are essen-

tial for the evolution of circadian clocks 241. The importance of noise for the evolution of circadian clocks

also highlights the potential for adaptation. Circadian clocks are one of the naturally occurring adaptations

to recurring noisy patterns, e.g. noisy light-dark cycles. They provide a fitness advantage to organisms by

robustly buffering such noise. Further, circadian clocks are able to adjust the oscillator’s period to long-

term seasonal changes in the environment. As Troein and colleagues 241 showed, one strategy of adapta-

tion is to increase the number of feedback loops and complexity of gene regulatory networks. However,

the cyanobacterial circadian clock has a PTO at the center, which functions in a different manner from eu-

karyotic TTFLs. In addition, there are two forms of timing mechanisms in cyanobacteria: (i) a circadian

clock as seen in Synechococcॿ elongatॿ PCC 7942, which functions similar to a limit cycle oscillator97,246,

and (ii) an hourglass timing system as seen in Prochlorococcॿ, which works more like a point attractor that

stops oscillating and relaxes to a stable fixed point in the absence of an exogenous cycle97. Interestingly, re-

cent findings of microbial communities with Prochlorococcॿ indicate prolonged oscillations of transcripts

in extended darkness 247. These findings suggest a more complex exogenous network in addition to the

light/dark cycle to entrain the timing system in nature. The interactions in the coculture seem to cause

changes of the redox state in Prochlorococcॿ cells, which are similar to the ones found under a light/dark

regime and thus prolong the oscillations 247.

How do these two systems cope with noise? Before answering this question we first have to distinguish

between external noise by variations in the exogenous stimulus, e.g. light availability, and internal noise

due to variations in biochemical reactions. External noise such as shading by clouds can have drastic effects

on the availability of light. Such fluctuations can also range in their timescale from seconds to hours, which

can cause the circadian clock to be shifted back to night cycles94. Fluctuations of external cues have differ-

ent effects on the two circadian clock systems in cyanobacteria. Whereas, the limit cycle oscillator such as

the circadian clock from Synechococcॿ elongatॿ PCC 7942 is almost unaffected by such fluctuations93,97,

the point attractor like the hourglass timing system from Prochlorococcॿ is set in free fall towards the night

state97. The ability to tell the accurate time increases with the size of the limit cycle and the overlap be-

tween the day and night state of the system97. On the other side, when considering only internal noise due

to finite numbers of proteins the point attractor outperforms the limit cycle in regard to precision due to

its ability to change faster between both states97.

Limit cycle oscillators are more robust under a range of external and even internal noise levels, however,

so far only noise in a 12:12 (light:dark) hour regime was analyzed. As previously described, in addition to
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noise also seasonal changes are required for the evolution of circadian clocks 241. How do these circadian

clocks adapt to seasonal changes in the day length? To answer this question, Leypunskiy and colleagues

analyzed the effects of different day length on the performance of the circadian clock of Synechococcॿ elon-

gatॿ PCC 7942 in vitro and in vivo. Interestingly, they could show that after a transient phase the circadian

clock tracks midday over a large range of day lengths ranging from 6 to 20 hours of light. This observation

is also found in the in vitro clock in a test tube, where similar to light and dark phases, phases of high ATP

or high ADP are alternating, resembling the intercellular effect of light on the levels of ATP and ADP

through photosynthesis95. The effects of seasonality and different photoperiods on entrainment are stud-

ied theoretically in further detail by Schmal and colleagues 248.

The cyanobacterial circadian clock has the ability to performunder various conditions regarding the length

of day and the level of external and internal noise, however, themolecularmechanisms of how the circadian

clock is able to copewith these variations remain unknown. By comparing threemodels that try to explain

some of the molecular mechanisms of input compensation Paijmans and coworkers93 were able to iden-

tify a new mechanism at the individual hexamer level. Whereas the period of the circadian clock in their

model 249 remains unaffected by changes in the bulk ATP fraction, the models by Rust and colleagues92

and van Zon and coworkers230 show decreasing or increasing period lengths by decreasing ATP amount,

respectively. This high level of input compensation of the Paijmans model is achieved on the individual

hexamer level rather the population level. At increasing ATP levels, the phosphorylation rate increases,

which is true for all models, resulting in an increased cycle length of each hexamer through the phosphory-

lation cycle. Meaning that under decreasing ATP levels, input compensation is achieved through smaller

cycles in the phosphorylation state space by individual hexamers and an earlier switching to the inactive

state of these hexamers93. This mechanism provides a way to explain the robustness of this circadian clock

system to external noise by changes in the light availability and a subsequent drop in the ATP levels.

Even though the circadian clock shows great robustness to noise and unexpected changes in the availability

of energy through sunlight, it is still vulnerable to large drops in ATP levels at certain times of day. Look-

ing at the phase response curves for the three previously mentioned models we see that early in the day a

dark pulse has the strongest effect on the clock by delaying its phase93. In order to analyze the cost associ-

ated with this vulnerability, Lambert and colleagues94 studied the effects of misalignment of the circadian

clock to the environment in individual cyanobacterial cells. Early in the day cells are most vulnerable to

sudden drops in ATP levels resulting in a growth arrest, which can lead to a failure to resume to growth

when cells are placed into the light. At the beginning of the subjective day, the cells are rapidly growing,

whereas during subjective night, especially at dusk, the cells are most resistant against starvation, which

potentially corresponds to the internal glycogen storage94. Thus, the authors conclude that one of the
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major functions of the cyanobacterial circadian clock is to balance between rapid growth and starvation

resistance.

6.6 Further Strategies for Robustness of a Circadian Clock

As highlighted before, one of the most important tasks of a circadian clock is the ability to robustly mea-

sure and transfer an exogenous signal to downstream processes. We have seen that noise is essential for the

evolution of the circadian clock and that the cyanobacterial clock has evolved different strategies to cope

with external and internal noise in order to robustly predict the period of the exogenous cycle. Further-

more, it was shown that independent of the length of the exogenous stimulus, i.e. light, the cyanobacterial

circadian clock tracks the middle of that phase in order to predict to the upcoming change.

