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Abstract

Circadian clocks are biological mechanisms that help organisms to synchronize their physiological and
behavioral processes with the daily rhythms of their environment. These clocks are based on a 24-hour
cycle, and they help organisms anticipate and prepare for regular daily events, such as the onset of
darkness or food availability. Circadian clocks are found in almost all organisms and are regulated by a
combination of internal and external factors, including light, temperature, and signal molecules or hor-
mone levels. This biological mechanism controls a large part of intracellular gene expression. Thereby,
it gives these organisms a fitness advantage under cyclic conditions. Diurnal rhythms are processes with
24-hour cycles, yet they are not always circadian rhythms unless they can be confirmed as endogenous
rather than environmental. Although circadian rhythms are endogenous regulators, they are adapted to
the local environment by external signals known as zeitgebers, such as light, temperature, and redox
cycles. Circadian oscillators are widely studied in animals, plants, fungi, and cyanobacteria. Cyanobac-
teria are photosynthetic prokaryotes that time their gene expression to follow the day-night cycle. Their
circadian clock often consists of only three proteins, KaiA, KaiB, and KaiC, which are linked by a network

of input and output factors.

This work aims to provide a more detailed understanding of cyanobacteria, specifically the circadian
clock of the cyanobacterium Synechocystis sp. PCC 6803. This thesis provides further insight into gly-
cogen metabolism and other regulatory levels of gene expression as a global regulator of cyanobacterial

metabolism.

The protein SI10485 was identified as a potential novel chimeric KaiA homolog in Synechocystis sp. PCC
6803 and designated as KaiA3. In addition, a self-sustained robust circadian oscillation was observed
during the growth of the cyanobacterium Synechocystis sp. PCC 6803 under constant light conditions.
A direct link was found to the core clock proteins KaiA1B1C1 and intracellular glycogen metabolism,
which also has a potential direct correlation to the biotechnological use of Synechocystis sp. PCC 6803.
We succeeded in manipulating the supercoiling level of Synechocystis sp. PCC 6803, which resulted in
stalled growth and glycogen accumulation. We demonstrated that Synechocystis sp. PCC 6803 has two
complete KaiABC clock systems and maintains an actual circadian oscillator. In addition, we uncovered
promoter-specific recognition of sigma factors and co-expression groups (regulons) in Synechocystis, all

of which respond differently to DNA supercoiling.






Zusammenfassung

Circadiane Uhren sind biologische Mechanismen, die Organismen helfen, ihre physiologischen und Ver-
haltensprozesse mit den tdglichen Rhythmen ihrer Umwelt zu synchronisieren. Diese Uhren basieren
auf einem anndhernd 24-Stunden-Zyklus und erméglichen es den Organismen, regelmifiige Tageser-
eignisse zu antizipieren und sich darauf vorzubereiten, z. B. den Einbruch der Dunkelheit oder die Ver-
fugbarkeit von Nahrung. Circadiane Uhren sind in fast allen Organismen zu finden und werden durch
eine Kombination aus internen und externen Faktoren wie Licht, Temperatur und Signalmolekiile bzw.
Hormone reguliert. Dadurch haben diese Organismen einen Fitnessvorteil unter zyklischen Bedingun-
gen. Diurnale Rhythmen sind Prozesse mit 24-Stunden-Zyklen, doch sind sie nicht immer zirkadiane
Rhythmen, es sei denn, sie konnen als endogen und nicht als umweltbedingt definiert werden. Obwohl
zirkadiane Rhythmen endogene Regulatoren sind, werden sie durch externe Signale, so genannte Zeit-
geber, wie Licht, Temperatur und Redox-Zyklen, an die lokale Umgebung angepasst. Zirkadiane Oszil-
latoren wurden bei Tieren, Pflanzen, Pilzen und Cyanobakterien umfassend untersucht. Cyanobakterien
sind photosynthetische Prokaryoten, die ihre Genexpression an den Tag-Nacht-Zyklus anpassen. lhre
zirkadiane Uhr besteht haufig aus nur drei Proteinen, KaiA, KaiB und KaiC, die durch ein Netzwerk von

Eingangs- und Ausgangsfaktoren miteinander verbunden sind.

Das Ziel dieser Dissertation ist es, mehr tiber Cyanobakterien zu erfahren, insbesondere tiber die zirka-
diane Uhr des Cyanobakteriums Synechocystis sp. PCC 6803. Die Publikationen in dieser Arbeit liefern
tiefere Informationen iiber den Glykogenstoffwechsel und andere regulatorische Ebenen der Genex-

pression als globale Regulatoren des cyanobakteriellen Stoffwechsels.

Das Protein Sl10485 wurde als ein potenzielles neues chimares KaiA-Homolog in Synechocystis sp. PCC
6803 identifiziert und als KaiA3 benannt. Dariiber hinaus wurde beim Wachstum des Cyanobakteriums
Synechocystis sp. PCC 6803 unter konstanten Lichtbedingungen eine sich selbst erhaltende robuste
zirkadiane Oszillation beobachtet. Es wurde ein direkter Zusammenhang zwischen den zentralen
Uhrenproteinen KaiA1B1C1 und dem Glykogen-Stoffwechsel festgestellt, der auch fiir die biotechnolo-
gische Nutzung von Synechocystis sp. PCC 6803 von Bedeutung sein kénnte. Es gelang uns, dass super-
coiling-Niveau von Synechocystis sp. PCC 6803 zu manipulieren, wodurch es zu einem Wachstumsstill-
stand und einer Glykogen Akkumulation kam. Wir konnten zeigen, dass Synechocystis sp. PCC 6803
zwei vollstandige KaiABC-Uhrensysteme besitzt und einen echten zirkadianen Oszillator unterhélt. Dar-
Uber hinaus haben wir die Promoter spezifische Erkennung von Sigma-Faktoren und Koexpression-Grup-
pen (Regulons) in Synechocystis sp. PCC 6803 aufgedeckt, die alle unterschiedlich auf DNA-supercoiling

reagieren.






1. Introduction

1.1 The Internal Clocks of Living Beings: Circadian Rhythms

Biological diurnal rhythms, known as circadian rhythms, have interested scientists and others for nearly
three centuries [2]. The earth's rotation creates a daily temporal structure for most organisms to the
corresponding rhythmic environmental changes [3,4]. From a scientific perspective, it makes sense that
there has been genetic selection for organisms that can regulate their metabolism and physiological
state in response to changes in light intensity and duration as well as temperature. This constant selec-
tion is crucial for phototrophic organisms, whose primary energy source and reductant are determined
by light fluctuations [5]. This evolutionary adaptation to temporal expectations is supported by experi-

mental data [4,5].

Many organisms, not just phototrophs, have adapted their behavior to these daily fluctuations [6-8].
Representatives from all domains of life have developed internal timing systems to anticipate the envi-
ronmental cycles around them and to regulate their biological processes accordingly in advance. There-
fore, the occurrence of biological processes at a specific time of day may itself simply be a response to
an environmental signal. This internally controlled temporal coordination by a circadian clock (lat. circa
for 'about' and dies for 'day') provides a fitness advantage under rhythmic environmental conditions
[9]. Circadian clocks evolved as a result of predictable, daily environmental changes, but they are now
defined in part by their ability to keep time without such external influence [10,11]. Three attributes
characterize a circadian oscillator: first, it has a self-sustaining oscillation with a period of 24 hours.
Importantly, each circadian cycle has 24 circadian hours, so circadian time 12 (CT = 12) is the midpoint
of the 24-hour circadian cycle, regardless of how much time has passed or how long the experimentally
measured periods of circadian oscillations last. Therefore, the oscillation periods do not have to be
precisely 24 hours, but they tend to be quite long in a free-running state [12,13]. The rhythm is main-
tained even in the absence of external stimuli, e.g., under constant light conditions (LL). The duration
of oscillation periods under stable conditions — in terms of illumination and temperature — is referred
to as a “free run” or free-running period. The second characteristic of a circadian oscillator is its ability
to synchronize (entrain) the internal oscillator with external rhythmic stimuli (Zeitgeber). As a result,
the period of the internal oscillator, which is characteristic of individual organisms in a free-running
state, can be changed to match local external stimuli such as the natural day-night cycle [12,14]. Light
and temperature cycles, for example, can serve as Zeitgebers, with individual stimuli pulses resetting
the oscillator in a phase-dependent manner [15]. The period length of the endogenous oscillation is not
significantly affected by the ambient temperature and remains constant over a physiologically relevant
temperature range. This compensation for the temperature dependence of biochemical reaction rates

is the third characteristic of circadian rhythmicity [9,15-17].

While these definitions are trustworthy and helpful for chronobiologists to interpret and describe rhyth-
mic patterns, they are an oversimplification [18]. According to Aschoff's rule, environmental conditions
such as light intensity can influence intrinsic free-running rhythms[19]. For example, when light inten-
sity increases, diurnal organisms have shorter free-running periods, while nocturnal organisms have

more extended free-running periods. The same is true for temperature compensation. Circadian clocks



sense temperature fluctuations through input signal pathways, so temperature compensation does not
eliminate the influence of temperature sensitivity. Rhythmic temperature fluctuations may be as crucial
for some organisms as the light-dark (LD) cycle [20]. The circadian oscillator compensates for gross
changes in period due to temperature differences, but this is different from a chemical or biochemical

reaction rate that changes as a function of temperature.

1.2 Cyanobacteria: An Insight into their Diverse Evolutionary His-

tory

To better understand the evolution and mechanisms of circadian rhythms, we focus on cyanobacteria,
an ancient and diverse phylum of photosynthetic bacteria that have provided key insights into these
processes. Cyanobacteria are a monophyletic group of photoautotrophic prokaryotes [21]. Their phylo-
genetic tree is among the oldest on Earth, as shown by the fossil cyanobacteria-like organisms found in
the 3500 million-year-old apex conglomerate [22]. These fossil cyanobacteria used water as a reducing
agent during light-driven respiration and subsequently evolved photosynthesis. In this process, oxygen
production created our current oxygen-enriched atmosphere [23]. The capability to perform oxygenic
photosynthesis is unique among prokaryotes and, except for cyanobacteria, is found only in eukaryotic
algae and plants. It is generally accepted that cyanobacteria are considered the evolutionary ancestors
of today's chloroplasts [24]. It is applied that plastids — and therefore algae and plant chloroplasts —
evolved from a free-living cyanobacterium after it split off from a primitive eukaryotic cell. The primary
plastids are considered monophyletic and directly descended from this first cyanobiont but still exist in
the rhodophytes, chlorophytes, and glaucocystophytes [25]. The genetic diversity of cyanobacteria is
indicated by their diverse morphologies, by the mol% G+C content of their genomes, and they vary
widely in ploidy. Cyanobacteria grow as ovoid or rod-shaped unicellular organisms with diameters rang-
ing from 0.3mm to 40 mm. For instance, the genome of Cyanobium sp. PCC 6707 has nearly 70% G+C,
Synechococcus elongatus PCC 7942 has 55% G+C, and Nostoc sp. PCC 7524 has only 39% G+C [26,27].
The genome size of cyanobacteria ranges from 1.49 Mb to about 12 Mb [28]. While several marine
picocyanobacteria are mono- to diploid, other cyanobacteria are oligo- to polyploid. For example, the
chromosome copy number from Synechococcus elongatus PCC 7942 and Synechocystis sp. PCC 6803
— two very prominent model organisms or cyanobacterial research — ranges from three to several hun-
dred copies per cell. Synechocystis PCC 6803 (hereafter Synechocystis) and Synechococcus elongatus
PCC 7942 (hereafter Synechococcus) were both isolated from freshwater lakes. The Synechococcus
genome is approximately 2.7 Mb [29] and thereby smaller in comparison to the Synechocystis genome
(3,6 Mb), which was the first cyanobacteria whose genome was entirely sequenced [30]. Synechococcus
was the first cyanobacterial strain reliably transformed by exogenously added DNA [31]. However, both
strains Synechococcus and Synechocystis, are naturally transformable and can take up and incorporate

extracellular DNA into their chromosome [32-35].

Based on these morphological and physiological differences, cyanobacteria are divided into five taxo-
nomic subgroups [36]. Sections | and Il include unicellular cyanobacteria. Sections Ill, IV, and V repre-
sent filamentous cyanobacteria. Section Il cyanobacteria are unable to form nitrogen-fixing hetero-

cysts, while section IV and V cyanobacteria can differentiate cells into those [27,37].



1.3 The Mechanisms of Prokaryotic Timekeepers: Circadian Clocks

Until the mid-1980s, the prevailing view was that prokaryotes, with their short lifespan and unstruc-
tured unicellular bodies, had neither the utility nor the resources to organize a 24-hour timing system
[17,38,39]. The question arises, why bacteria, in their simplicity, should possess an internal clock? The
realization that Cyanobacteria might possess an endogenous timing mechanism may originate from
how they combine the incompatible processes of nitrogen fixation and photosynthesis — an oxygen-
sensitive and an oxygen-producing process [40,41]. Filamentous (multicellular) strains (e.g., Nostoc An-
abaena sp. PCC 7120) are capable of developing microaerobic heterocysts to spatially separate nitrogen
fixation from oxygen-evolving photosynthetic metabolism [42]. Unicellular cyanobacteria lack the pos-
sibility of spatial separation — as in filamentous heterocystous diazotrophic strains — and might balance
these processes with a circadian clock [43]. Many groups have shown at that time that certain cyano-
bacteria are capable of timing the onset of nitrogen fixation. The underlying mechanism for the timing
was attributed to a broad range of different cellular functions [44,45]. Sweeny and Borgese (1989)
performed physiological studies on the daily oscillation of cell division and thereby demonstrated the
existence of a temperature-compensated 24h rhythm in Synechococcus sp. strain WH 7803 [46].
Shortly afterward, daily oscillations of the amino acid uptake in Synechococcus sp. RF-1 (PCC 8801)
was demonstrated [47]. Not only nitrogen-fixing cyanobacteria, which require a temporal separation of
oxygen evolution and nitrogen fixation, possess a circadian clock. The photoautotrophic cyanobacte-
rium Synechococcus also possesses a circadian clock, which provides them a selective growth advantage
[4,48] and does not fix nitrogen [49]. Thus, establishing that prokaryotes also possess endogenous tim-

ing mechanisms — circadian clocks — that have the same properties as the circadian clocks of eukaryotes.

The Model Organism for the Circadian Clock — Synechococcus elongatus
PCC 7942

The circadian clock of Synechococcus has become the bacterial model system for timing studies in vivo
[50]. The way forward was pioneered in the early 1990s when the underlying mechanism for cyano-
bacterial circadian rhythms in Synechococcus was determined using a luciferase reporter expression
assay [51]. Therefore, a reporter strain was generated in which the psbA promoter was fused to the
luciferase genes luxAB and genomically integrated. This reporter allowed indirect measurement of pro-
moter activity via bioluminescence, which revealed a temperature-compensated, 24-hour oscillation that
could be synchronized with external LD cycles. By this means, circadian performance was established.
Subsequently, automated measurement and analysis of bioluminescence of individual colonies on agar
plates were introduced, paving the way for "high-throughput" analysis of the cyanobacterial circadian
rhythmicity [52,53]. Random insertion of /uxAB genes into the Synechococcus chromosome has demon-
strated global circadian control of gene expression [54]. Furthermore, chemical mutagenesis of the re-
porter strain and subsequent complementation with genomic DNA fragments offers the possibility to

determine the genetic origin of the circadian clock [50,55].