There are, however, further strategies for robustness of circadian clocks and oscillators. Some of which are

already found in the circadian clock of cyanobacteria, others are strategies that can be applied in order to

make synthetic oscillators more robust.

Eukaryotic circadian clocks comprise nested TTFLs where gene products regulate the expression of other

factors of the clock. One commonmotif in theseTTFLs is the self-repression of the gene by the gene prod-

uct, which is found in prokaryotic as well as eukaryotic oscillators. It has been shown that these motifs are

prone to be phase-locked with the cell cycle as they are largely influenced by the effects of gene density

due to genome replication events98. Over the course of the cell cycle, the cell volume increases steadily

until cell division, however, the genome copy number doubles more or less instantaneously if there is only

one genome copy per cell. In these cases, the simple negative transcriptional feedback loops are locked to

the cell cycle causing them to lose their autonomous functionality as a biological timekeeper98. One very

potent strategy to overcome this phase-locking is to increase the genome copy number normally found in

cells. The circadian clock model organism Synechococcॿ elongatॿ PCC 7942, for example, naturally har-

bors four genome copies per cell. Increasing the natural copy number weakens the otherwise drastic effect

of DNA replication events on the overall gene density, because normally not all genome copies are copied

at the same time but rather one by one. This causes the gene density to gradually increase, which almost

eliminates a phase-locking to the cell cycle98.

This is also an important part to remember when building a synthetic oscillator. Usually, synthetic con-

structs are introduced to cells on plasmids, which are randomly replicated with 10-100 copies per cell, thus

are not susceptible to phase-locking by the cell cycle. However, if you want to integrate your construct on

the genome it is important to figure out the position on the genome as thismight be essential for function-

ality due to the timing of replication. For two synthetic oscillators, the repressilator (Fig. 6.2 a, 3) and the
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dual-feedback oscillator (Fig. 6.2 b,4), genome integration was analyzed 250. Depending on the structure

of the synthetic oscillator different strategies arise regarding the position on the genome and the distance

between each factor. The repressilator (Fig. 6.2 a, 3) shows almost no locking when all three genes are close

to each other and replicated at the same time. Whereas, when genes are placed further apart from each

other on the genome locking to the cell cycle can be observed, increasing proportionally with the distance

between genes. This effect does not disappear when noise is added to the timing of replication for each

gene 250. Interestingly, the opposite is true for the dual-feedback oscillator (Fig. 6.2 b,4): strongest lock-

ing can be observed when genes are placed right next to each other on the chromosome, whereas locking

diminishes when the distance between the two genes increases. However, locking never disappears as for

the repressilator, even though noise has similar attenuating effects on the locking to the cell cycle in the

dual-feedback oscillator 250.

As mentioned above, some cyanobacteria have found a way to make their circadian clock robust against

the cell cycle by harboring multiple genome copies per cell, however, they also have an additional way that

helps prevent phase-locking to the cell cycle. By using a protein oscillator at the core of the circadian clock

instead of nested TTFLs, Cyanobacteria uncouple their timing machinery from the cell cycle. This is al-

ready sufficient to prevent phase-locking to the cell cycle, however, increasing the genome copy number is

even better98. However, a PTO at the center of a circadian clock alone is also susceptible to high protein

decay or dilution rates. Thus, for cells dividing faster than 24 hours, which show a high protein dilution,

a TTFL in addition to a PTO is required to generate robust circadian rhythms203,251.

Most cyanobacteria, which have been shown to harbor a clock have in addition to the protein oscillator

multiple genome copies, thus, their timing system is remarkably robust against the cell cycle. However, the

picocyanobacteria Prochlorococcॿ, which have a reduced genome and circadian clock compared to Syne-

chococcॿ elongatॿ PCC 7942, have only one genome copy per cell. In these cyanobacteria, we see a strong

coupling between the circadian clock and the cell cycle as they stably divide once per 24 hours with dis-

tinctly timed cell cycle phases77,252.

In addition to the PTO at the core of the circadian clock, Cyanobacteria use a second protein network

to transfer the clock state to gene regulation, which further uncouples the clock from the cell cycle. This

push-pull network with RpaA at its center is complemented by SasA, CikA, and RpaB depending on

the cyanobacterial strain (Fig. 6.1,91). Interestingly, the precision with which circadian clocks tell time in-

creases with the number of oscillations, i.e. genes involved in the readout of the clock96. Furthermore,

cross-regulatory interactions of proteins in the readout of a clock, e.g. the RpaA network, can increase the

transmission of temporal information96.

We have seen that there are various strategies to uncouple the oscillator from the cell cycle and make it
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Figure 6.2: Representaধon of two syntheধc oscillators and genome integraধon. (A) The network architecture of the repres-
silator by Elowitz & Leibler3: Factor1 represents a protein that represses the producধon of Factor2, which in turn represses
the producধon of Factor3. Factor3 acts as a repressor for the gene expression of Factor1 again. The three factors are color
coded and their locaধon on a circular chromosome is shown on the right. The Δt represents the distance on the chromo-
some and thus the ধme difference between the replicaধon of the genes. (B) The network architecture of the dual-feedback
oscillator by Stricker and colleagues4: The acধvator acধvates its own producধon and enhances the producধon of the repres-
sor. Whereas the repressor prevents its own producধon and suppresses the producধon of the acধvator. The two factors
are color coded and their locaধon on a circular chromosome is shown on the right. The Δt represents the distance on the
chromosome and thus the ধme difference between the replicaধon of the genes. Ori depicts the origin of replicaধon and the
arrow indicates the direcধon of replicaধon. This figure is adapted from Paijmans and colleagues250 where the effects of the
posiধon on the chromosome of these two syntheধc oscillators are studied in more detail.

robust against changes in the protein and nucleotide levels. This can either be achieved by increasing the

genome copy number, by placing the genes for the oscillator on plasmids with higher copy number, or by

integrating one or even multiple PTOs into the circadian oscillator.

6.7 Summary

Circadian clocks are a prevalent system to coordinate gene expression of large proportions of the genome.

The ability to anticipate recurring environmental changes provides a fitness advantage, which is harnessed

by organisms of every group of life. However, circadian clocks are only a specialized form of timing mech-

anisms defined by three characteristics, i.e. entrainment, free running, temperature compensation, that

produce oscillating gene expression. Regulating large parts of the genome in a timely fashion is an even

more widespread phenomenon, which exhibits different forms besides circadian clocks that we did not

cover in this review.

Over the last decade, different parts of the circadian clock in Cyanobacteria were characterized through

mathematical modeling gaining insights into circadian regulation that go beyond Cyanobacteria allow-
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ing us to understand general features of circadian clocks. The understanding of the molecular mecha-

nisms underlying this timing system in Cyanobacteria including the ordered phosphorylation of the KaiC

monomers92, the interaction with KaiA and KaiB 230, as well as the influence on gene regulation 237 pro-

vided the basis for further studies. Through mathematical models, we have seen how this system can po-

tentially robustly filter noise of the exogenous signal and maintain its inner rhythm93. Nevertheless, these

models also showed us the limitations of this circadian clock when noise is too high or in an adverse mo-

ment94. Some of these models even though they devote themselves to the cyanobacterial circadian clock

show us a universal way how to uncouple timing systems from the cell cycle making them robust against

abrupt changing nucleotide concentrations96,98. The computer simulations by Troein and colleagues 241

helped to understand the environmental conditions that lead to the evolution of circadian clocks. How-

ever, these simulations took TTFL as the basis for their analyses and did not consider PTOs as well. Nev-

ertheless, their results can be considered universally applicable for the evolution of circadian clocks.

In the future, it will be interesting to see if the size of the cyanobacterial circadian clock can be reduced

based on the molecular understanding of interactions of protein factors and still retain full functionality.

In addition, the design principles unraveled bymathematical models and the biochemical characterization

of protein domains provide the basis for further protein engineering and synthetic biology approaches to

building a timing system and oscillator from scratch. These newly designed timing systems can then be

used to artificially regulate gene expressionof engineeredmetabolic pathways to coordinate the production

of metabolites as efficiently as possible in a natural noisy environment. Furthermore, the understanding

of how biological systems robustly cope with noise can help to shape the future of other research areas

beyond biology, e.g. in computing architecture and new algorithms for parallel computing.
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Science ॾ a way of thinking much more than it ॾ a body

of knowledge.

Carl Sagan

7
Discussion & Outlook

The circadian clock of Synechococcॿ elongatॿ PCC 7942 is one of the best-studied clock systems. The

three core proteins, KaiA, KaiB, and KaiC have been thoroughly studied. Biochemical studies unraveled

the 24-hour phosphorylation cycle as well as the stimulating interactions with KaiA and KaiB. The struc-

ture of all three proteins is known and just recently the structural data for the interactions during the full

phosphorylation cycle has been shown 32,62. The cyanobacterial circadian clock, however, does not only

consists of these three proteins even though they build the core of the clock and are able to produce stable

oscillation in a test tube with just ATP added 87. In the natural context, the three proteins are embedded

into a network of input and output factors. For the interaction factors SasA andCikA, functional data and

even structural data are available clearly showing the role of these factors in the network of the circadian

clock 56,62,109.

Since the protein sequences of all established clock factors in Synechococcॿ elongatॿPCC7942 are known,

similarity analyses can be obtained to find orthologs to those proteins in other organisms. This has al-

ready been done in previous studies with small sample sizes for the core clock factors KaiA, KaiB, and

KaiC42,79, the input factors Pex42, LdpA42,187, andCikA42 aswell as the output factors SasA42,161, LabA42,
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and RpaA42. For the core clock factors sequences from species outside of the cyanobacterial phylumwere

used79, whereas the rest of the studies focused solely on cyanobacterial species. In order to get a compre-

hensive overview of the distribution and conservation of the clock factors, we decided to take advantage

of the amount of available genomic data and search for orthologs in all known complete genomes91. Our

findings confirmed those previous studies by Dvornyk and colleagues79,161,187 and even extended our un-

derstanding of the distribution of the system by finding orthologs for multiple clock factors including the

core factors KaiB and KaiC in a large number of bacterial and archaeal genera91. We further analyzed the

conservation and diversity of the core clock factors and identified strong conservation of motifs for the

interaction of KaiA and KaiB in cyanobacteria, where the β2 sheet represents the most conserved part of

the KaiB protein 32. In addition, the autophosphorylation activity of KaiC was analyzed, which was exper-

imentally confirmed by phosphorylation assays with purified proteins fromCyanobacteria andArchaea91.

Those results confirm previous findings of phosphorylation studies with KaiC variants from Synechocystॾ

sp. PCC 6803 33 strengthening the idea of a conserved functionality of KaiC orthologs.

Our analyses revealed large diversity in the composition of factors of this system among all identified or-

ganisms aswell as within cyanobacteria. In order to get a better understanding of the diversity, we analyzed

the co-occurrence of clock factors among Cyanobacteria as they show themost complete set of factors and

thus most promising candidates for predicting conserved functionality across organisms. This analysis

identified two sets of proteins: (i) factors, especially the core factors KaiB, KaiC, the input factor LdpA,

and the output factors SasA, RpaA, and RpaB, that are found in almost all cyanobacteria, which lead us

to the hypothesis that those factors comprise the core set needed for timing; (ii) factors that show strong

co-occurrence since they are only found in a set of cyanobacteria. Here the core factor KaiA, the input and

output factor CikA, and the output factor LabA are of special interest as they are important for circadian

regulation in Synechococcॿ elongatॿ PCC 7942 56,57,63,202 but are lacking in Prochlorococcॿ. Prochlorococ-

cॿ shows stable oscillation of gene expression under light-dark cycles, which disappear under continuous

conditions77,78. Thus, we hypothesized that those factors are needed for circadian regulation. The results

of the analysis give some indication for further experiments, e.g. introducing selected candidates of those

factors into Prochlorococcॿ in order to potentially restore circadian regulation or to delete factors of Syne-

chococcॿ elongatॿ PCC 7942 to further reduce the system. However, the study has some limitations as it