Cyanobacterial clockworks — the Kai system

As we continue to investigate the intricacies of circadian clocks in cyanobacteria, it is essential to exam-
ine the Kai system, a molecular machinery that drives these biological rhythms [56,57]. Gene regulation
based on the circadian kai genes is reviewed in detail [56,57]. However, the oscillator of Synechococcus
is comprised of the three proteins KaiA, KaiB, and KaiC [50,58]. The word kai comes from the Japanese
word “kai”, which means “cycle”. The central protein of the oscillator is KaiC [59]. KaiC forms a
homohexamer consisting of two terminal domains that interact between monomers forming the CI (N-
terminal) and ClII (C-terminal) rings [60]. The posttranslational oscillator generates a circadian rhythm
based on KaiC autophosphorylation and dephosphorylation [59,61,62]. The ClI ring carries the amino
acid residues serine (at position 431) and threonine (at position 432), which are sides for the autophos-
phorylation activity [63]. It can bind up to twelve ATP molecules, whereby the phosphorylation state
determines the state of the circadian clock system [57]. The phosphorylation of KaiC peaks at dusk and
troughs at dawn [56]. In the unphosphorylated state, the A-loop — a C-terminal peptide of Cll — dangles
since the Cl and ClI ring are loosely connected, and KaiA can bind to the peptide [64]. KaiA can bind to
the A-loop in this unstacked structure of KaiC, as a result of this stimulating the autokinase activity of
KaiC [64]. The threonine at position 432 becomes phosphorylated and alters the stiffness of the KaiC

structure.

Consequently, this structural rearrangement benefits the phosphorylation of serine at position 431 [63].
When both amino acid residues of each monomer are phosphorylated, Cl and ClII stack to each other,
causing the A-loop recedes inside the Cll ring and thereby hiding the binding side for KaiA [56]. Addi-
tionally, the tight stacking of Cl and Cll exposes a B-loop at Cl, the binding site for KaiB [65]. KaiB
constantly switches from an inactive tetrameric ground state to an active fold-switched monomer. This
monomer can bind the B-loop of KaiC’s Cl ring, which causes KaiA is no longer able to bind to the ClI
A-loop [66]. KaiA is undergoing a structural change that gets sequestered by KaiB [67]. Thus, the stim-
ulating effect of KaiA is gone, and the auto-dephosphorylation activity of KaiC dominates [68]. Because
of the dephosphorylation of first, the threonine residue and, secondly, the serine residue KaiC returns
to the unphosphorylated state [69]. This unstacks the Cl and ClI ring, the A-loop is exposed again, and
the cycle can start all over again. The Kai system in cyanobacteria represses or activates transcription
of themselves or other genes, respectively, thereby generating the circadian rhythm. All promoters seem
to exhibit circadian oscillation of expression, but the phasing of peak and trough times differs among
different genes [54,70]. The phasing of peaks leads to a classification of genes. The majority of genes
peak near dusk or subjective dusk and therefore are designated class 1. Peaking of class 2 gene expres-
sion starts at dawn. It has been shown that variation in protein abundances during 48 h under light and
dark cycles appears for 82% of Synechococcus proteome, indicating interactions between The DNA-
dependent RNA polymerase (RNAP) and KaiC [71].

The circadian clock's molecular mechanisms have been extensively studied, from genetic screens to
targeted investigations, leading to the current gene expression feedback loop (GEFL) or transcription-
translation feedback loop (TTFL) paradigm [72]. A GEFL/TTFL relies on a negative feedback loop in
gene expression, whereby a gene inhibits its own transcription, resulting in oscillations if the repressive
signal is delayed and unstable [73]. The "canonical” clock components in mammals make up a multiple-

component GEFL/TTFL [74]. In Drosophila melanogaster, for example, the circadian locomotor output



cycles kaput (CLOCK) and BMAL1 activate transcription at E-box-containing gene promoters, including
the period (Per) and cryptochrome (Cry), whose protein products repress their transcription by interact-
ing with the BMAL1:CLOCK complex [75]. A second GEFL/TTFL exists in the antiphase to the PER:CRY
oscillator [6,75]. The retinoic acid orphan receptor-a (ROR-a) and the nuclear receptor REV-ERB «a are
activated by the BMAL1:CLOCK complex, and their protein products activate and repress transcription
of the Bmall locus [76]. This rhythm translates into the circadian gene expression program, which gen-
erates the outputs of the circadian clock. Although the basic GEFL/TTFL principle is conserved, the
componentry may differ [77]. Phylogenetic analyses of clock genes suggest that circadian GEFL/TTFLs
have evolved at least twice: once in cyanobacteria and once or more in eukaryotes, with transcriptional
components showing high dissimilarity among plants, fungi, and metazoans [78,79]. Alternatively,
some propose that an ancient oscillator may exist, which has been elaborated by various GEFL/TTFLs
[72]. It has been suggested that this oscillator may be entirely post-transcriptional, similar to the KaiABC

autophosphorylation—dephosphorylation paradigm in cyanobacteria [78].
phosphory pnhosphory p g Y

Orchestration of Gene Expression — Circadian Clock Input

KaiA affects the length of the circadian clock period by regulating the rate at which KaiC autophosphor-
ylates and is thus central to circadian clock function in Synechococcus. KaiA is regulated at multiple
levels:

1) At the expression level, by the protein period extender (Pex) and circadian phase modifier A
(CpmA) [80]. Pex is a transcriptional regulator that regulates the transcription of kaiA. Overexpression
of Pex leads to repression of kaiA, thus prolonging the circadian period by slowing down the phosphor-
ylation of KaiC [81]. The inactivation of cpmA alters the relative phasing of a subset of cyanobacterial
transcriptional reporters. Thereby, it affects the expression of the kaiA promoter without affecting the
kaiBC promoter. Circadian timing and rhythmic gene expression alter but remain intact. Effects on
growth suggest a more general role in cellular metabolism [82].

I1) The KaiA protein is additionally regulated by the redox state of quinones either directly or possibly
in interaction with the light-dependent period A (LdpA) and the circadian input kinase A (CikA) [83].
CikA couples diurnal environmental signals to the molecular mechanism of the circadian clock [84]. The
circadian clock responds to environmental stimuli such as light and temperature [85,86]. The amino
acid sequence of CikA reveals three motifs: a chromophore-binding motif or GAF domain, a histidine
protein kinase motif, and a pseudo-receiver (PsR) domain [84,86]. Histidine kinase activity is enhanced
by the N-terminal GAF domain and reduced by the C-terminal PsR domain, through which CikA selec-
tively binds to oxidized quinones [87]. The structure of CikA is destabilized and degraded by binding
to quinones [86]. At dawn, CikA detects information about light exposure either through its chromo-
phore or through the chromophores of other interactive proteins, such as LdpA, and relays this infor-
mation to the Kai clock to synchronize with local time [88]. LdpA is an iron-sulfur protein with two FesSs
clusters that is part of a redox sensor and signal transduction pathway. This signaling pathway trans-
duces a measure of photosynthetic activity to the mechanism of circadian timing by plastoquinones
(PQ) [88]. A reduced PQ pool (high light conditions) inactivates LdpA and shortens the circadian clock's
period. In contrast, an oxidized PQ pool prolongs the circadian clock's period and stabilizes CikA under
low light conditions or darkness [89,90]. By blocking additional KaiC phosphorylation at night, increas-

ing ADP levels reset the oscillation phase [87]. PQ oxidation and reduction are regulated by



photosynthetic electron transport during the day and electrons produced from the respiratory electron
transport chain at night. Quinones are transiently oxidized during the change from day to night, trap-
ping KaiA and CikA [83].

Orchestration of Gene Expression — Circadian Clock Output

Throughout the day and night, the phosphorylation state of KaiC changes. Whereby the morning rep-
resents the beginning of each circadian cycle, starting with an unphosphorylated KaiC hexamer. By
changing its phosphorylation state, the oscillator regulates waves of rhythmic gene expression that drive
cyanobacterial physiology, such as the timing of cell division, photosynthesis, and glycogen metabolism.
KaiC, therefore, interacts indirectly with circadian output components like the regulator of phycobili-
some associated A (RpaA), histidine kinase Synechococcus adaptive sensor A (SasA), and CikA. The
binding of SasA with the ClI ring of KaiC during its phosphorylation mode triggers the autophosphor-
ylation of SasA. The phosphate group of SasA is then transferred to RpaA. The higher the phosphory-
lation level of KaiC, the more SasA can bind, and therefore more RpaA gets phosphorylated. When KaiC
is fully phosphorylated, KaiB binds to KaiC and competes with SasA since they share structurally similar
domains for binding. It is even hypothesized that KaiB can kick off SasA. More active KaiB results in the
binding of CikA to the KaiBC complex. The CikA/KaiBC complex then forms a phosphatase that
dephosphorylates RpaA. Therefore, the interaction of CikA and SasA with the KaiC hexamer creates a
rhythm of RpaA phosphorylation that peaks at dusk. RpaA is a transcription factor that regulates gene
expression as an output of the circadian clock. Phosphorylated RpaA activates class | gene transcription
and represses class |l gene transcription. The more RpaA is phosphorylated, the higher and lower the
transcriptional activity of class | and Il genes, respectively. This generates a rhythmic expression of the
two classes of genes. In addition to RpaA, there is the regulator of phycobilisome-associated B (RpaB),
a transcription factor that responds to stress conditions [91]. RpaB regulates the phosphorylation level
of RpaA by interfering with the phosphotransfer from SasA to RpaA [92]. In cooperation with RpaA, it
regulates a subset of genes, including the kaiBC operon [93]. Besides RpaB, CikA, and SasA, RpaA is
also regulated by adding low-amplitude and bright A (LabA) proteins, which are involved in circadian
gene expression and control of cell growth [92,94]. The circadian output components thus link the Kai
oscillator to gene expression and transfer the circadian oscillator's temporal information to the cyano-

bacterium's rhythmic biological behavior.

The Circadian Clock of Synechocystis sp. PCC 6803

Following the exploration of the circadian clock in Synechococcus, the focus now moves to Synecho-
cystis, another cyanobacterium that presents a unique circadian clock and contributes to a broader un-
derstanding of cyanobacterial timekeeping processes. The circadian clock of Synechocystis is reviewed
in detail [95]. Synechocystis has become a popular cyanobacterial strain, serving as a standard in the
research fields of photosynthesis, stress response, metabolism, and further. A glucose-tolerant deriva-
tive of this strain was used for genome sequencing at Kazusa DNA Research Institute in 1996 [96].
However, there is already a broad spectrum of Synechocystis “wild-type” substrains with different phe-
notypes, which differ, among other things, in glucose tolerance, motility, and their photosystems [97].
Either way, Synechocystis can grow chemo-heterotrophically and use glucose as an energy and carbon

source, unlike Synechococcus, which is an obligate photoautotroph. Although early discoveries of



circadian oscillations for individual genes and circadian rhythmicity of photosynthesis have been made,
circadian oscillation for Synechocystis is still controversial [98,99]. A free-running circadian rhythm for
transcript accumulation of 2-9% of all genes was detected in Synechocystis, compared to 30-60% os-
cillating transcripts in Synechococcus [78,100]. The evidence for actual circadian oscillations in Syn-
echocystis is not yet conclusive, at least not as definitive as for Synechococcus [101]. Chew and col-
leagues demonstrated that around 12,000 copies of KaiC per cell can drive a precise and accurate cir-
cadian rhythm in Synechococcus, where KaiC copy number decreased (7,000-2,600 KaiC/cell), the
rhythm became noisier and desynchronized with time [102]. This suggests that single cells may have
sustained oscillations that were previously undetected due to cellular desynchronization in cultures. The
reason for the clock system's lack of robustness in Synechocystis is unknown, but it could be because

of the lower abundance of KaiC in Synechocystis compared to Synechococcus [101].

Alterations of the Kai-System in Synechocystis sp. PCC 6803

Synechocystis has multiple kai gene copies: two kaiAI+A2 [103], three kaiB (kaiB1 - B3), and three kaiC
homologs (kaiC1-C3). Even if there are additional kai copies in Synechocystis, it is most likely that
KaiAB1C1 represents the bona fide oscillator [104—-108]. KaiC1 has the highest amino acid sequence
identity to Synechococcus’ KaiC (82%). In comparison, KaiC3 only has 55%, and KaiC2 only has 37%
[105]. The A-loop of KaiCl is conserved between Synechococcus KaiC but is altered in KaiC2 and
KaiC3 [109]. The interaction of KaiA is exclusive to KaiCl and not to the other two copies, KaiC2
nor KaiC3 [108]. After deletion of kaiAB1CI, Synechocystis shows a phenotype of reduced viability
under light-dark conditions, which is even more pronounced in mixotrophic growth (light and glu-
cose) [104]. Additionally, the AkaiABIC1 deletion mutants suggest that the coordination of cellular tim-
ing is provided by KaiAB1C1. Transcriptomic analyses of deletion mutants show altered expression of
genes related to metabolic processes such as photosynthesis, respiration, and carbon metabolism, as
well as altered translational and transcriptional regulation [104]. The role of the additional Kai homologs
is not fully understood, but the co-occurrence of KaiB2 and KaiC2 and KaiB3 and KaiC3 suggests distinct
functions of the two protein pairs [107]. While several kai gene deletion mutants were viable, the
kaiB2C2 gene cluster could not be knocked out. However, the grouping of the Kai protein pairs was
confirmed [104]. Recently, however, a kaiB2C2 knockout could be generated, which did not affect the
circadian oscillation observed by using a Ppsva"::/uxAB reporter in LL observed [110]. The KaiB3C3 sys-
tem is thought to regulate the fine-tuning of the core oscillator KaiAB1C1 by modulating its amplitude
and period [98]. Thereby, kaiAB1C1 and kaiB2C2 are encoded as one operon each [111]. The impair-
ments after deletion of kaiC3 are less severe compared with kaiAB1CI-deficient mutants, suggesting a
supportive rather than essential role of the KaiB3C3 system [104,108]. In addition, the ATPase activity
of KaiC3 was found to be decreased and to lack temperature compensation [108,112]. This reinforces
the idea that the KaiB3C3 system is a nonstandard clock system that fulfills a specific cellular role under
certain environmental conditions. However, KaiC3 has been shown to interact with KaiB1 and KaiC1l
[108]. Ppsva*"::/uxAB reporter was established to drive circadian oscillations that disappear upon deletion
of kaiABIC1 or kaiB3C3 [110].
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Figure 1: Schematic overview of the circadian clock systems for Synechococcus and
Synechocystis. Most of the known cynaobacterial circadian clock factors have been found in Synecho-
coccus (cyane contour) and all of its interactions represent the standard model of the circadian clock in
cyanobacteria, where KaiA, KaiB and KaiC are the protagonists. The phosphorylation level of KaiC is
driven by KaiA and KaiB and determines the temporal point in the 24 h circadian rhythm. Through the
interaction of CikA and SasA with KaiC and KaiB, respectively, the global gene regulator RpaA is phos-
porylated (subjective day) and dephosphorylated (subjective night). The transcription factors RpaB and
RpaA compete for DNA binding sites. CikA and KaiA are capable of binding quinones, which then cat-
alyze the activity of the two proteins. The plastoquinone pool is reduced by photosynthetic activity
during the day (PQred), while the quinones are rapidly oxidized at dawn (PQox). The coreclock of Syn-
echococcus serves as a rolemodel for the Synechocystis' KaiAl, KaiB1, KaiC1l and known functions are
adopted and stays true until proven otherwise. However, putative KaiA3, KaiB3, KaiC3, KaiB2, and
KAIC3 are under further research in Synechocystis. The figure was downloaded and adapted from
Schmelling (2020) [1]. Graphical representations 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).