only analyzed known factors and did not include all proteins from Synechococcॿ elongatॿ PCC 7942 to

identify potentially new unknown factors involved in the circadian clock. Furthermore, the analysis needs

constantly be extended whenever new proteins in the circadian clock are identified. In addition, the analy-

sis only focuses on the presence or absence of factors rather than looking at sequence motifs that co-occur

with the presence or absence of factors. However, such an advancement of the analysis requires much
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more sophisticated methods to be done properly. Nevertheless, those analyses will be important in order

to predict conserved functionality of the system between organisms. Depending on the environmental

conditions not all of the known factors are needed to have a fully functional timing system. Asmentioned

before, even though the system in Prochlorococcॿ is not considered a circadian clock, as the oscillations in

gene expression cease without the external stimulus, no obvious difference can be measured compared to

a cyanobacterium that harbors a circadian clock like Synechococcॿ elongatॿ PCC 7942 under light-dark

cycles. It could be shown that a deletion of cikA is detrimental for the functionality of the circadian clock

in Synechococcॿ elongatॿ PCC 794263. However, a single amino acid replacement from tyrosine to his-

tidine at position 290 in the protein sequence of SasA is able to recover the phenotype 186. Would it be

sufficient to introduce this mutation into the protein sequence of SasA in Prochlorococcॿ in order tomake

the hourglass-like timing system a circadian clock or are other mutations in other factors needed as well?

Prochlorococcॿ has, in fact, a different aromatic amino acid at this important position, however, not the

newly introduced histidine 186. Furthermore, just recently multiple single point mutations in the sequence

of the output regulator RpaA have been identified increasing the growth rate of Synechococcॿ elongatॿ

PCC 7942 253. Detecting those naturally occurring point mutations and subsequently mapping them onto

the presence or absence of other clock factors will be the next step. Results of this analysis might yield new

candidates for further reduction of the system without losing the ability of robust circadian regulation.

Manipulating and reducing the circadian clock to be more robust under natural conditions while either

lowering the energy burden on the organisms to maintain factors of the clock or to increase productivity

and growth on the organism in order to be more valuable for biotechnological production provides great

potential. However, finding the minimal set of protein factors for the cyanobacterial circadian clock in-

cluding potential sequence mutations in some of the factors is still a milestone to reach.

In foresight that our resources on Earth are limited and that we as a civilization are striving to colonize

other planets in our solar system or even in other solar systems, there is potentially the challenge ofmaking

those planets habitable for us humans, e.g. creating an oxygenic atmosphere. One group of organisms

that are among those that might enable us to colonize other planets by creating the needed conditions are

Cyanobacteria with their ability to produce oxygen from carbon dioxide and water. This process is called

oxygenic photosynthesis and has already created the environmental conditions we are living in today 18.

One thing that needs to be considered is the length of day on a potentially habitable planet. If the day

length is far shorter or longer than the 24 hours that we have here on Earth right now, it is important to

know how to adjust the period length of the timing system in order to better align the organism’s clock

with the day length to regulate the gene expression most effective.

There are two ways of addressing this problem either top-down by investigating the functionality of ex-
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isting factors and how mutations or deletions of the factors affect the overall functionality of the system.

The other way would be a bottom-up approach where a timing system would be evolved or constructed

from scratch. For both cases finding strategies to manipulate the period length or robustness of the circa-

dian clock can be analyzed bymathematical models. Mathematical models have already proven to provide

invaluable insight into the mechanisms of the core clock 31. However, so far those models mainly focused

on the functionality of the core clock factors KaiA, KaiB, and KaiC or more general features of circadian

clocks and feedback regulations 31. Thus, more detailedmodels that include protein factors from the input

or output network are needed. The insights of those models would probably mainly guide new exper-

iments in the laboratory for a top-down strategy, but will also help to build a circadian clock from the

ground up.

Building a circadian clock can either be done by assembling existing factors into a new network or evolving

a new systemwith new factors from scratch. For the second case, one needs to understandwhat kind of en-

vironmental conditions the evolution of a timing system would favor. Since circadian clocks have evolved

multiple times in the history of life on Earth 16, those conditions are supposed to be rather ubiquitous

on Earth than a single event in Earth history. There are some first indications about these environmental

conditions, i.e. noise in the external signal and seasonal changes in the length of the signal, by in silico

evolutionary modeling by Troein and colleagues 241, however, it is yet to be shown that these conditions

yield in the evolution of timing mechanisms in vivo.

Reconstructing the evolutionary conditions favoring circadian clocks might as well shed light on the ori-

gin of life as it would narrow down potential places for the origin of life on Earth. Circadian clocks are

an adaptation to the cyclic environment on Earth as a result of Earth rotation itself. This rotation causes

cycles of light or UV radiation or wet and dry phases through tides. It has been shown that both UV radi-

ation and wet-dry cycles can produce molecules of life in primordial conditions that might have been on

early Earth254–257. Some of these cyclic conditions even cause selective conditions 254,258. Thus, anticipating

upcoming cycles and preparing for them might have been a survival strategy early in the history of life on

Earth.

Circadian clocks are a prevalent systemonEarth used by organisms across the tree of life to anticipate recur-

ring environmental changes. The circadian clock of cyanobacteria, with its model organism Synechococcॿ

elongatॿPCC7942, is one of the best studied systems. The results of this thesis complete themissing piece

in the understanding of the structural interaction of the core clock factors. Furthermore, the comprehen-

sive conservation analysis yielded new insights into the distribution of the system among prokaryotes, as

well as highlights the diversity and conservation among cyanobacteria. The results of this study provide

the basis for further investigations regarding the co-occurrence of factors and mutations within these pro-
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teins. Those studies will help to understand how to reduce the complexity of the cyanobacterial circadian

clock. Last, through reviewing the discoveries achieved by mathematical modeling, this thesis identifies

open questions in the understanding of the cyanobacterial system, in particular, and circadian regulation,

in general, which goes as far as the evolution of circadian regulation and the origin of life on Earth.
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Table A.1: Masses of idenধfied Kai protein and protein complex species. The molecular weights of the monomeric Kai
proteins are shown in parentheses. Note that the residual masses expressed as mass deviaধon (%) originate from a small
amount of residual buffer and solvent that remains aħached to the ions, as rouধnely observed in naধve MS experiments.
The table can be found online.