Output Signaling of the Central Oscillator in Synechocystis sp. PCC 6803

Compared to Synechococcus, little is known about the central oscillator's output signaling pathway in
Synechocystis. Thereby, there are orthologs for both SasA and RpaA. In vivo interactions with the SasA
ortholog (Hik8, SII0750) have only been shown for KaiC1 and not for KaiC2 [113]. Deletion of SasA and
RpaA leads to growth deficits in the light-dark cycle under mixotrophic conditions [106]. This involved
altered gene expression in the oxidative pentose phosphate pathway (OPPP) and glycogen metabolism,
and thus on primary metabolism, particularly sugar and amino acid metabolism [114]. RpaA is thought
to control the expression of regulators that orchestrate transcriptional rhythms by integrating environ-
mental signals. Besides the sigma factors SigG, SigE, and the major ribonuclease RNase E, RpaA also
regulates other factors with known and unknown functions. Compared to Synechococcus, RpaA targets
circadian clock genes, creating a feedback loop [65], whereas, in Synechocystis, no feedback of RpaA on
clock gene expression was detected [106]. In addition, analysis of microarray data revealed that deletion
of rpaA in Synechococcus leads to the misregulation of metabolism genes, whereas in Synechocystis,
genes of the photosynthetic apparatus are misregulated [106]. Only the KaiAB1C1 clock complex trans-
mits information through the SasA-RpaA system. This signaling system controls gene expression in the
dark and the light. Also, RpaA regulates the accumulation of transcripts encoding components of the
photosynthetic apparatus, metabolic enzymes, proteins involved in storage accumulation and CO: ac-
climation, regulatory proteins, and potential SRNA regulators. In this context, RpaA may not act exclu-

sively at the transcriptional level but also in posttranslational regulation [106].

The functionality of CikA also differs in Synechocystis and Synechococcus. CikA from Synechococcus
lacks a cysteine residue in the GAF domain, and aspartate in the PsR domain is typically conserved in
phytochromes and reaction regulator receptor domains [84]. In Synechocystis, the cysteine of CikA
binds a chromophore, which indicates light sensing function, while the aspartate residue facilitates
phosphotransfer to the receptor domain. However, it remains likely that the receptor domain remains

sensitive to redox changes, similar to the PsR domain of Synechococcus [101,115].

1.4 The Molecular Machinery of Transcription in Cyanobacteria: An

Overview

It is essential to look at the bigger picture of the cyanobacterial transcription machinery after exploring
the details of the cyanobacterial circadian clock. This machinery plays an essential role in regulating
gene expression, which is vital for various cellular processes. The process of gene regulation involves
four major steps: transcription, post-transcription, translation, and post-translation. By comprehending
these steps, we can gain a better understanding of the intricate inner workings of these captivating
organisms. [116]. Transcription is performed by the eubacterial DNA-dependent RNA polymer-
ase (RNAP) holoenzyme, which consists of a core enzyme and a o subunit. Mostly, the eubacterial RNAP
core enzyme is composed of the major subunits a2 (rpoA x 2), B (rpoB), B’ (rpoC), and w (rpoZ), and is
capable of transcription elongation [117]. The core enzyme requires the o subunit or specific promoter
recognition and initiates transcription [118-120]. RNAP subunit a (rpoA) is made up of two independ-
ent domains: an amino-terminal domain (aNTD) and a carboxy-terminal domain (aCTD). The aNTD

interacts with the other subunits of the RNAP holoenzyme, and the aCTD interacts with template DNA



and activators [121]. Characteristically for photosynthetic organisms, the RpoC subunit of cyanobacte-
rial RNAP is split into two parts, an N-terminal subunit y (rpoC1) and a C-terminal B’ subunit (rpoC2)
[122,123]. This core enzyme structure is very similar to those from plant chloroplast, which consists of
B’ (RpoCl) and B” (rpoC2) [116]. Anyway, it has been shown that four subunits of the bacterial RNAP
core enzyme have homologs concerning sequence, structure, and function in archaeal and eukaryotic
RNAP [124].

Cyanobacterial DNA-dependent RNA-Polymerase

Cyanobacterial RNAP has lineage-specific properties, which are reviewed in detail by Riaz-Bradley
(2019) [125]. In general, the B- and B'-subunits (y + B'-subunits, respectively) are conserved in multi-
subunit RNAPs in all domains of life [126]. The y + B'-subunits interact with each other and represent
the active site of the RNAP, as they encode many different elements that help in catalysis [127]. In
cyanobacteria, the mobile B-loop oscillates between two conformational states: "open/unfolded" and
"closed/folded" [128]. These conformations play essential roles in nucleotide addition and RNA cleavage
activities [128,129]. The “folded” conformation forms two a-helices, called trigger helices [130,131].
These triggers ensure the correct alignment of the reactants and thus increase the catalytic rate 10*
fold [128,131,132]. RNAPs of different bacterial evolutionary lineages share the presence of non-con-
served insertion sequences in specific regions [131,133]. The trigger loop of cyanobacteria harbors a
~640 amino acid long insertion — sequence insertion 3 (S13) — encoding multiple sandwich barrel hybrid
(SBHM) motifs, whereas SI3 of Escherichia coli is only 180 amino acids in size [134,135]. SI3 is located
in the middle of the highly conserved trigger loop element separating the two trigger helices, thus af-
fecting folding into the trigger helices [136,137]. The actual function of the repeated SBHM:s is not fully
understood, but it may play a role in RNA hydrolysis [138]. Since cyanobacteria lack transcription elon-
gation factors such as Gre, whose primary cellular functions are proofreading and restarting elongation
by stimulating RNA hydrolysis, they require alternative proofreading capabilities [125,138]. In addition,
these insertions are thought to play a functional role in interacting with external regulatory factors
[135,139]. However, SBHMs appear to originate in other structural elements of RNAP, such as the B-
flap domain that binds 0 [133,140,141].

Transcription Initiation in Cyanobacteria — Sigma Factors

The role of sigma factors (o-factors) is to guide the RNAP at promoters and then through the essential
steps of initiation [142,143]. It orchestrates the formation of the catalytic core enzyme to the formation
of the open complex [144,145]. Promoter selectivity of different RNAP holoenzymes and replacement
of o factors (“o switching”) causes general switching of transcription and is triggered by environmental
or internal cellular change [116,146—148]. The number of ¢ factors varies between species. o factors
are promoter-specific and are classified into two evolutionarily distinct families — 6’° and 0°* — based

on their structure and sequence homology [149-151].

Cyanobacteria only encode 67°-type factors, which can be divided into four groups according to their
domain structure and their abundance [152,153]. Group 1 comprises a housekeeping o factor essential
for cell viability, especially in the exponential growth phase [154]. Group 2 is similar in molecular struc-
ture to group 1 but nonessential for cell viability at “optimal” conditions. Group 2 plays a crucial role in

stress acclimation [155]. Cyanobacteria possess at least three different group 2 o factors, whereas E.
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coli has only one (0°) that act as a master regulator of the stress response [156—158]. Synechocystis and
Synechococcus possess four group 2 o factors: SigB, SigC, SigD, and SigE, which are involved in various
reactions. The numerous group 2 o factors play essential roles in gene expression and regulation [65].
The master response regulator RpaA has been found to activate a o factor cascade involving members
of the group 2 o factors in Synechococcus [159]. Thus, o switching can be seen as a part of the circadian
clock output since RpaA activates effector genes that, in turn, effects a RpaA-dependent o factor cascade
[65,159,160]. The inactivation of one or multiple group 2 o factor genes (sigB, sigC, sigD, and sigE) was
not only shown to alter the circadian expression from the pshAI promoter but also the expression of
kaiB [160]. Moreover, it is suggested that several cyanobacterial group 2 o factors play an essential role
in activating transcription at different phases of the circadian cycle [161,162]. The group 2 o factors
most likely have overlapping functions, yet they can be assigned to the different stress responses [163].
SigB is a multipurpose o factor and is involved in the heat shock response, nitrogen starvation, high
salinity, and oxidative stress [163,164]. SigC is thought to affect nitrogen metabolism in the stationary
phase and heat stress [114,164]. SigD is more readily recruited to RNAP under light stress or adaptation
to high-light conditions. In this context, SigD presumably serves to protect against increased oxidative
stress [163]. SigE has unique properties as it alters the metabolism by inducing the expression of genes
related to sugar catabolism and nitrogen metabolism [113,163,165]. SigE activates glycogen degrada-
tion genes during the diurnal cycle [113]. Group 3 o factors represent an alternative type structurally
different from the group 1 and group 2 o factors and are involved in the transcription of regulons for
survival under stress [116,166]. Group 3 o-factors are more distantly related to 6’° and usually activate
regulons in response to a specific signal [153,167]. SigF is considered to be involved in flagella biosyn-
thesis and secretion control, while SigG may serve different functions depending on the species, such
as developmental checkpoint or heat shock [116,146,167,168]. Group 4 comprises the subfamily of
extracytoplasmic functions (ECFs), which respond predominantly to signals from the extracytoplasmic

environment, such as misfolded proteins in the periplasmic space [169].

DNA Supercoiling

DNA supercoiling is not a natural part of the transcription machinery, but it is intimately linked to the
process of transcription. It is a vital process in bacterial physiology, regulating various biological pro-
cesses, including transcription, DNA replication, and DNA repair, by influencing the expression of genes
by regulating the accessibility of DNA to RNA polymerase and other transcription factors [170-172].
This process involves the formation of DNA twists, which are essential for maintaining the structure
and function of bacterial chromosomes. The DNA double helix in living organisms exists in a torsional
strained and underwound state, which is referred to as 'negative DNA supercoiling' [173]. In bacteria,
the homeostatic feedback system of DNA supercoiling is linked to differential gene expression. Super-
coiling is higher during periods of high metabolic flux, such as during exponential growth, and is nec-
essary for the expression of rRNA and G+C-rich growth-related genes, as well as for DNA replication
[174,175]. Supercoiling is a consequence of DNA transcription and replication and is regulated by two
enzymes: Gyrase and Topoisomerase | (Topol) [170,176—-178]. Supercoiling in bacteria has a complex
relationship with transcription and replication [179-181]. The twin-domain model of transcription-de-
pendent supercoiling proposes that negative supercoiling accumulates upstream, and positive super-

coiling accumulates downstream of RNAP [182]. DNA supercoiling levels correlate with the growth
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cycle of bacteria, with negatively supercoiled DNA being observed in exponential growth, while relaxed
DNA is present in lag and stationary phases [173]. Environmental stresses, such as acid stress, intracel-
lular growth, osmotic stress, oxidative stress, changes to oxygen levels, and thermal stress, can cause
changes to DNA supercoiling levels, altering the chemical and physical composition of the environment
and leading to a shift in the superhelicity of the genetic material of a bacterium [175,183]. This shift is
often utilized at the level of the transcriptional response to environmental changes, activating genes
involved in transporting into the cell-compatible solutes and responding to acid stress [172]. DNA super-
coiling and transcription are mutually influential, with heavily transcribed genetic units establishing
contact barriers between flanking regions of the chromosome [184]. Gyrase and topoisomerase | bind-
ing sites have been mapped in various bacterial species [185-187]. In cyanobacteria and chloroplasts,
supercoiling fluctuates with the light/dark cycle [188,189], and supercoiling homeostasis is integrated

with the transcriptional output of the cyanobacterial circadian clock [190-192].

1.5 How Cyanobacteria use Light: An Overview of their Photosyn-

thetic Machinery and Metabolism

As understanding of cyanobacterial gene regulation mechanisms deepens, it becomes crucial to exam-
ine cyanobacterial metabolism, which is closely connected to these regulatory processes and impacts
the overall functioning of these microorganisms. Photosynthesis plays a vital role in this metabolism,
transforming solar energy into chemical energy, whereby most of the excess photosynthetically fixed
carbon is diverted to glycogen storage. Glycogen is a source of carbon and electrons for cellular respi-
ration in the dark [193-195]. In addition, glycogen metabolism fulfills other parts of the carbon metab-
olism of cyanobacteria. Glycogen metabolism also functions as an energy buffer system to maintain
homeostasis [196] and as a carbon source for rapid recovery after nitrogen chlorosis [197,198]. Diurnal
metabolism begins with the transfer of carbon flux from the oxidative pentose phosphate pathway
(OPPP) to the Calvin-Benson-Bassham cycle (CBBC) and is governed by products of photosynthetic light
reactions [199-201]. During the day, the CBBC captures CO: and diverts the excess carbon into glyco-
gen stores [195]. At night, glycogen is metabolized to promote cellular respiration [202]. Therefore,
cellular respiration and photosynthesis are closely linked, and many intermediates are exchanged in

carbon fixation and respiration processes.

The Photosynthetic Machinery of Cyanobacteria

Cyanobacteria possess a unique photosynthetic apparatus that distinguishes them from plants and
green algae. Unlike these organisms, cyanobacteria use phycobilisomes as their primary light-harvesting
antennae, which are large membrane-bound (phycobilin-) protein complexes containing linear
tetrapyrroles called bilins [203]. Phycobilisomes are made up of various chromophore-binding subunits,
such as allophycocyanin, phycocyanin, and phycoerythrin, along with linker proteins. The combination
of these different pigments and their ratios enables cyanobacteria to absorb a wide range of light wave-

lengths efficiently.

Photosynthesis in cyanobacteria differs from that in plants in that they lack chlorophyll-based light-

harvesting complexes [204]. Nonetheless, chlorophyll molecules are critical for light harvesting and

12



charge separation in the photosystems. However, excited chlorophyll can cause photooxidative stress,
so most chlorophyll molecules are bound to proteins, enabling them to use quenching mechanisms to
dissipate light energy. Thus, chlorophyll biosynthesis should be closely coordinated with the synthesis
of chlorophyll-binding proteins in all phototrophic organisms. While cyanobacteria and chloroplasts
have different pigmentation systems, their photosystems, electron transport, and ATP synthesis are
highly similar [205]. The photosynthetic electron chain starts with the water oxidation reaction at pho-
tosystem Il (PSII), which is composed of central subunits D1 and D2 and chlorophyll-containing proteins
CP47 and CP43. The primary electron acceptors of PSIl, QA, and QB get reduced and transferred to the
plastoquinone pool, which then transfers the electrons to the cytochrome b6f complex, followed by the
photosystem | (PSI). In PSI, electrons are transferred to ferredoxin and used to synthesize NADPH. The
terminal electron acceptors of PSI FA and FB are bound to PsaC, which is part of a peripheral ridge on
the cytoplasmic side of the thylakoid membrane. In cyclic electron transfer mode around PSI, electrons
are transferred back to the plastoquinone pool or directly to the cytochrome b6f complex, which en-

hances ATP synthesis by coupling with proton translocation [206].