Table A.2: Unique crosslinks idenধfied within the KaiCBA complex. Listed are charge state, mass and number of pepধde
spectrummatches (PSMs) for each crosslinked pepধde pair. The crosslinked pepধdes (α and β) are individually characterized
by their amino acid sequence (o =Met oxidaধon), the posiধons of the linked Lys residues, their molecular weight, the number
of matched fragment ions (nonintegral numbers indicate a fragment ion matching to both pepধdes) and the N scores, as
calculated by XlinkX. The table can be found online.

Table A.3: Fracধonal changes in Deuterium uptake of KaiA, KaiB and KaiC as free components compared to KaiCB and
KaiCBA assemblies. The list includes all confidently idenধfied pepধdes ordered by primary sequence on the protein level.
The table can be found online.

Table A.4: Primers used for mutagenesis. Small leħers indicate the inserted mutaধons resulধng in exchange of single amino
acids. The table can be found online.

Table A.5: Deuterium uptake plots for all KaiA (Data S1.), KaiB (Data S2.) and KaiC (Data S3.) pepধdes included in the
analysis. Error bars represent standard deviaধons.
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Figure A.1: Naধve MS of KaiCBA assembly. (A) Detailed view of the KaiCBA oscillator at 30 °C ađer 4 hours incubaধon. (B)
Detailed view of the KaiCBA oscillator at 30 °C ađer 20 hours incubaধon, demonstraধng the presence of KaiB1A2 subcom-
plexes. (C) Ordered assembly of KaiCBA complexes shows that formaধon of the KaiCB complex is limiধng to formaধon of
the KaiCBA complex.
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Figure A.2: Naধve electrospray ionizaধon-mass spectra. Typical example displaying how species idenধficaধon and molecu-
lar weight determinaধonwas performed from the naধve electrospray ionizaধon-mass spectra. As a result of the electrospray
ionizaধon process, all different KaiCBA species are detected as differently charged ions. Based on these charge state distri-
buধons, the molecular weight of each species can be calculated. The theoreধcal mass-to-charge raধos (m/z) of the idenধfied
charge state distribuধons are depicted as verধcal lines. As shown in the top panel, these charge state distribuধons can ex-
plain all major peaks of the mass spectrum, providing evidence that the listed KaiCBA complexes are the most abundant
species in the sample. The displayed error range is established by taking into account all charge states of a given species,
and is typically within 0.05% of the total molecular weight. All other spectra were evaluated in a similar manner.

Figure A.3: Naধve MS measurements of the 8 hour ধmepoint. Repeated naধve MS measurements of the 8 hour ধmepoint
from the 30 °C ধme course and the full KaiCBA assembly. Measurements were performed on different preps, spanning
mulধple years, by different experimentors. Peak assignments as explained in Fig A.2.
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Figure A.4: Cryo-EM single parধcle analysis of the KaiCB complex. (A) Top and side view of the 3D reconstrucধon of the
KaiCB complex. The color scheme of the cartoon representaধons is adapted from Figure 4.2. (B) Side view of the KaiCBA
reconstrucধon with the density segments corresponding to KaiA rendered transparently, demonstraধng the same overall
architecture of the KaiCB part of this density. (C) Part of a cryo-EM micrograph of KaiCB. (D) Reference-free 2D class
averages from the KaiCB dataset. (E) Fourier shell correlaধon (FSC) for two independently refined halves of the data. The
curve for reconstrucধon with C6 symmetry imposed during refinement is shown and the resoluধon at which FSC = 0.143.
(F) Cut-open density of the KaiCB density colored according to its local resoluধon. (G) Orientaধon distribuধon plot of all
parধcles that contribute to the reconstrucধon.

Figure A.5: Cryo-EM single parধcle analysis of the KaiCBA complex. (A) Part of a cryo-EM micrograph of KaiCBA. (B)
Reference-free 2D class averages from the KaiCBA dataset. (C) Fourier shell correlaধon (FSC) for two independently re-
fined halves of the data. Shown is the curve for reconstrucধons with C6 symmetry imposed during refinement and the
resoluধon at which FSC = 0.143. (D) Cut-open density of the KaiCBA density colored according to its local resoluধon. (E)
Orientaধon distribuধon plot of all parধcles that contribute to the reconstrucধon.
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Figure A.6: Intermolecular cross-links idenধfied in the KaiCBA complex. In total, 66 unique cross-links were idenধfied at
1% false-discovery rate (Table A.2). In agreement with the EM density-based KaiCBA model, the cross-links indicate spaধal
proximity between the KaiA C-terminal α-helical domain and the N-terminal region of KaiB. KaiCBA complex formaধon via
the KaiC-CI domain, as suggested by cryo-EM, is supported by six cross-links connecধng KaiA and KaiB with KaiC-CI. KaiA
and KaiB were also found to be cross-linked with the C-terminal tails of KaiC, which are highly mobile, as evidenced by the
absence of assignable EM density. Hence, these crosslinks, likely arising from short-lived interacধons among the KaiC tails,
KaiA and KaiB, are difficult to interpret with respect to our model.

Figure A.7: KaiC adopts the posthydrolysis conformaধon. Overlay of the EM density with the pre- (grey, PDB 4TLA ChainA)
and post-hydrolysis state (blue, PDB 4TLA ChainC) of helices 6 and 7 of KaiC-CI from Abe and colleagues134.
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Figure A.8: Details of the KaiB-KaiC interacধon. (A) Fracধonal change in deuterium uptake of free KaiB and KaiC-bound
KaiB ađer 60 min exposure mapped on the KaiB fold observed in the crystal structure (PDB code 4KSO) or the KaiCBA
map (fold switched state). (B-C) Detailed views of the KaiB-C interface in the KaiCBA model. The highly conserved KaiC
Ala108 residue is highlighted. (B) EM density at the KaiB-C interface. The color scheme of the cartoon representaধons is
adapted from Figure 4.2. (C) Model of the KaiB-C interface colored according to changes in deuterium uptake between the
free components and the KaiCB complex ađer 60 minutes exposure. The labeled KaiC helix 5 shows the sharpest decrease
in deuterium uptake, indicaধng strong protecধon upon KaiB binding. The color scale is the same as in (A).

Figure A.9: Details of the KaiB fold-switch. (A) EM density of KaiB with the fiħed structure of (i) fold-switched KaiB model
(pink) and (ii) crystal structure (yellow). (B) Plot of the cross-correlaধon value between the respecধve model and the KaiB
density. Shown are the top 1,000 posiধons from the global fiধnmap search in UCSF Chimera. The arrow indicates that the
best soluধon for the fold-switched model has a higher CC than the crystal structure.
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Figure A.10: Effect of Kai protein mutaধons on assembly of KaiCBA complexes. (A) Naধve MS of KaiCBA assembly us-
ing WT, KaiC-A108L, KaiC-A108E and KaiB-K42A. RSI = Relaধve signal intensity. (B) Verificaধon of KaiA-sধmulated KaiC
phosphorylaধon acধvity in the KaiC mutants.

Figure A.11: Details of the KaiB-KaiB interacধon. (A) Top view of the EM density of the KaiB ring and the fiħed models. (B)
Close-up of the KaiB-KaiB interacধng region formed between the C-terminal part of helix 3 and the N-terminal part of helix
1.
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Figure A.12: Details of the KaiA-KaiCB interacধon. (A) EM density represenধng Kai A and KaiB. The color scheme of the
cartoon representaধons is adapted from Figure 4.2. (B) Detailed view of the KaiA-KaiCB interface in the KaiCBA model,
colored according to changes in deuterium uptake between free KaiA and the KaiCBA complex, or between KaiCB and
KaiCBA complexes in the case of KaiC and KaiB. The KaiA-binding β2-strand of KaiB and the funcধonally important KaiB
Lys42 residue are addiধonally labeled.

Figure A.13: Kai protein sequence conservaধon. Weblogos represenধng mulধple alignments of KaiA, KaiB and KaiC from
Cyanobacteria containing all three proteins. Amino acids are colored according to their chemical properধes: polar (green),
neutral (purple), basic (blue), acidic (red), hydrophobic (black).
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Figure A.14: Asymmetric binding of KaiA to KaiCB as detected by HDX-MS. The main KaiCB binding pepধde of KaiA
displays bimodal exchange in the KaiCBA complex. The relaধve abundance of each distribuধon (approximately 1:2, pro-
tected:unprotected) is consistent with asymmetric binding of the KaiA dimer to KaiCB. Note that the complexes are prepared
with a 1.5-fold stoichiometric excess of KaiA; symmetric binding would have resulted in a bimodal distribuধon with a relaধve
abundance of 2:1 protected:unprotected.
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Figure A.15: KaiA sequestraধon is accompanied by displacement of its PsR domain. (A) Fracধonal change in deuterium
uptake in free KaiA and KaiCB-bound KaiA ađer 60 minutes exposure mapped on the KaiA crystal structure (PDB code
1R8L). (B) EM density assigned to KaiA. The model of KaiA’s C-terminal domain is shown in grey. Parts of the KaiA PsR
domain and linker region to which an EM density could be assigned (KaiA147–172) are shown in orange. (C) Alignment of the
KaiA crystal structure with a KaiA dimer from the KaiCBA model. KaiA147–172 are highlighted in orange, suggesধng a wide
displacement of the KaiA PsR domain via the linker region upon binding to KaiCB. (D) KaiA crystal structure superimposed
with the KaiCB model. The non-displaced PsR-domain clashes with the KaiB protein, as indicated by an arrow. (E) Top-view
of the KaiCB model and full-length KaiA.
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Figure B.1: Expression phase similarity across cyanobacterial strains by pairwise comparison between available datasets.
All possible pairwise combinaধons of available circadian datasets are compared with respect to peak expression phase,
considering only genes, which oscillate significantly (fdr < 0.05) in both datasets. While phases are compared directly for
same-strain combinaধons, gene pairs across different strains are derived via homology predicধon. The respecধve dataset is
shown on each axis, the count of homologous genes significantly oscillaধng is provided with the x-axis label, together with
the circular correlaধon coefficient ρccc and the resulধng p-value.
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Table B.1: Proteins of the circadian clock used as queries for the reciprocal BLAST analysis. The associaধon of KaiB2/B3
and KaiC2/C3 varies between the Cyanobase Database and Dvornyk and colleagues (2003)79

Organism Name Function Protein Name Gene ID

Synechococcॿ elongatॿ PCC 7942

Core

KaiA Synpcc7942_1218

KaiB Synpcc7942_1217

KaiC Synpcc7942_1216

Input

Pex Synpcc7942_0677

LdpA Synpcc7942_0624

NhtA Synpcc7942_2160

PrkE Synpcc7942_0600

IrcA Synpcc7942_2383

CdpA Synpcc7942_1604

Input/Output CikA Synpcc7942_0644

Output

SasA Synpcc7942_2114

LabA Synpcc7942_1891

LalA Synpcc7942_1143

Crm Synpcc7942_0096

RpaA Synpcc7942_0095

RpaB Synpcc7942_1453

CpmA Synpcc7942_1168

Synechocystॾ sp. PCC 6803

Core
KaiB1 slr0757

KaiC1 slr0758

KaiB2 sll1596

KaiC2 sll1595

KaiB3 sll0486

KaiC3 slr1942
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Table B.2: Distribuধon of Synechococcus elongatus PCC 7942 based circadian clock proteins in the four main groups. The
percentage indicates the coverage of the orthologs per group.