NADPH and ATP are crucial for cyanobacteria's CO2 fixation and other cellular processes [203]. Cyano-
bacterial membranes contain components of respiratory electron transport in order to maintain balance
in the electron transport chain; these components can also accept electrons from the cytochrome b6f
complex and the plastoquinone pool [207]. The appropriate balance between these different transfer
routes is vital for the cell's physiology and productivity, as over-reduction of the electron transport chain
can lead to reactive oxygen species formation while sufficient reducing power is necessary for anabolic
reactions [208,209]. As a result, cyanobacteria have developed various mechanisms to adjust photosyn-

thetic inputs and outputs in response to environmental fluctuations [203].

Oxidative Pentose Phosphate Pathway

The OPPP is a metabolic pathway that occurs in cyanobacteria as well as other organisms. One of the
critical features of the OPPP in cyanobacteria is its ability to generate NADPH in a relatively efficient
manner. This is achieved through the use of glucose-6-phosphate dehydrogenase, which converts glu-
cose-6-phosphate into 6-phosphogluconolactone [210-212]. This intermediate is then converted into 6-
phosphogluconate, which can be further metabolized to produce NADPH [212]. Another critical aspect
of the OPPP in cyanobacteria is its role in the production of ribose-5-phosphate, which is an essential
precursor for the synthesis of nucleic acids [211]. This is achieved through the action of ribose-5-phos-
phate isomerase, which converts xylulose-5-phosphate into ribose-5-phosphate [213]. It is the primary
pathway for glycogen degradation during periods of darkness [214-216], although it becomes neces-
sary for the cell only after more than 24 hours of darkness. During shorter periods of darkness, glycol-
ysis can compensate for the need for a reducing equivalent [217,218]. However, glycogen depletion is
vital for the nocturnal survival of cyanobacteria by decreasing the amount of photosynthetically fixed
carbon [193,219], especially for those unable to use an external fixed carbon source. At night, when
reduced nicotinamide adenine dinucleotide phosphate (NADPH) is not provided by photosynthesis, the
OPPP takes over this task and produces reducing energy in the form of NADPH which is an essential
coenzyme for many reactions in the cell, including the synthesis of fatty acids and the detoxification of
harmful compounds. [194,219,220]. Therefore, most of the glucose released is diverted directly to the
OPPP rather than the glycolytic pathway that is preferred by various heterotrophs [199,213,221].
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Enzymes of photosynthetic organisms — including some that are involved in the detoxification of dam-
aging reactive oxygen species (ROS) — have evolved a preference for NADPH over NADH as a reducing
agent source [222,223]. Therefore, the preference for OPPP over glycolysis for these organisms is func-
tionally relevant to the production of NADPH over NADH [194,195,224]. Cyanobacteria have a variety
of antioxidant and redox buffer systems [225]. A distinction is made between enzymatic defense mech-
anisms and non-enzymatic mechanisms. Non-enzymatic mechanisms include those mediated by re-
duced glutathione [225]. They are critical for protection against numerous ROS species [222,223]. The
reduction of disulfide in glutathione is mediated by glutathione reductase, which is dependent on
NADPH and crucial for reducing oxidative stress during the night. Therefore, OPPP is vital for cell sur-
vival at night [194,195,224]. Inactivation of OPPP by deletion of zwf, gap, or gnd results in significantly
reduced growth when cells are cultured during LD cycles [195,214,217,218]. In LL, NADPH is produced
by photosynthesis, and thus inactivated OPPP is not critical for cell viability [225].

Calvin-Benson-Bassham Cycle

The CBBC, also known as the Calvin Benson Cycle, is the process by which cyanobacteria and other
photosynthetic organisms use sunlight to convert carbon dioxide into energy-rich organic compounds.
The cycle was first described by Melvin Calvin, James Bassham, and Andrew Benson in the 1950s and
has since become one of the most well-studied processes in photosynthesis [202,226]. One of the key
features of the CBBC is its efficiency. It can convert up to 10% of the energy in sunlight into usable
chemical energy, making it one of the most efficient ways for organisms to harness solar energy. The
cycle is also known for its ability to regenerate the coenzyme NADP+ from NADPH, which is essential
for synthesizing glucose and other organic compounds [202,226]. This process is driven by the enzyme
RuBisCO, which is responsible for catalyzing the conversion of CO: into organic compounds. In this
process, CO:2 is reduced to the photosynthetic product glyceraldehyde-3-phosphate (G3P) [226]. Ribu-
lose-1,5-bisphosphate (RuBP) is the initial substrate and is continuously provided by partial recycling of
G3P back to RuBP [226]. These carbon rearrangement reactions are catalyzed by sedoheptulose-1,7-
bisphosphatase (SBPase) [227]. SBPase activity often determines photosynthetic capacity and carbon
accumulation in downstream metabolic processes [228]. The redox state of the cyanobacterial cell
changes markedly in response to photosynthetic activity. CP12 is a redox-sensitive protein and a master
regulator of CBBC [202,226]. At night, oxidized CP12 structurally sequesters glyceraldehyde-3-phos-
phate dehydrogenase 2 (Gap2) and phosphoribulokinase (Prk) and inhibits CBBC [226]. Reduced CP12
releases Gap2 and Prk at dawn, generating photosynthetic reduction equivalents and resuming CBBC
activity. During this diurnal phase, anabolic metabolism is upregulated, such as amino acid, nucleotide,

and quinone biosynthesis pathways [193,194].

Tricarboxylic Acid Cycle

In cyanobacteria, the tricarboxylic acid (TCA) cycle, also known as the Krebs cycle, plays a significant
role in the production of biopolymers. Unlike in heterotrophic organisms, cyanobacteria generate most
of their cellular energy through photosynthesis, leading to a distinct TCA cycle function [229,230]. The
cycle provides essential precursors for biopolymers such as polyhydroxyalkanoate and indirectly influ-
ences the synthesis of glycogen or extracellular polysaccharides through interactions with other meta-

bolic pathways [230]. Cyanobacterial TCA cycles proceed in unconventional ways compared to
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heterotrophic organisms, as cyanobacterial genomes do not encode 2-oxoglutarate dehydrogenase
(OGDH) [231]. Researchers have discovered several metabolic pathways that compensate for this en-
zyme's absence, relying on shunt pathways involved in the metabolism of y-aminobutyric acid (GABA),
succinic semialdehyde, or glyoxylate [232,233]. For instance, Synechococcus sp. PCC 7002 produces 2-
oxoglutarate decarboxylase and succinic semialdehyde dehydrogenase, replacing succinyl-CoA ligase
and 2-oxoglutarate dehydrogenase [229]. On the other hand, Synechocystis uses the GABA shunt to
compensate for the lack of these enzymes. Several cyanobacterial strains, including Chlorogloeopsis
fritschii PCC 9212, depend on the glyoxylate shunt for their TCA cycle [234].

Interestingly, it has been demonstrated that cyanobacteria do not necessarily require other enzymes
such as fumarase, malate dehydrogenase, and succinate dehydrogenase under both day and night con-
ditions. The primary function of the TCA cycle in cyanobacteria is the production of precursor metab-
olites associated with oxaloacetate and 2-oxoglutarate, necessary for nitrogen assimilation [233]. Energy
production in Synechococcus is also connected to the OPPP, which can create ATP during glycogen
oxidation in the dark phase [233]. The metabolism of compounds associated with the TCA pathway
may be more closely related to the OPPP or focused on glycogen polymerization, depending on nitrogen
availability [230]. The TCA cycle in cyanobacteria is unique due to its unconventional metabolic path-
ways and its distinct role in energy production and biopolymer synthesis [230]. The presence of alter-
native enzymes and shunt pathways allows cyanobacteria to function efficiently despite the absence of

2-oxoglutarate dehydrogenase [229].

Glycogen Metabolism

Glycogen metabolism in cyanobacteria involves the breakdown of glycogen, a stored form of glucose,
into usable energy for the cell. This process typically occurs through the action of enzymes such as
glycogen phosphorylase, which cleaves glycogen into glucose units that can be further metabolized
through pathways such as glycolysis or the OPPP [235-237]. Glycogen metabolism and cellular respi-

ration are critical for cyanobacterial viability during the night [238].

The synthesis of glycogen begins with the stepwise conversion of glucose-1-phosphate to 1,4-a-glucan
by the two enzymes ADP-glucose pyrophosphorylase (glucose-1-phosphate adenylyltransferase, GlgC)
and glycogen synthase (GlgA) [239,240]. GlgC catalyzes ADP-glucose formation, while GIgA assembles
the glucose monomers into a 1,4-a-linked glucose polymer [239-241]. Another glycogen branching
enzyme (GlgB) can catalyze the formation of the 1,6-a-branches of glycogen that link the linear poly-
glucose chains [240]. GIgA, -B, and -C are therefore involved in glycogen anabolism, whereas glycogen
phosphorylase (GlgP) and the glycogen debranching enzyme (GlgX) are involved in glycogen catabolism
[240]. GlgP catalyzes the reaction that directly hydrolyzes the terminal a-1,4-glycosidic bonds and gen-
erates glucose-1-phosphate units [240]. GlgX, on the other hand, hydrolyzes the a-1,6-glycosidic bonds

and releases the branched glucose residues [240].

Glycogen metabolism in cyanobacteria is regulated by various signaling pathways, including cAMP and
cGMP [242]. These signaling pathways allow the cell to respond to environmental changes and adjust
its metabolic processes accordingly [236]. Glycogen serves as a cellular carbon reservoir, and its metab-
olism significantly impacts bacterial cell adaptation to various environmental conditions and its

growth [199,243]. Numerous studies have been conducted to manipulate glycogen metabolic pathways
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genetically to understand the effects of this polymer on the survival and functioning of cyanobacteria.

However, disrupting or removing glycogen synthesis often results in significant impairments in cell

homeostasis and limits the availability of carbon for other metabolites [244].
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Figure 2: Visual representation of the relationship between central carbon metabolism pathways
and their impact on biopolymer production in cyanobacteria. The tricarboxylic acid cycle is depicted
in gold, the CBBC in green, the OPP pathway in orange, the non-CBBC glycolysis pathway in blue, gly-
cogen metabolism in red, and other pathways in yellow. The figure illustrates how these interconnected
pathways contribute to the biosynthesis of essential polymers and their building blocks in cyanobacte-
ria. Adapted from Ciebiada and Kubiak et al. (2020) [230]. All abbreviations used in the figure can be
found in the Abbreviations list (p. 32).
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The TCA cycle is the primary source of precursor molecules for cyanobacteria. Figure 3 in the original
text presents the relationship between central carbon metabolism pathways concerning the biosynthe-
sis of some important polymers and their building blocks. Some cyanobacteria, including Synechocystis,
have two isoforms of GIgA proteins [230,232]. To understand the effect of these enzymes on cell func-
tion, knock-outs and knock-downs of the glgC or glgA genes have been constructed to block or limit
glycogen synthesis in the cell [230,239]. These mutations have shown various effects on cyanobacterial

strains, such as changes in growth rates, oxygen evolution, and osmo-protection [230,245].

Glycogen catabolism is crucial for supporting photosynthesis during the transition from the dark pho-
toperiod to daylight [196,210]. The kaiABC clock genes control the level of glycogen synthesis during
the day [230]. Glycogen is needed for proper cell function during the light phase of the photoper-
iod [230].

2. Aim of this Thesis

Synechocystis is an important model organism for biotechnology and various applications. Despite ex-
tensive research on this laboratory workhorse, multiple questions remain on the mechanism of gene
regulation. Synechocystis possesses a unique feature in its circadian clock system, as it has multiple kai
gene copies, including two kaiAI+A2, three kaiB (kaiBI-B3), and three kaiC homologs (kaiCI-C3). The
presence of these additional homologs suggests a potential complex and fine-tuned regulation of the
circadian clock in this cyanobacterium. This work aims to focus on three main aspects: the circadian
clock system, the regulation of glycogen content by the circadian rhythm, and the impact of DNA super-

coiling on gene expression and regulation.

In the first study, we aim to explore the potential role of an additional KaiA homolog in the functioning
of KaiB3-KaiC3 timekeepers in the circadian clock system of Synechocystis. Analysis of the specific KaiA
function may expand our understanding of the cyanobacterial circadian clock system and investigate
the possibility of similar mechanisms in other prokaryotes. The second study aims to investigate the
circadian rhythm in the growth behavior of Synechocystis under continuous illumination. We hypothe-
size that this rhythm is linked to glycogen metabolism and its role in circadian oscillations, providing
new insights into the connection between the circadian clock and cellular metabolism. In this context,
we intend to develop a novel method that allows the live monitoring of glycogen rhythmicity dependent
on the circadian clock. This could be a valuable tool for future investigations into the complex relation-
ship between metabolic processes and the circadian system. The third study seeks to explore the rela-
tionship between DNA supercoiling and gene expression in Synechocystis to harness this mechanism to
enhance biotechnological applications. We aim to investigate how major co-expression groups might
respond differentially to DNA supercoiling, potentially shedding light on the role of bacterial promoters

and informing the development of a biotechnological chassis.

By combining the findings of these three studies, this thesis aims to advance our knowledge of the
molecular mechanisms governing gene expression and regulation in Synechocystis, ultimately contrib-

uting to improved biotechnological applications of this cyanobacterium.
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3. Results

The findings presented in this thesis are organized into distinct publications, each featuring its own
introduction, results, and discussion sections. For every publication, a brief introduction is provided,
followed by a clear outline of my specific contributions to the research work, ensuring clarity and trans-
parency in my role in each study. This format facilitates a comprehensive understanding of the overall

research and highlights the individual efforts and ideas that | have brought to each aspect of the project.

3.1 Two circadian oscillators in one cyanobacterium

As the introduction mentions, the three

Graphical Abstract 3.1

proteins KaiA, KaiB, and KaiC from Syn-
echococcus elongatus PCC 7942 form the
KaiA3(S110485,Narl) central clock mechanism controlling circa-
dian oscillations. The potential functional

connection between these proteins is sup-
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other cyanobacteria and prokaryotes.

My contribution to this publication primarily involved purifying Kai proteins and establishing and de-
veloping the in vitro experiments. These experiments included preparing, establishing, and evaluating
the final experiments focusing on the interaction of the KaiA3B3C3 proteins. The publication is cur-
rently available as a preprint and is still in preparation, as the in vitro experiments did not withstand

the review process. Work on the publication is ongoing, but | am no longer involved.
Doi: 10.1101/2021.07.20.453058, [103]
Contribution:

- Expression and purification of recombinant Kai proteins
- Kai protein phosphorylation assays

- Manuscript editing
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Abstract

Organisms from all kingdoms of life have evolved diverse mechanisms to address the
predictable environmental changes resulting from the Earth’s rotation. The circadian clock
of cyanobacteria is a particularly simple and elegant example of a biological timing
mechanism for predicting daily changes in the light environment. The three proteins KaiA,
KaiB, and KaiC constitute the central timing mechanism that drives circadian oscillations
in the cyanobacterium Synechococcus elongatus PCC 7942. In addition to the standard
oscillator, Synechocystis sp. PCC 6803, another model organism for cyanobacterial
research, harbors several divergent clock homologs. Here, we describe a potential new
chimeric KaiA homolog that we named KaiA3. At the N-terminus, KaiA3 is similar to the
NarL-type response regulator receiver domain. However, its similarity to canonical NarL
transcription factors drastically decreases in the C-terminal domain, which resembles the
circadian clock protein, KaiA. In line with this, we detected KaiA3-mediated stimulation of
KaiC3 phosphorylation. Phosphorylation of KaiC3 was rhythmic over 48 h in vitro in the
presence of KaiA3 and KaiB3 as well as in Synechocystis cells under free-running
conditions after light/dark entrainment. This results in the presence of two different
oscillators in a single-celled prokaryotic organism. Deletion of the kaiA3 gene leads to
KaiC3 dephosphorylation and results in growth defects during mixotrophic growth and in
the dark. In summary, we suggest that KaiA3 is a nonstandard KaiA homolog, thereby
extending the KaiB3-KaiC3 system in Cyanobacteria and potentially other prokaryotes.

Introduction

The three genes, kaiA, kaiB, and kaiC, encode the core circadian oscillator in
Cyanobacteria’. Over the last few decades, the biochemical interplay between these three
proteins has been studied in great detail in Synechococcus elongatus PCC 7942
(hereafter Synechococcus). The KaiC protein forms a homohexamer and has autokinase,
autophosphatase, and ATPase activities” % > *. By associating with KaiC, KaiA stimulates
the autokinase and ATPase activities of KaiC, and thus, the protein gets phosphorylated®
6 7 Upon phosphorylation of two neighboring residues (Ser431 and Thr432), KaiC
undergoes structural rearrangements, exposing a binding site for KaiB®  '°. After binding,
KaiB sequesters KaiA from KaiC, promoting KaiC’s autophosphatase activity, and the
protein reverts back to its unphosphorylated state® * ''. The interplay between KaiA and
KaiB is crucial for the KaiC phosphorylation cycle, which confers clock phase and
rhythmicity to the cell'® . For a more detailed review on the KaiABC oscillator and its
regulatory network, see Cohen and Golden', Swan et al."® and Snijder and Axmann'®.

Although most studies on prokaryotic circadian rhythms have focused on the
cyanobacterium Synechococcus, it has been shown that the standard KaiABC system is
functionally conserved in other cyanobacteria'’. However, in addition to the standard

KaiABC system, divergent homologs of KaiB and KaiC have been identified in
cyanobacteria, other bacterial species, and archaea'. The structure, mechanism of
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function, and physiological roles of these homologs are often unclear. A few studies have
demonstrated the role of KaiB and KaiC homologs in stress responses in e.g. Legionella
pneumophila®® and Pseudomonas species®®. However, other Kai homologs are involved
in the regulation of diurnal rhythms outside the cyanobacterial lineage. These include e.g.
KaiB and KaiC homologs from the phototrophic bacterium Rhodopseudomonas
palustris’’. Recently, a KaiA-independent hourglass timer was reconstituted using
Rhodobacter sphaeroides KaiC and KaiB homologs. R. sphaeroides KaiC exhibits a
divergent extended C-terminus which is typically found in proteins belonging to the KaiC2
subgroup?. This C-terminal extension interacts with the protein, allowing for KaiA-
independent phosphorylation. R. sphaeroides KaiB controls the phosphorylation-
dephosphorylation cycle of KaiC depending on the ATP-to-ADP ratio, suggesting that
metabolic changes during the day and night cycles drive this KaiBC clock?.

The cyanobacterium Synechocystis sp. PCC 6803 (hereafter Synechocystis) is a
facultative heterotrophic cyanobacterium that, in contrast to Synechococcus, can utilize
glucose as an energy and carbon source. Synechocystis encodes, in addition to the
canonical kaiAB1C1 gene cluster, two further kaiB homologs, named kaiB2 and kaiB3,
and two kaiC homologs, named kaiC2, and kaiC3%. For the Synechocystis KaiB3-KaiC3
timing system, Aoki and Onai suggested a function in the fine-tuning of the core oscillator
KaiAB1C1 by modulating its amplitude and period®*. This idea was supported by Wiegard
et al., who investigated the characteristics of the KaiC3 protein and proposed an interplay
between the KaiB3-KaiC3 system and the proteins of the standard clock system?®.
Furthermore, autophosphorylation and ATPase activities of Synechocystis KaiC3 have
been verified, suggesting that enzymatic activities might be conserved across the KaiC
protein family 2° 2627 However, compared to Synechococcus KaiC, KaiC3 ATPase activity
was reduced and lacked temperature compensation, an essential feature of true circadian
oscillations* 2°. Recently, Zhao et al.'” used a luminescence gene reporter to study
circadian gene expression in the Synechocystis wild type in comparison to mutant strains
lacking each of the kai genes. They demonstrated that the kaiAB71C1 and kaiB3C3 genes
are both important for circadian rhythms in Synechocystis, whereas kaiC2 and kaiB2
deletion mutants still showed rhythmic gene expression, which is in agreement with
previous suggestions by Aoki and Onai**. Phenotypic mutant analysis by our group
revealed that two systems function in the autotrophy/heterotrophy switch, especially
affecting heterotrophic growth. In contrast to the study by Zhao et al."’, the deletion of
kaiC3 in the motile Synechocystis strain (PCC-M in?®) used in our study had no effect on
growth under light/dark cycles. However, the mutant strain displayed a growth defect
under chemoheterotrophic conditions in the dark compared to the wild type® 2°. This
impairment was less severe in comparison with the AkaiAB1C1-deficient strain, which
completely lost its ability to grow in the dark. Notably, complete deletion of kaiC2 was not
possible in the wild-type strain used in our laboratory. Although Zhao et al."” clearly
showed that deletion of the kaiC3 and kaiB3 genes affects the circadian rhythm of
Synechocystis, it remains unclear whether the KaiB3-KaiC3 system can function as an

oscillator. How can such a minimal system maintain circadian rhythmicity without KaiA?
Prochlorococcus MED4, which lacks a kaiA gene in the entire genome, is suggested to
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have no true circadian rhythmicity®®3'. Moreover, Synechocystis KaiC3 lacks the extended
C-terminus, which is crucial for the oscillation of the R. sphaeroides KaiBC hourglass
timer?2.

In Synechococcus, the KaiA protein functions as a homodimer and harbors two distinct
domains connected by a linker sequence® % 34, The N-terminal domain is similar to
bacterial response regulators but lacks the aspartate residue crucial for phosphorylation;
hence, it is designated as a pseudoreceiver domain (PsR domain)®2. This domain was
shown to bind the oxidized form of quinones and is therefore able to directly sense the
onset of darkness and forward signals to the C-terminal domain®? 3. The C-terminus has
a four-helix bundle secondary structure and is highly conserved within Cyanobacteria. The
domain harbors the KaiA dimer interface and the KaiC binding site, and is necessary to
stimulate the autophosphorylation activity of KaiC** *. Mutations in kaiA, resulting in
altered periodicity, were mapped throughout both domains, indicating their importance for
rhythmicity3* %,

To date, the regulatory network of the KaiB3-KaiC3 system in Synechocystis has remained
enigmatic, as it does not interact with KaiA and does not utilize the SasA-RpaA output
pathway, suggesting alternative yet unidentified components for KaiB3-KaiC3-based
signal transduction®’. In a large-scale protein-protein interaction screen, a potential
interaction partner of KaiC3 was identified®. This protein, SIl0485, was categorized as a
NarL-type response regulator and could be a potential element in the KaiB3-KaiC3
signaling pathway*°.

In this study, we computationally characterized SIl0485 and detected strong co-
occurrences of the KaiB3-KaiC3 system with Sll0485 in the genomic context of
Cyanobacteria and other bacteria. Bioinformatics analysis highlighted a resemblance
between the N-terminal domain of the protein and the receiver domain of NarL-type
response regulators, yet the C-terminal domain shared similarities with KaiA homologs.
Therefore, we investigated the effects of SIl0485 on KaiC3 phosphorylation. SII0485
increased the phosphorylation of KaiC3 in vitro and in vivo. We observed SII0485-
dependent 24-hour oscillations of KaiC3 phosphorylation in Synechocystis cells grown
under light/dark and continuous light conditions. Those 24h oscillations of KaiC3
phosphorylation could be reconstituted in vitro by incubation with Sll0485 and KaiB3.
Deletion of s/l0485 led to impaired viability during mixotrophic and heterotrophic growth,
in line with previous studies on the KaiB3-KaiC3 system?®. Thus, we propose that SI10485
is a novel KaiA-like homolog linked to the KaiB3-KaiC3 system which together with the
standard KaiA1B1C1 system controls circadian rhythms and the phototrophy-to-
heterotrophy switch in Synechocystis.

Results

KaiA3 is a chimeric protein harboring a NarlL-type response regulator domain at the N-
terminus and a conserved KaiA-like motif at the C-terminus
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The canonical clock genes, kaiABC and kaiA1B1C1, form a cluster in Synechococcus and
Synechocystis, respectively. In contrast, the kaiB3 and kaiC3 genes of Synechocystis are
localized in different regions of the chromosome (Fig. S1A). Here, the kaiB3 gene forms a
transcriptional unit with the upstream open reading frame s/l0485. Sll0485 has been
annotated as a NarL-type response regulator®®. Using reciprocal BLAST analyses, we
detected orthologs of Sll0485 in 15 cyanobacterial species (16.5% of cyanobacterial
species contained at least one KaiC homolog), mainly belonging to the order
Chroococcales® (Data S1), and in five bacterial genera outside of Cyanobacteria, namely
Roseiflexus, Chloroflexus, Chloroherpeton, Rhodospirillum, and Bradyrhizobium.

Owing to the genetic context, we aligned the cyanobacterial SI10485 orthologs with both,
a NarL-type response regulator (Fig. S2) and cyanobacterial KaiA proteins (Fig. 1A). The
canonical NarL protein consists of an N-terminal receiver domain, a linker, and a C-
terminal DNA-binding domain with a helix-turn-helix motif*® *'. The N-terminus of the
SI10485 orthologs is conserved and indeed shows limited homology to NarL-type response
regulators (Fig. S2). However, the similarities to the NarL protein decreased in the C-
terminus (Fig. S2). Concurrently, conservation between SIl0845 and the KaiA protein
family increased (Fig. 1A). The conserved residues in the C-terminus correspond to
structurally important features of the Synechococcus KaiA protein, such as a-helical
secondary structures, the KaiA dimer interface, or residues critical for the KaiA-KaiC
interaction®* ** (Fig. 1A,). Additionally, the lack of conservation in the N-terminus
compared to that observed in known KaiA orthologs is consistent with the results of
Dvornyk and Mei, who proposed that different N-terminal domains exist for KaiA homologs
for functional diversification*?. Because of its similarity to KaiA and synteny with the kaiB3
gene, we named the hypothetical Sll0485 protein KaiA3. Furthermore, to facilitate the
distinction of KaiA homologs, we will use the name KaiA1 for the Synechocystis KaiA core
clock homolog SIr0756.

The gene tree resulting from the multiple sequence alignment (Fig. 1A) distinctly separated
KaiA3 from canonical KaiA orthologs. To further investigate the evolutionary relationship
of KaiA3, multiple sequence alignments of the C-termini of orthologs of KaiA3, KaiA, and
SIr11783 (Rre1) as a reference for NarL orthologs in Cyanobacteria®® were used to
construct a phylogenetic tree (Fig. S3). Here, KaiA3 orthologs form a distinct clade at the
basis of the KaiA orthologs when compared to both orthologous groups of Sir1783
(Rre1)/NarL (E. coli, UniProtKB - POAF28) and KaiA simultaneously (Fig. S3). In summary,
these findings strengthen the idea that the C-terminus of KaiA3 functions similarly to that
of KaiA.
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Fig. 1. Bioinformatic analyses of Sll0485 (KaiA3). (A) Multiple sequence alignment and maximum
likelihood-inferred phylogenetic reconstruction of KaiA3 and selected KaiA orthologs. The
sequences were aligned with Mafft (L-INS-i default parameters, Jalview), trimmed to position 168
of the C-terminus of Synechococcus KaiA and are represented in the Clustalx color code with
conservation visibility set to 25%. Marks above the alignment refer to Synechococcus KaiA as a
reference. Light green bars and dots indicate residues critical for KaiC interaction, light pink bars
and dots represent residues important for dimerization, and light gray blocks outline residues
forming a-helices as secondary structures. Aligned sequences were used to infer a maximum
likelihood protein tree. The scale bar indicates one substitution per position. Bootstrap values
(n=1000) are displayed on the branches. Bootstrap values less than 50 are not shown. (B) Synteny
analysis of kaiA1B1C1 compared to kaiA3, kaiB3, and kaiC3 genes for selected bacterial species.
Analysis was performed with the online tool SyntTax, a prokaryotic synteny and taxonomy explorer
(https://archaea.i2bc.paris-saclay.fr/synttax/; 2020-06-08). Default settings were used for analysis
(best match, 10% norm. Blast). (C) Co-occurrence of KaiA3 using pairwise Fisher's exact test with
circadian clock proteins in Cyanobacteria. Network of significant co-occurring circadian clock
factors from Schmelling et al.?5, including KaiA3 in Cyanobacteria. The line color corresponds to
the level of significance resulting from pairwise Fisher’s exact test. Missing links were those with a
p-value higher than 0.01. The node size is proportional to the degree of that node.

We further constructed three-dimensional models of KaiA3 to gain a better understanding
of its potential functions. To date, no structure is available for KaiA3, and it is impossible
to generate a reliable three-dimensional model covering the full-length KaiA3 sequence
because of the enigmatic structure of the linker region, for which no significant similarities
could be detected. However, secondary structure prediction suggested that the N-
terminus structurally aligns with NarL (Fig. S4A). Therefore, we modeled the N-terminus
(residues 1-140) and the remaining part of the sequence separately (residues 141-299).
For the N-terminus, numerous hits for response regulator domains were obtained, with E.
coli NarL (PDB 1A04) showing the highest degree of sequence similarity. The 3D-model
structures of KaiA3 are highly similar and display the canonical fold of response regulator
domains: a central five-stranded parallel -sheet flanked on both faces by five amphipathic
a-helices and a phosphorylatable aspartate residue in the B3-strand (Fig. S4B). This
aspartate residue (D65) plays a role in response regulator phosphorylation (Fig. S2, blue
stars) and is conserved in all species, except Pleurocapsa and Microcystis. Thus, most
KaiA3 homologs, including the Synechocystis protein, harbor a potential phosphorylation
site. Furthermore, the structure superimposes well on the PsR domain of KaiA, even
though the PsR domain lacks the phosphate-accepting aspartate residue and the a4-helix
between the B4- and B5-strands (Fig. S4B). The amino acid sequence between the
B4- and B5-strands shows the least conservation between KaiA and KaiA3, yet the level
of sequence conservation in this region is generally low for KaiA and its homologs®. In
contrast to the N-terminal response regulator domain, the C-terminal domain of KaiA3
revealed a unique fold, which has only been detected in KaiA thus far*, and the N-terminal
domain of the phosphoserine phosphatase RsbU from Bacillus subtilis*®, namely, a unique
four a-helix bundle constituting the KaiA-like motif (Fig. S4C). In conclusion, we propose
that KaiA3 consists of two protein modules: i) the N-terminal domain, resembling a NarL-

type response regulator receiver domain, including its phosphorylation site, and ii) the C-
terminal domain displaying features of a KaiA-like motif. This is particularly intriguing
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because putative kaiA orthologs outside Cyanobacteria have not been identified until
recently®?.