Group Core Clock Input Pathway Output Pathway

Cyanobacteria

KaiA (94.29%), Pex (62.86%), CikA (94.29%),

KaiB (94.29%), LdpA (97.14%), SasA (100%),

KaiC (100%) CikA (94.29%), LabA (88.57%),

NhtA (48.57%), LalA (91.43%),

PrkE (85.71%), Crm (45.71%),

IrcA (97.14%), RpaA (97.14%),

CdpA (74.29%) RpaB (100%),

CpmA (97.14%)

Proteobacteria

KaiB (28.13%), CikA (56.25%), CikA (56.25%),

KaiC (100%) NhtA (26.56%), SasA (32.81%),

PrkE (51.56%) LabA (4.69%),

LalA (39.06%),

Crm (20.31%),

RpaA (7.81%),

RpaB (48.44%),

CpmA (21.86%)

Archaea

KaiB (6.06%), CikA (12.12%), CikA (12.12%),

KaiC (100%) NhtA (22.73%), SasA (3.03%),

PrkE (13.64%) LabA (1.51%),

LalA (33.33%),

Crm (7.58%),

CpmA (63.64%)

Other

KaiB (31.43%), CikA (25.71%), CikA (25.71%),

KaiC (100%) NhtA (17.14%), SasA (31.43%),

PrkE (71.43%), LalA (5.71%),

IrcA (54.29%) Crm (2.86%),

RpaA (11.43%),

RpaB (48.57%),

CpmA (51.43%)
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Figure B.3: WebLogos of KaiB mulধalignements. All mulধalignments are mapped onto the sequence of KaiB from Syne-
chococcus elongatus PCC 7942. (A) KaiB1 from Synechocysits sp. PCC 6803 mulধalignment. (B) KaiB2 from Synechocysits sp.
PCC 6803 mulধalignment. (C) KaiB3 from Synechocysits sp. PCC 6803 mulধalignment.

Table B.5: Diurnal core CLOGs across cyanobacterial strains excludingMicrocysࣅs aeruginosaPCC7806. In every CLOG (row)
at least one gene of each of the considered datasets (columns) exhibited diurnal expression. The table can be found online.

100

https://static-content.springer.com/esm/art%3A10.1186%2Fs12862-017-0999-7/MediaObjects/12862_2017_999_MOESM2_ESM.csv


Ta
bl
e
B.
3:

A
co
lle
cধ

on
of

ci
rc
ad
ia
n
an
d
di
ur
na
le
xp
re
ss
io
n
da
ta
se
ts

in
th
e
cy
an
ob

ac
te
ria

lc
la
de
.
D
at
as
et
s
w
ith

as
sig

ne
d
ab
br
ev
ia
ধo

n
w
er
e
us
ed

to
de

te
rm

in
e
th
e
co
re

os
ci
lla
to
ry

ge
no

m
e.

In
fo
rm

aধ
on

is
pr
ov
id
ed

ab
ou

tt
he

ab
ili
ty

to
fix

ni
tr
og

en
,t
he

ha
bi
ta
t(
fr
es
hw

at
er

F,
sa
ltw

at
er

S)
,t
he

to
ta
ln
um

be
ro

fg
en

es
,t
he

pu
bl
ic
aধ

on
re
fe
re
nc
e,
th
e
ab
so
lu
te

an
d
re
la
ধv

e
nu

m
be

ro
fd

iu
rn
al
ly

ex
pr
es
se
d
ge
ne

s
re
po

rt
ed

in
th
e
or
ig
in
al
pu

bl
ic
aধ

on
s,
th
e
ap
pl
ie
d
lig
ht

an
d
sa
m
pl
in
g
sc
he

m
a,
th
e
ex
pe

rim
en

ta
lc
ul
tu
re

co
nd

iধ
on

s,
an
d
th
e
m
et
ho

ds
fo
rm

ic
ro
ar
ra
y
no

rm
al
isa

ধo
n
an
d
os
ci
lla
ধn

g
ge
ne

de
te
cধ

on
.R

ef
er
en

ce
s
to

da
ta
se
ts
em

pl
oy
ed

in
th
e
fo
llo
w
in
g
co
m
pa
ris
on

ar
e
sh
ow

n
bo

ld
.

St
ra
in

St
ra
in

A
bb

re
v.

N
2
Fi
xa
tio

n
H
ab
ita

tT
ot
al

G
en
es

R
ef
.

D
at
as
et

A
bb

re
v.

D
iu
rn
al
G
en
es

Li
gh

tC
on

di
tio

ns
C
ul
tu
re
C
on

di
tio

ns
N
or
m
al
iz
at
io
n
/O

sc
ill
at
io
n
D
e-

te
ct
io
n

Pr
oc
hl
or
co
cc
us

m
ar

i-
nus

M
ED

4
Pr
oM

ED
4

-
M

17
66

69
zi
ns
er
09

14
03

(7
9%

)
LD

(14
:10
,T

sa
m
p
2h
)

Pr
o9
9
M
ed
iu
m
,
sti
rr
ed
,
24

°C
,

Ba
tc
h

R
M
A
,F
ou
rie

rA
na
ly
sis

Sy
ne

ch
oc
ys
tis

sp
.P

C
C

68
03

Sy
n6

80
3

-
F

36
28

70
le
h1
3

113
3(
31%

)
LD

(12
:12
,T

sa
m
p
irr
eg
.)

BG
11
M
ed
iu
m
,
ai
r
bu
bb

lin
g,

30
°C

,B
at
ch

LO
S,
Fo
ur
ie
rA

na
ly
sis

71
be
ck
14

(2
7%

)
LD

(12
:12
,T

sa
m
p
2h
)

BG
11
M
ed
iu
m
,
ai
r
bu
bb

lin
g,

30
°C

,B
at
ch

LO
S,
Fo
ur
ie
rA

na
ly
sis

17
1

-
134

9
(37

%
)

LD
(14

:10
,T

sa
m
p
2h
)