Conserved synteny and co-occurrence of KaiA3 and the KaiB3-KaiC3 system among
prokaryotes

As in Synechocystis, we found the kaiA3 gene upstream of kaiB3 in all the analyzed
cyanobacterial genomes. Furthermore, the kaiA3B3 cluster is usually extended by kaiC3,
with only two exceptions (Synechocystis and Microcystis aeruginosa NIES-843), which
resemble the structure of the canonical kaiABC gene cluster (Fig. 1B). Interestingly,
kalA3B3C3 synteny was also found in other prokaryotic genomes that harbor orthologs of
kaiA3, except for Chloroflexus aggregans DMS 9485 (Fig. 1B). Furthermore, we detected
strong significant co-occurrences between KaiA3 and KaiB3 (p<0.0001) as well as
between KaiA3 and KaiC3 (p<0.0001; Fig. 1C) in organisms encoding KaiC1. The co-
occurrence of KaiB3 and KaiC3 has been previously shown?. Thus, KaiA3 forms a distinct
set of proteins with KaiB3 and KaiC3, which show no further significant co-occurrence with
other clock components (Fig. 1C,%). Altogether, both datasets suggest a functional
relationship between KaiA3 and the KaiB3-KaiC3 system.

KaiA3 interacts with and promotes autokinase activity of KaiC3

Using yeast two-hybrid (YTH) experiments, we verified the interaction between the clock
proteins KaiC3 and KaiA3 (Fig. 2A, Fig. S5), consistent with a previous large-scale protein-
protein interaction analysis by Sato et al.*. Although KaiA3 clearly interacted with KaiC3,
an interaction with KaiB3, the second element of the KaiB3-KaiC3 clock system, was not
detected (Fig. S5B). This is not surprising, as it has been demonstrated that the interaction
of the Synechococcus proteins KaiA and KaiB requires the presence of KaiC*. To further
characterize the interaction of the proteins in vitro, we heterologously expressed different
Kai proteins in E. coli and analyzed complex formation using clear-native PAGE (Fig. 2B
and Fig. S6). The His-tagged KaiA3 protein (monomer: 35 kDa) migrated as a single band
approximately 100 kDa in size, indicating the formation of KaiA3 homo-oligomers, at least
dimers. Synechococcus KaiA migrated at ~60 kDa, in line with previous results*’,
confirming the formation of KaiA dimers. The discrepancy in the migration pattern between
KaiA3 (His-tagged) and KaiA (GST-tag removed) might be due to differences in their
predicted charge (-19.17 for KaiA and -7.94 for KaiA3, respectively, at pH 7.0).
Recombinant KaiB3 (monomer: 12 kDa) was shown to form monomers and tetramers
after size exclusion chromatography?®. KaiB3 displayed three distinct bands in the native
gels (Fig. 2B). The two lower bands most likely represent the monomeric and tetrameric
forms, whereas the uppermost band (~67 kDa) could be an impurity in the protein
preparation. Recombinant KaiC3 was produced with an N-terminal Strep-tag®®. Strep-
tagged KaiC3 (monomer: 58 kDa) migrated as one band between 272 and 450 kDa and

could represent a hexameric complex (348 kDa). Incubation of KaiC3 with KaiA3 alone
led to protein accumulation in the wells in native PAGE, indicating precipitation of the
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KaiA3/KaiC3 complex in the absence of KaiB3 (Fig. 2B). However, the interaction between
KaiA3 and KaiC3 was validated by immunoprecipitation-coupled liquid chromatography-
mass spectrometry (LC-MS) analysis of FLAG-tagged KaiC3 (Fig. S7). Furthermore, the
experiments did not reveal any interactions between KaiA3 and either KaiC1 or KaiC2
(Fig. S5, Fig. S7), indicating specificity of the KaiA3-KaiC3 interaction. No complex
formation was detected between KaiA3 and KaiB3 (Fig. 2B, Fig. S5 and Fig. S6). In
contrast, the formation of a large protein complex was observed when all three clock
components, KaiA3, KaiB3, and KaiC3, were incubated together for 16 h at 30°C (Fig. 2B;
Fig. S6). The size matches that of a complex consisting of one KaiC3 hexamer, six KaiA3
dimers, and six KaiB3 monomers (840 kDa). The presence of KaiA3 in the complex was
validated by western blot analysis using an anti-His antibody (Fig. 2B, Fig. S6). As
expected, no such complex was formed when KaiA3 was replaced with Synechococcus
KaiA (Fig. 2B). Moreover, no such complex was formed when KaiB3 was replaced by its
isoform KaiB1, suggesting that KaiB3 is specific for KaiA3 as well and that KaiB3 might
recruit KaiA3 to the KaiC3/KaiB3 complex (Fig. S6).

Previous studies have shown that KaiC3 has autokinase activity, which is independent of
KaiA1%% %" Since our studies revealed an interaction between KaiC3 and KaiA3, we were
interested in probing the influence of KaiA3 on the phosphorylation of KaiC3. The
recombinant Kai proteins described above were used for this purpose. KaiC3 was
incubated for 16 h at 30°C in the presence or absence of other Kai proteins, and its
phosphorylation state was analyzed by SDS-PAGE (Fig. 2C), and LC-MS/MS (Fig. S8).
Since KaiC3 was partially phosphorylated after purification from E. coli, the protein
preparation was incubated for 18 h at 30°C prior to the start of the assays. During this
incubation period, KaiC3 autodephosphorylated, as is typical for KaiC proteins (Fig. 2C,
NP-KaiC3)*. Addition of KaiA3 led to phosphorylation of KaiC3, while the presence of
Synechococcus KaiA had no influence on the phosphorylation state of KaiC3. In contrast,
KaiC3 dephosphorylation was enhanced by KaiB3 (Fig. 2C, upper panel). Replacing
KaiB3 with its isoform, KaiB1, in samples containing KaiA3, maintained KaiC3 in the
phosphorylated state (Fig. 2C, lower panel). Analysis of KaiC3 phosphorylation by LC-
MS/MS- identified the neighboring residues Ser423 and Thr424 as phosphorylation sites,
which are conserved across KaiC homologs (Fig. S8). Based on these analyses, we
conclude that KaiA3 likely has a KaiA-like function in promoting the phosphorylation of
KaiC3. Neither Synechococcus KaiA nor Synechocystis KaiB1 could substitute for KaiA3
or KaiB3, respectively, demonstrating that the Synechocystis KaiA3/KaiB3/KaiC3 proteins
represent a separate functional complex. Only KaiA3 stimulated the autokinase activity of
KaiC3, which in turn promoted its interaction with KaiB3. Interaction with KaiB3, but not
KaiB1, enhances the dephosphorylation of KaiC3.
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Fig. 2. Analysis of KaiA3 protein interactions and KaiC3 phosphorylation. (A) YTH interaction
analysis of KaiA3 with KaiC3. The KaiA1 dimer interaction was used as a positive control. YTH
reporter strains carrying the respective bait and prey plasmids were selected by plating on complete
supplement medium (CSM) lacking leucine and tryptophan (-Leu -Trp). AD, GAL4 activation
domain; BD, GAL4 DNA-binding domain; empty, bait, and prey plasmids without protein sequence
(only AD/BD domain). The physical interaction between bait and prey fusion proteins was
determined by growth on complete medium lacking leucine, tryptophan, and histidine
(-Leu -Trp -His) and the addition of 12.5 mM 3-amino-1,2,4-triazole (3-AT). The BD was fused to
the N-terminus of KaiA3. For a clear presentation, spots were assembled from several replicate
assays (original scans are shown in Fig. S5). (B) Interaction analysis of the recombinant Kai
proteins on native polyacrylamide gels. Proteins were incubated for 16 h at 30°C and subsequently
subjected to 4-16% clear native PAGE. Gels were either stained with Coomassie Blue (left side) or
blotted and immunodecorated with a monoclonal anti-His antibody to detect recombinant KaiA3-
His6 (right side). Recombinant Synechococcus KaiA was used for comparison. (C) KaiC3
phosphorylation depends on the presence of KaiA3 and KaiB3. KaiC3 was dephosphorylated by
incubating for 18 h at 30°C prior to the start of the assay (NP-KaiC3). 0.2 ug/ul NP-KaiC3 was
incubated at 30°C in the presence or absence of 0.1 ug/ul Synechocystis KaiA3, KaiB3 and KaiB1
and Synechococcus KaiA, respectively. Aliquots were taken at 0 h and 16 h, followed by separation
on a high-resolution LowC SDS-PAGE gel in Tris-Tricine buffer and staining with Coomassie blue.
A slow-migrating band representing the phosphorylated form of KaiC3 (P-KaiC3) was observed
only in the presence of KaiA3.
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KaiC3 phosphorylation oscillates in vitro and in Synechocystis cells

The opposing effects of KaiA3 and KaiB3 on KaiC3 phosphorylation imply that these three
Synechocystis proteins may form a functional in vitro oscillator. We monitored the
phosphorylation of KaiC3 in concert with KaiB3 and various concentrations of KaiA3 over
a period of 48 h (Fig. 3A, B; Fig. S9). In the presence of 1.4 yM and 2.8 yM KaiA3
(corresponding to a ~1:1.2 and 1:2.4 stoichiometry of KaiA3:KaiC3), we could reconstitute
~24h oscillations in KaiC3 phosphorylation (Fig. 3A, B; Fig. S9). Compared to the
Synechococcus KaiABC oscillator*® *°, lower KaiA3 concentrations failed to generate
oscillations and the protein was mainly dephosphorylated. The stimulating effect of KaiA3
on KaiC3 phosphorylation was saturated at a KaiA3 concentration of 4.2 uM, which
corresponds to a KaiA3:KaiC3 stoichiometry of 1:0.8. Hence, the KaiC3 oscillations were
clearly dependent on the KaiA3 concentration.

To evaluate whether the self-sustained KaiC3 phosphorylation rhythms detected above
are also present in Synechocystis cells and are diurnal or circadian in nature, we grew
cells in a light/dark cycle, followed by constant illumination. We separated whole-cell
extracts on a Phostag gel and identified KaiC3 by Western blot analysis (Fig. 3C) using a
KaiC3-specific antibody?’. We detected 4-5 bands which partially overlapped or were
slightly shifted in comparison to the bands detected in the AkaiC3 strain. It seems that
there is some cross-reaction with KaiC1, KaiC2 or another protein The two prominent
bands indicated in Fig. 3C and which are absent in the AkaiC3 strain most probably reflect
two different phosphorylation states of KaiC3. Based on the in vitro data with the isolated
Kai proteins and their similar migration patterns in Phos-tag SDS-PAGE analysis
compared to the whole cell extract (Fig. S9C), we suppose that the very upper (red arrow)
and one of the lower bands (blue arrow) in Fig. 3C represent the fully phosphorylated and
non-phosphorylated forms of KaiC3, respectively. In the AkaiA3 mutant, the lowest band
was mainly present, indicating that KaiC3 was mostly dephosphorylated in this strain.
Incubation of KaiC3 with Lambda phosphatase resulted in comparable accumulation of
the lower band (Fig. S9D). In contrast, in the KaiA3 overexpression strain, KaiC3 was
highly phosphorylated in comparison to the wild type (Fig. 3C). In addition, two or more
bands were detected in the in vitro assays, as well as in the cell extracts (Fig. 3B, C; Fig.
S9C) which partly overlapped with an unspecific band detected in the AkaiC3 strain in
Phos-tag SDS-PAGE analysis. These bands might reflect single phosphorylated states of
KaiC3. In summary, our in vitro and in vivo data demonstrate that KaiC3 phosphorylation
strongly depended on KaiA3. Furthermore, KaiC3 phosphorylation showed sustained
oscillations with a 24 hours rhythm in Synechocystis, hence displaying a characteristic
feature of a circadian oscillator.
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Fig. 3. Analysis of KaiA3-dependent KaiC3 phosphorylation. (A) KaiC3 (3.4 uM) was incubated
with KaiB3 (7.4 uM) and various concentrations of KaiA3 at 30°C. Aliquots incubated for the
indicated time periods were applied to a high-resolution LowC SDS-PAGE gel, proteins were
separated in Tris-glycine buffer, and the relative band densities of the different KaiC3
phosphorylation states: unphosphorylated (NP), single-phosphorylated (P), and double-
phosphorylated (PP) were estimated densitometrically. (A) In vitro ratio of fully phosphorylated
KaiC3 (PP-KaiC3) to total KaiC3 at various concentrations of KaiA3. Dots display replicates (n=3);
the line represents an akima spline curve. Assays with 1.4 yM KaiA3 and 2.8 yM KaiA3 were each
analyzed twice on the gel, resulting in 6 replicates in total. Representative gels from each assay
are shown in Fig. S9A. (B) Detailed analysis of KaiC3 phosphorylation after 6h of incubation with
different KaiA3 concentrations. The fractions of double (PP), single (P), and unphosphorylated KaiC
(NP-KaiC3) are plotted as average +SD from the three assays, also shown in A. Below the graph,
representative band patterns are shown (assembled from Fig. S9A). (C) The ratio of fully
phosphorylated KaiC3 (PP-KaiC3) to non-phosphorylated KaiC3 (NP-KaiC3) in Synechocystis wild-
type, kaiA3 mutant (AkaiA3), and kaiA3 overexpression (kaiA3-OE) strains (Fig. S1). Whole cell
extracts were separated using Phos-tag SDS-PAGE and immunodecorated with a KaiC3-specific
antiserum. Samples were collected every 6 h from cells grown in a 12-h light/dark cycle, followed
by constant light. The white and dark gray boxes represent light and dark periods, respectively, and
the light gray box represents the subjective night. Representative blots are shown. Whole cell
extracts from the Synechocystis AkaiC3 mutant (12 h time point) were used as a control. Dots in
the graph display the replicates (n=2-3); the line represents an akima spline curve. Plots were
generated using GraphPad Prism, version 9.5.1.
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Deletion of kaiA3 impacts growth and viability during mixotrophic and chemoheterotrophic
growth

What is the function of this additional Kai protein oscillator in Synechocystis? In our
laboratory, deletion of kaiC3 led to growth impairment in complete darkness on glucose,
but not in light/dark cycles?’; thus, the kaiA3 knockout mutant (AkaiA3) was analyzed
under various growth conditions. The cells were grown in liquid culture under constant
light, plated on agar at different dilutions, and grown photoautotrophically (Fig. 4A) and
photomixotrophically (Fig. 4B) under continuous light and 12-h light/12-h dark cycles or
chemoheterotrophically (Fig. 4C). Because the strains grew very slowly under
chemoheterotrophic conditions, the cells were spotted at higher concentrations under
these conditions. There were no differences in the viability of the mutant strains in
comparison to that of the wild type under photoautotrophic conditions in continuous light
and light/dark cycles. Under photomixotrophic conditions, the AkaiA3 strain showed less
viability, which was partly restored by re-insertion of kaiA3. It appears that the amount of
KaiA3 is critical for the function of the system, which is consistent with our data on KaiA3-
dependent KaiC3 phosphorylation (Fig. 3). Surprisingly, the mutant strain lacking all three
alternative kai genes (AkaiA3B3C3) exhibited a different growth phenotype under
photomixotrophic conditions. In light/dark cycles, this strain grew well and seemed to have
some advantages in comparison to the wild type (Fig. 4B). Spot assays under
chemoheterotrophic conditions provided a clearer picture; the mutant strain lacking kaiA3
and the triple knockout showed a similar phenotype. They were unable to grow in complete
darkness, and this ability was fully restored in the complementation strain (Fig. 4C). These
results coincide with previously detected impairments displayed by the AkaiC3 strain
during chemoheterotrophic growth?, strengthening the idea that the non-standard KaiA3-
KaiB3-KaiC3 system is a regulatory complex with the same function.
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Fig. 4. Deletion of kaiA3 results in growth defects during mixotrophic and chemoheterotrophic
growth. Proliferation of the wild type (WT), the AkaiA3 and AkaiA3B3C3 deletion mutants, and the
AkaiA3/kaiA3 complementation strain  was tested under (A) phototrophic (continuous
light, - glucose), (B) photomixotrophic (continuous light, + glucose), and (C) heterotrophic
(darkness, + glucose) conditions. Strains were grown in liquid culture under constant light, and
different dilutions were spotted on agar plates and incubated under the indicated light conditions
with a light phase corresponding to 75 umol photons m? s white light. Representative result from
three independent experiments are shown. (A) Cultures were diluted to an OD7sonm value of 0.4,
and tenfold dilution series were spotted on agar plates. Plates were analyzed after 6 or 8 days of
continuous light and 12h/12h light/dark cycles, respectively. (B) Same as (A), but the cells were
spotted on agar plates containing 0.2 % glucose. (C) Cultures were diluted to OD7sonm values of
1.2, 0.8, and 0.4, and spotted on agar plates supplemented with 0.2% glucose. The plates were
analyzed after 3 and 26 d of continuous light and darkness, respectively.
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Discussion

Our knowledge of the function, composition, and network of clock systems in prokaryotes,
including cyanobacteria, is increasing steadily. Even though multiple copies of the core
clock proteins KaiB and KaiC are encoded in bacterial genomes, the canonical KaiA was
found only as a single copy in Cyanobacteria yet®® 2”42 % By identifying a chimeric KaiA3
and verifying its interaction with the KaiB3-KaiC3 complex, we added another component
to the diversity of bacterial clock systems.

KaiA-like proteins outside of Cyanobacteria and primordial clocks

In addition to KaiA3, new putative KaiA orthologs have been bioinformatically identified in
prokaryotes outside Cyanobacteria*’. Therefore, we suggest that such proteins may play
a previously overlooked role in KaiB-KaiC-based systems. Exploring this possibility could
provide valuable insights into unanswered research questions, such as the mechanism
responsible for the rhythmic processes observed in Rhodospirillum rubrum. Indeed, this
purple bacterium lacks KaiB1 and KaiC1 orthologs but possesses KaiA3, KaiB3, and
KaiC3 (53) (Figure 1). Notably, the recently described oscillator from Rhodobacter
sphaeroides (Rhodobacter), which consists of homologs of KaiC2 and KaiB2, can form an
hourglass timer. This primordal Rhodobacter clock can function without KaiA. However,
the Rhodobacter KaiB2-KaiC2 system requires an environmental signal to reset the
clock®?. A similar primordial clock has been suggested to be present in
Rhodopseudomonas palustris’’ and the cyanobacterium Prochlorococcus MED4%: 31,
However, other bacterial KaiB and KaiC homologs, including the KaiC2-KaiB2 system
from Synechocystis, are believed to have clock-independent functions'” 51 2,

It has been proposed that kaiC is the oldest evolutionary member of circadian clock
genes®. KaiC homologs can be found even in Archaea where it was found to control e. g.
motility of Sulfolobus acidocaldarius by protein interaction®®. The later addition of KaiB was
enough to form a primordial timekeeper which needs a signal for daily resetting of the
clock?': 223931 'In Rhodobacter KaiC2, dephosphorylation is regulated by the stability of
coiled-coil interactions between two connected hexamers as well as by KaiB?. However,
whether autophosphorylation or dephosphorylation dominates depends primarily on the
ATP/ADP ratio. Hence, the KaiC2-KaiB2 timer cannot oscillate autonomously but
responds to changing ATP/ADP levels. Therefore, it was suggested that the Rhodobacter
clock represents an ancient timer that depends on changes in photosynthetic activity
during the day-night switch?.

With the evolution of KaiA, a self-sustained oscillator was developed that allowed for true
circadian oscillations in gene expression, which can be observed in cyanobacteria. Why
does KaiC require KaiA to drive persistent oscillations? By default, the A-loops of
Synechococcus KaiC hexamers adopt a buried conformation, which inhibits
autophosphorylation. Only the binding of KaiA favors phosphorylation by stabilizing A-loop
exposure®. In contrast, Rhodobacter KaiC2 constantly exposes its A-loops, sterically
allowing high intrinsic phosphorylation?.
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The interacting residues between KaiA and KaiC are less conserved in both Synechocystis
KaiA3 and KaiC3?" ** (Fig. 1). Since we demonstrated an interaction between KaiC3 and
KaiAg3, itis likely that co-evolution of the two proteins occurred. Another remarkable feature
of Rhodobacter KaiC2 is that the latter displays an extended C-terminus that connects two
hexamers via coiled-coil interactions to adopt a homododecamer instead of a typical
hexamer?® 5%, KaiC3 does not have such an extended C-terminus?’, and we only observed
the formation of hexamers or smaller oligomers® (Fig. 2).

The two-domain architecture of KaiA3 and complex formation

KaiA3 formed a distinct clade at the basis of the KaiA clade. Apart from its presence in the
N-terminal domain of phosphatase RsbU of Bacillus subtilis, a distinctive structure of the
KaiA C-terminus has rarely been observed*. RsbU acts as a positive regulator of the
alternative sigma factor B, which is involved in the general stress response®. The N-
terminal domain of RsbU forms dimers similar to KaiA, and the proposed binding site for
its corresponding activator, RsbT, is in an equivalent location to the KaiC-binding site on
KaiA*®. These findings may reflect how protein domains change during evolution, while
their original functions are conserved. However, a link between RsbU and the recently
proposed circadian clock in Bacillus subtilis has not yet been identified®”. Moreover,
circadian rhythms have been observed in several prokaryotes that do not encode Kai
orthologs, suggesting the convergent evolution of circadian rhythms in prokaryotes®” %8,
Further in-depth analyses are needed to elucidate whether KaiA3, together with KaiB3
and KaiC3, or the well-studied Synechococcus circadian clock present a more ancestral
system, because analysis of a larger dataset recently suggested that the canonical kaiA
gene evolved at the same time as cyanobacteria®.

Taken together, these data are consistent with a model in which KaiA3 can fulfill the
functions of a true KaiA homolog, such as dimerization, binding to KaiC3, and enhancing
KaiC3 autophosphorylation. Other mechanistic processes, such as sequestration to the
Cl ring by binding to KaiB3, remain to be investigated but are clearly possible. By mixing
KaiA3, KaiB3, and KaiC3, we reconstituted a bona fide in vitro oscillator (Fig 3A),
suggesting that the observed in vivo oscillation of KaiC3 phosphorylation can run
independently of the KaiA1B1C1 clock, and that the amount of KaiA3 is critical for the
phosphorylation rhythm.

The Rhodobacter hourglass-like timer requires environmental cues for daily resetting.
However, entrainment by metabolites has also been described for more elaborate, true
circadian oscillators. In addition to entrainment by the input kinase CikA®, the
Synechococcus clock can be entrained directly by the ATP/ADP ratio and oxidized
quinones®® % Moreover, CikA does not sense light directly but perceives the redox state
of the plastoquinone pool®' 2, In addition, glucose feeding can entrain Synechococcus
when engineered to take up glucose®®. In plants, it has been demonstrated that both
exogenous sugars and internal sugar rhythms resulting from cyclic photosynthetic activity

entrain the clock®. Synechocystis can naturally utilize glucose, which may make it even
more susceptible to metabolic entrainment by sugars. Notably, the Synechocystis wild-
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type strain used in this study was able to grow in complete darkness when supplemented
with glucose. This is different from an earlier study that showed that Synechocystis needs
a 5 min blue-light pulse at least once a day to grow heterotrophically in the dark®. The
authors described this behavior as light-activated heterotrophic growth. There are no
studies that explain why cells require this short light pulse, but it is also clear that our
laboratory strain grows fully chemoheterotrophically®.

In contrast to Synechococcus, CikA from Synechocystis is a true photoreceptor that binds
a chromophore®. Thus, it remains unclear whether CikA has a similar function in both
cyanobacteria, and whether it interacts with both circadian clock systems in
Synechocystis. The high structural similarity of the N-terminal domain of KaiA3 to
response regulator domains from other organisms indicates that the core structure and
activity are maintained, while adaptivity and variation provide specificity for acting in
distinct pathways®*. Within KaiA3, the aspartate residue crucial for phosphorylation is
conserved. Theoretically, the protein could receive an input signal from a cognate histidine
kinase, which has not yet been identified. Thus, there are potentially important differences
related to input and output factors, and possibly entrainment of different cyanobacterial
circadian clock systems.

The function of KaiA3 in Synechocystis

The physiological function of the KaiA3-KaiB3-KaiC3 clock system seems to be related to
the different metabolic modes of Synechocystis. Mutants deficient in kaiA3 lose the ability
to grow chemoheterotrophically on glucose, which is an aggravated effect compared to
kaiC3-deficient mutants, which merely show reduced growth rates during heterotrophy?®.
Similarly, in Synechococcus, the disruption of kaiA led to one of the most severe effects
on activity loss and was traced back to the unbalanced output signaling of the circadian
clock®”. The overaccumulation of KaiA3 also appeared to disturb the system (Fig. S10).
Such an effect was also shown for the Synechococcus clock system, in which increased
KaiA levels promote the hyperphosphorylation of KaiC® 8, thereby deactivating rhythmic
gene expression®. Surprisingly, inactivation of the complete KaiA3-KaiB3-KaiC3 system
resulted in a different phenotype. While growth in darkness on glucose was strongly
affected, similar to the single mutants, photomixotrophic growth was even slightly better
in the kaiA3B3C3 strain compared to the wild type. It is possible that in the absence of
KaiA3, the altered interaction of KaiC3 with KaiC1 leads to aggravated growth defects in
the AkaiA3 mutant. However, when a complete oscillator is missing, the KaiA1B1C1
oscillator can compensate for this under certain growth conditions.

In Synechocystis, AkaiA3-like phenotypes, such as impaired viability during light/dark
cycles or complete loss of chemoheterotrophic growth on glucose, were also observed for
AkaiA1B1C1, AsasA, and ArpaA mutants®® 7°. For AsasA, it was shown that the mutant
strain was able to accumulate glycogen but was unable to utilize the storage compound
to grow heterotrophically, probably because of its inability to catabolize glucose™. A recent

metabolomics study suggested that the growth inhibition of AkaiA1B1C1 and ArpaA
mutants in a light/dark cycle might be at least partly related to a defect in the inhibition of
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the RuBisCo enzyme in the dark and increased photorespiration, leading to the
accumulation of the potentially toxic product 2-phosphoglycolate’’. This previous study
also revealed an enhanced growth defect in AkaiA1B1C1 and ArpaA mutants under
photomixotrophic conditions in light/dark cycles, similar to the AkaiA3 strain in the current
study. This further supports the idea that one of the functions of the KaiA3-B3-C3 system
is to fine-tune the core clock system, KaiA1B1C1. Clearly, there is a difference in the
phenotypes between our study and the results demonstrated by Zhao et al."””, who
analyzed single and double kaiB3 and kaiC3 knockout strains. In light/dark cycles, the
kaiB3C3 knockout strain showed a reduced growth rate compared to the wild-type control
under photoautotrophic conditions. However, under constant light, this mutant showed a
reduced growth rate and was outcompeted by the wild-type cells in mixed cultures.
Photoheterotrophic and heterotrophic conditions were not tested in this study.
Synechocystis strains used in different laboratories can vary in their genome and
phenotypic characteristics, including glucose sensitivity (see for example? 72). As the input
and output pathways of the new oscillator are unknown, it is possible that mutations in
different wild-type variants lead to variations in the expression of phenotypic effects in the
clock mutants.

Here, we demonstrate that KaiA3 is a novel KaiA homolog and element of the KaiC3-
based signaling pathway and has canonical KaiA functions. The N-terminal half of KaiA3
may still have a response regulatory function; however, the exact mechanism remains
unclear. Among other actions, KaiA3 must be placed within the regulatory and metabolic
networks of Synechocystis. Finally, our findings in the cyanobacterium Synechocystis
demonstrated the parallel presence of two circadian protein oscillators within a single cell.

Materials and Methods

Reciprocal BLAST of Sll0485 (KaiA3) and Sir1783 (Rre1)

Reciprocal BLAST was performed as described by Schmelling et al.?. The 2017 database
was used for comparison with existing data on other circadian clock proteins. The protein
sequences of Sll0485 (KaiA3) and SIr1783 (Rre1), as a reference for NarL response
regulators®® from Synechocystis, were used as query sequences for this reciprocal
BLAST.

Co-occurrence analysis

The co-occurrence of KaiA3 with other circadian clock proteins in Cyanobacteria
containing KaiC1 was examined according to Schmelling et al.?®. A right-sided Fisher's
exact test was used’®. P-values were corrected for multiple testing after Benjamini-
Hochberg™, with an excepted false discovery rate of 1072, All proteins were clustered
according to their corrected p-values.

Synteny analyses using SyntTax

The conservation of gene order was analyzed using the web tool ‘SyntTax’®;
https://pubmed.ncbi.nim.nih.gov/23323735/. If not mentioned otherwise, default settings
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(Best match, 10 % norm. BLAST) were applied. Chromosomes were selected manually
according to the results of Schmelling et al.?°.

Multiple sequence alignments with Mafft and Jalview

Sequence alignments, visualization, and analysis were performed with ‘Jalview”®. The
sequences were aligned with Mafft, and if not mentioned otherwise, default settings (L-
INS-i, pairwise alignment computation method - localpair using Smith-Waterman
algorithm, gap opening penalty: 1.53, gap opening penalty at local pairwise alignment: -
2.00, group-to-group gap extension penalty: 0.123, matrix: BLOSUM62) were applied”’.
For analyses of the C-terminus, the alignments were trimmed to position 168 in the KaiA
reference sequence of Synechococcus. After trimming, the alignment was recalculated
with Mafft using the aforementioned default parameters.

2D and 3D structure predictions

The alignments generated in Jalview were then used with ‘Ali2D’ for secondary structure
prediction”® [ref] https:/toolkit.tuebingen.mpg.de). The identity cut-off to invoke a new
PSIPRED run was set to 30%. Three-dimensional protein structures were modeled using
either Phyre2 or SWISS-MODEL™ 80
(http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cqgi?id=index;
https://swissmodel.expasy.org/). The resulting structures were analyzed and illustrated
using UCSF Chimera®' (https://www.cgl.ucsf.edu/chimera/).