BG
11
M
ed
iu
m
,s
tir
re
d,
3%

C
O
2a
ir

bu
bb

lin
g,
27

°C
,T

ur
bi
do
sta

t
St
an
do
rf

M
ic
ro
ar
ra
y

D
at
ab
as
e

sta
nd

ar
d,

A
N
O
VA

an
d
co
rr
el
a-

tio
n
wi
th

lig
ht

17
2

-
23
7(
9%

)
LL

(T
sa
m
p
4h

)
BG

11
M
ed
iu
m
,

ai
r

bu
bb

lin
g,

sti
rr
ed
,3
0
°C

,B
at
ch

wi
th

m
an
ua
l

di
lu
tio

n

LO
W
ES
S,
m
od
ifi
ed

C
os
in
er

Sy
ne

ch
oc
oc
cus

elo
ng

a-
tus

PC
C
79
42

Sy
c7
94

2
-

F
27
19

51
vi
jay

an
09

17
48

(6
4%

)
LL

(T
sa
m
p
4h

)
BG

11
M
ed
iu
m
,1
%

ai
r
C
O
2
bu
b-

bl
in
g,
30
°C

,C
on

tin
uo
us
C
ul
tu
re

Lo
es
s

an
d

Q
ua
nt
ile
,

Fo
ur
ie
r

A
na
ly
sis

72
ito

09
80
0
(2
9%

)
LL

(T
sa
m
p
2h
)

BG
11
M
ed
iu
m
,3
0
°C

,C
on

tin
uo
us

C
ul
tu
re

R
ep
lic
at
e
M
ea
n
Po

lis
hi
ng

,C
or
-

re
la
tio

n
to

Si
ne

M
icr

oc
ys
tis

ae
ru

gin
osa

PC
C
78
06

M
ic
78
06

-
F

63
60

76
str
au
b1
1

134
4
(2
1%

)
LD

(12
:12
,T

sa
m
p
irr
eg
.)

BG
11
M
ed
iu
m
,1
%

ai
r
C
O
2
bu
b-

bl
in
g,
22

°C
,B
at
ch

LO
W
ES
S,

sig
ni
fic
an
t
di
ffe
re
nc
e

to
C
T0

An
ab

ae
na

sp
.

PC
C

71
20

A
na
71
20

•
F

62
22

75
ku

sh
ig
e1
3

78
(1.
25
%
)

LL
(T

sa
m
p
4h

)
BG

11
+N

M
ed
iu
m
,3
0
°C

,C
on

tiu
-

ou
sC

ul
tu
re

R
ep
lic
at
e
M
ea
n
Po

lis
hi
ng

,C
or
-

re
la
tio

n
to

Si
ne

Cy
an

oth
ec
e

A
TC

C
511
42

C
yn
511
42

•
M

53
54

73
sto

ec
ke
l0
8

14
45

(≈
30
%
)

LD
(12
:12
,T

sa
m
p
4h

)
A
SP
2
M
ed
iu
m
,
30

°C
,
ai
r
bu
b-

bl
in
g,
Ba
tc
h

LO
W
ES
S,
C
or
re
la
tio

n
N
et
wo

rk

74
to
ep
el
08

14
24

(≈
20
%
)

LD
(12
:12
)/2
4h

,
LL

T s
am

p
4h

)
A
SP
2

M
ed
iu
m
,
30

°C
,
A
irl
ift

Bi
or
ea
ct
or

LO
W
ES
S,

D
iff
er
en
tia

l
Ex

pr
es
-

sio
n

17
3

-
14
00

(2
7%

)
LD

(6
:6
,T

sa
m
p
2h
)

A
SP
2

M
ed
iu
m
,
30

°C
,
A
irl
ift

Bi
or
ea
ct
or

LO
W
ES
S,
C
or
re
la
tio

n
N
et
wo

rk

101



Table
B.4:O

ligonucleoধdesused
forcloning.

N
um

berPrim
erN

am
e

Prim
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O
R
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1
fw
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I
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G
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ACTCACCCATCG
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2
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T
TATC

D
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Abbreviations

A, Ala Alanine
Å Ångstrom

AA Amino acid
ADP Adenosine diphosphate
ARG Autoradiography

ATCC American Type Culture Collection
ATP Adenosine triphosphate

BLAST Basic Local Alignment Search Tool
°C Degree Celsius

CBB Coomassie Brilliant Blue
CID Collision-induced Dissociation
CikA circadian input kinase A

CpmA circadian phase modifier A
Crm circadian rhythmicity modulator

C-terminal End of the protein sequence, marked by carboxyl (-COO-) group
Cys Cysteine
Da Dalton

DNA Deoxyribonucleic acid
DTT Dithiothreitol

e Electron
E Glutamic acid

EDTA ethylenediaminetetraacetic acid
e.g. exempli gratia (for example)
EM Electron Microscopy

EMDB Electron Microscopy Data Bank
ETD Electron-transfer Dissociation
FDR False-Discovery Rate
FSC Fourier Shell Correlation
FTP File Transfer Protocol

G Glycine
GST Glutathione S-transferase

HDX hydrogen-deuterium exchange
i.e. id est (in other words)

K, Lys Lysine
Kai kaiten (japanese for cycle)

S-KaiC, KaiCpS/T KaiC phosphorylated only on S431
ST-KaiC KaiC phosphorylated on both S431 and T432

T-KaiC KaiC phosphorylated only on T432

U-KaiC unphosphorylated KaiC
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L Leucine
LabA low-amplitude and bright A
LalA labA-like A
LC Liquid Chromatography
LD Light Dark

LdpA light dependent period A
M Molar

MAPK Mitogen-activated protein kinase
Mb Megabases
Met Methionine
MES 2-ethanesulfonic acid
MS Mass Spectrometry

NCBI National Center for Biotechnology Information
NMR Nuclear magnetic resonance

N-terminal Beginning of the protein sequence, marked by anime (-NH2) group
ODE ordinary differential equations
PAGE Polyacrylamide gel electrophoresis
PCC Pasteur Culture Collection
PDB Protein Database
Pex period extender
PsR Pseudoreceiver

PTO Post-translational oscillator
PQ Plastoquinone

RpaA regulator of phycobilisome associated A
RpaB regulator of phycobilisome associated B
SCX Strong Cation Exchange
SDS Sodium Dodecyl Sulfate
Ser Serine

SasA Synechococcus adaptive sensor
sp. species

T, Thr Threonine
Tris tris-(hydroxymethyl)-aminomethane

TTFL transcriptional-translational feedback loop
UV ultraviolet
v Volume
V Volt
w Weight
z Charge
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