Phylogenetic reconstruction of protein trees

Phylogenetic reconstruction of the protein trees of Sll0485 (KaiA3), SIr1783 (Rre1)/NarL
(E. coli, UniProtkB - POAF28), and KaiA was achieved with MEGA X% 8 using the above
constructed alignments. For all alignments, a neighbor-joining tree and maximum
likelihood tree were constructed and compared. To construct neighbor-joining trees, 1000
bootstrap iterations with a p-distance substitution model and a gamma distribution with
three gamma parameters were used. To construct maximum likelihood trees, an initial tree
was constructed using the maximum parsimony algorithm. Further trees were constructed
using 1000 bootstrap iterations with an LG-G substitution model, a gamma distribution
with three gamma parameters, and nearest-neighbor-interchange (NNI) as the heuristic
method.

Yeast two-hybrid assay

AH109 yeast cells (Clontech) were used for yeast two-hybrid experiments. Transformation
of yeast cells was performed according to the manufacturer’s guidelines using the Frozen-
EZ Yeast Transformation Kit (Zymo Research). Genes of interest were amplified from wild-
type genomic DNA using Phusion Polymerase (NEB), according to the manufacturer's
guidelines. The indicated restriction sites were introduced using oligonucleotides listed in
Table S1A. Vectors and PCR fragments were cut with the respective restriction enzymes,

and the gene of interest was ligated into the vector, leading to a fusion protein with a GAL4
activation domain (AD) or GAL4 DNA-binding domain (BD) either at the N- or C-terminus.
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All constructed plasmids are listed in Table S2B. The detailed protocol for the growth
assay can be found in protocols.io (dx.doi.org/10.17504/protocols.io.wcnfave).
Successfully transformed cells were selected on a complete supplement mixture (CSM)
lacking leucine and tryptophan (-Leu -Trp) dropout medium (MP Biochemicals) at 30°C for
3-4 days. Cells containing bait and prey plasmids were streaked on CSM lacking leucine,
tryptophan, and histidine (-Leu -Trp -His) dropout medium (MP Biochemicals) with the
addition of 12.5 mM 3-amino-1,2,4-triazole (3-AT, Roth) and incubated for 6 days at 30°C
to screen for interactions.

Expression and purification of recombinant Kai proteins

Synechocystis KaiB3, KaiB1 and Synechococcus KaiA (plasmids kindly provided by T.
Kondo, Nagoya University, Japan) were produced as GST-fusion proteins in E. coli
BL21(DE3) as described in*®_(https://www.protocols.io/view/expression-and-purification-
of-gst-tagged-kai-prot-48ggztw). Briefly, proteins were purified by affinity chromatography
using glutathione-agarose 4 B (Macherey and Nagel), and the N-terminal GST-tag was
removed using PreScission Protease (Cytiva) prior to elution of the untagged proteins from
the glutathione resin. Synechocystis KaiC3 was produced with an N-terminal- Strep-tag
(Strep-KaiC3) in E. coli Rosetta-gami B (DE3) cells and purified via affinity
chromatography using Strep-tactin XT superflow (IBA-Lifesciences)®
(https://www.protocols.io/view/heterologous-expression-and-affinity-purification-
meac3ae). The Synechocystis ORF sll0485, encoding KaiA3, was inserted into the vector
pET22b to create a C-terminal His6-fusion. KaiA3-His6 was expressed in E. coli Tuner
(DE3) cells and purified by immobilized metal affinity chromatography (IMAC) using
PureProteome™ Nickel Magnetic Beads (Millipore). For a detailed protocol, see at
protocols.io (dx.doi.org/10.17504/protocols.io.busbny2n). Recombinant proteins were
stored at -80°C in buffer containing 20 mM Tris, pH 8.0, 150 mM NaCl, 0.5 mM EDTA, 5
mM MgClz, and 1 mM ATP.

KaiC3 phosphorylation in in vitro assays and liquid chromatography mass spectrometry
(LC-MS/MS)

Recombinant Strep-KaiC3 purified from E. coli exists mainly in its phosphorylated form
(KaiC3-P). Fully dephosphorylated Strep-KaiC3 (KaiC3-NP) was generated by incubating
the protein for 18 h at 30°C in assay buffer (20 mM Tris, pH 8.0, 150 mM NaCl, 0.5 mM
EDTA, 5 mM MgCl;, and 1 mM ATP). The autokinase activity of KaiC3-NP was
investigated by incubating 0.2 pg/ul KaiC3 for 16 h at 30°C in 20 ul assay buffer in the
presence or absence of 0.1 ug/ul KaiA3-His6, KaiB3, and Synechococcus KaiA. Ten-
microliter aliquots were taken before and after incubation at 30°C, and the reaction was
stopped with SDS sample buffer. Samples were stored at -20°C prior to application to a
high resolution LowC SDS gel (10% T, 0.67% C)* using the Hoefer Mighty small Il gel
electrophoresis system and Tris-Tricine running buffer (cathode buffer: 100 mM Tris, 100
mM Tricine, 0.1 % SDS, pH 8.25; anode buffer: 100 mM Tris, pH 8.9, according to
Schagger and von Jagow®). Gels were stained with Coomassie Blue R.
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For the 48 h assay, pools containing 0.2 pg/ul (3.4 uM) KaiC3-NP, 0.1 ug/ul KaiB3 (7.4
MM) and various concentrations of KaiA3-His6 (corresponding to 0.5 — 8.4 uM) were
prepared in assay buffer supplemented with 5 mM ATP, split in 10 ul aliquots for the
desired timepoints and stored at -80°C. Samples were thawed on ice for 10 min prior to
incubation at 30°C for the different time periods. The reaction was stopped at specific time
points by adding SDS sample buffer. Samples were stored at -80°C prior to application to
a LowC SDS gel (10% T, 0.67% C)? sing the Biorad Mini PROTEAN gel electrophoresis
system and Tris-glycine running buffer (25 mM Tris, 192 mM glycine, 0.1 % SDS,
according to Laemmli®®). The gels were stained with ROTI®BIlue quick stain. In Tris-glycine
buffer, three KaiC3 bands could be separated, whereas two KaiC3 bands were separated
in Tris-Tricine buffer.

For LC-MS/MS- based analysis of KaiC3 phosphorylation sites, Strep-KaiC3 and KaiA3
were co-incubated in vitro as described above. Samples were taken directly after mixing,
as well as after 2 and 6 h of incubation, and separated by SDS-PAGE. For each sample,
protein-containing gel regions of Strep-KaiC size were cut out with a scalpel. For the 6 h
time point, a gel region at the potential size of the Strep-KaiC3/A3 complex was also
extracted. In-gel protein digestion with trypsin was performed as described by Shevchenko
etal. ¥". The generated peptides were extracted and purified using the stage tip protocol®.
Of the resulting peptide solution, 20% was used for nanoLC-MS/MS analysis. Therefore,
peptides were separated in a 37 min reverse-phase linear gradient and directly ionized in
an online coupled ESI source upon elution for analysis on a Q Exactive HF mass
spectrometer (Thermo Fisher Scientific) operated in data-dependent acquisition mode.
The 12 highest abundant multiply charged ions of each full scan were separately
fragmented by HCD, and the generated fragment ions were analyzed in consecutive
MS/MS scans. Raw data files were processed using MaxQuant software (version 1.5.2.8)
and default settings. Phosphorylation of Ser, Thr, and Tyr was defined as a variable
modification. Acquired m/z spectra were searched against the proteome databases of
Synechocystis and E. coli (downloaded from cyanobase and Uniprot, respectively).
Annotated MS/MS spectra were visualized using the MaxQuant viewer.

Clear native protein PAGE, Phos-tag SDS-PAGE and immunodetection

Kai proteins (10 yl samples containing 2 ug dephosphorylated Strep-KaiC3, 1 ug KaiA3-
His6, 1 ug KaiB3, 1 ug Synechococcus KaiA) were incubated for 16 h at 30°C in
phosphorylation assay buffer, followed by separation of the native proteins in 4-16% native
PAGE at 4°C using a clear native buffer system (Serva) without anionic dye. Thus, only
proteins with a pl<7 at physiological pH were separated. Protein bands were visualized
with Coomassie staining (ROTIBlue Quick, Carl Roth) or immunodetected with a
monoclonal anti-His antibody conjugated to HRP (MA1-21315-HRP, Thermo Fisher,
1:2000 diluted). A detailed protocol can be found in protocols.io
(dx.doi.org/10.17504/protocols.io.bu67nzhn).

To analyze the in vivo phosphorylation of KaiC3, Synechocystis wild type, AkaiA3, and

AkaiC3 cells were cultivated in BG11 or copper-depleted medium for kaiA3
overexpression. After an initial 12h/12h light/dark cycle, 10 ml of cells were collected every
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6 h for analysis. The cells were cooled in liquid nitrogen for 5 s and harvested by
centrifugation (3220 x g, 2 min, 4°C). The pellet was frozen in liquid nitrogen and stored
at -20°C until further processing. To lyse the cells, the pellets were resuspended to an
OD7s0 of 25 in phosphorylation buffer (50 mM NaOH-HEPES pH 7.5, 300 mM NacCl, 0.5
mM Tris-(2-carboxyethyl)-phosphine, 10 mM MgCl.). The cells were disrupted twice in a
cell mill at 30 Hz for 1 min at 4°C, using glass beads. The crude cell extract was obtained
by centrifugation (500 % g, 1 min, 4°C). For mobility shift detection of phosphorylated and
dephosphorylated KaiC3, a Zn**-Phos-tag® SDS-PAGE assay (Wako Chemicals) was
used. A 9% SDS-PAGE gel containing 25 uM Phos-tag acrylamide was prepared and 12
WL of cell extract was run at 150 V for 3 h at 4°C. Proteins were blotted onto a nitrocellulose
membrane (Amersham™ Protran®) via wet blotting. Immunodetection was performed
using aKaiC3%' and anti-rabbit secondary (Thermo Fisher Scientific Inc., USA) antibodies.

Screening of KaiC3 and KaiC1 binding partners by immunoprecipitation-coupled liquid
chromatography mass spectrometry (LC-MS/MS)

Synechocystis WT/FLAG-kaiC3, WT/FLAG-kaiC1, and WT/FLAG-sfGFP (control) strains
were cultivated in BG11 medium (100 ml, copper-depleted) and harvested by
centrifugation at 6000 x g for 10 min at 4°C. According to Wiegard et al.?’, cells were
disrupted in a mixer mill, followed by solubilization with n-dodecyl-B-maltoside for 1 h. The
supernatant was used for FLAG purification in pull-down assays with Anti-Flag® M2
Magnetic Beads (Sigma-Aldrich), following the manufacturer's protocol. The resulting
elution fractions were loaded onto a NUPAGE™ Bis-Tris Gel and run following the
manufacturer’s protocol (Invitrogen). Protein bands were allowed to migrate only a short
distance of approximately 10 mm. After staining the gel for 60 min with InstantBlue™
(Expedeon), the protein-containing gel regions were excised. Two independent replicates
were produced for each condition (KaiC3, KaiC1, or control pull-down). In-gel protein
digestion with trypsin was performed as described above, and the resulting peptide
solutions were purified using stage tips. Approximately 20% of the sample was applied for
nanoLC-MS/MS analysis as described above on a Q Exactive HF mass spectrometer
(Thermo Fisher Scientific) operated in the data-dependent acquisition mode. Raw data of
KaiC3 or KaiC1 pull-downs were separately processed using the MaxQuant software
(version 1.5.2.8) embedded MaxLFQ algorithm as described by Cox et al.®®. Raw spectra
were searched against the proteome databases of Synechocystis and E. coli (downloaded
from cyanobase and Uniprot, respectively) and the bait protein sequences. Significantly
enriched proteins were identified by Perseus software (version 1.6.5.0) significance B
analysis with a p-value- of 0.01.

Strains and growth conditions
Wild-type Synechocystis (PCC-M, resequenced?®), the deletion strains ArpaA*’, AkaiC3%,
AkaiA3, and AkaiA3B3C3 (Fig. S1), and complementation strain AkaiA3/kaiA3 (Fig. S1)

were cultured photoautotrophically in BG11 medium® supplemented with 10 mM TES
buffer (pH 8) under constant illumination with 75 pmol photons m?s™ of white light (Philip
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TLD Super 80/840) at 30°C. Cells were grown either in Erlenmeyer flasks with constant
shaking (140 rpm) or on plates (0.75% Bacto-Agar; Difco) supplemented with
0.3% thiosulfate. For photomixotrophic experiments, 0.2% glucose was added to the
plates. For chemoheterotrophic growth experiments in complete darkness, Synechocystis
cells were spotted at different dilutions on BG11 agar plates containing 0.2% glucose and
incubated either mixotrophically for three days with continuous illumination or
chemoheterotrophically in the dark for 26 days.

Construction of mutants of the KaiC3 based clock system

To construct the kaiA3 (sll0485) deletion strain, Synechocystis wild-type cells were
transformed with the plasmid pUC19-Asll0485. For plasmid construction, PCR products
were generated using the oligonucleotides P13-P14 and pUC19 as template, P15-P16
and P19-P20 with genomic Synechocystis wild-type DNA as template and P17-25 with
pUC4K as template. Homologous recombination led to replacement of the s//l0485 gene
with a kanamycin resistance cassette (Fig. S1). For genomic complementation of the
Asll0485 strain, cells were transformed with the plasmid pUC19-As/l0485-compl.
Overlapping fragments were generated using the oligonucleotides P15-28 and P24-32
with genomic Synechocystis wild-type DNA as template, P13-P26 and pUC19 as
template, and P22-P23 and the vector pACYC184 as template. In the resulting
complementation strain AkaiA3/kaiA3, the kanamycin resistance cassette was replaced
with s/l0485, and a chloramphenicol resistance cassette was introduced downstream of
the kaiB3 gene (Fig. S1). For the triple-knockout mutant AkaiA3B3C3, AkaiC3 cells were
used as the background strain for transformation with the pUC19-AkaiA3B3 plasmid. PCR
products were generated using the oligonucleotides P13-P26 and pUC19 as template,
P17-P27 and pUC4K as template, P15-P16 and P25-P28 with genomic Synechocystis
wild-type DNA as template. The operon kaiA3kaiB3 was replaced with a kanamycin
resistance cassette (Fig. S1). Complete segregation of the mutant alleles was confirmed
using PCR. For the AkaiA3 strain, oligonucleotides P15-P29 were used. Segregation of
the complementation strain was confirmed by PCR with P15-P29, P30-P31, and P19-P32.
For the triple knockout mutant AkaiA3B3C3, deletion of the kaiA3B3 operon was
confirmed by PCR using the primer pairs P15-P33 and P19-P30. The kaiA3B3
chromosomal region of the mutants is shown in Fig. S1.

Ectopic expression of sll0485 was achieved in wild-type and Asll0485 cells after
transformation with plasmid pUR-NFLAG-s/l0485. The plasmid was constructed via
restriction digestion of the vector pUR-N-Flag-xyz, and the PCR product was amplified
with the oligonucleotide pair P29-P34 using genomic Synechocystis wild-type DNA as a
template. Restriction digestion with EcoRI and BamHI was followed by ligation. Successful
transformation was confirmed by PCR with P35-P36. The oligonucleotides and plasmids
used are listed in Table S1.

Data availability
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The mass spectrometry proteomics data were deposited in the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner
repository °', with the dataset identifier PXD0042846.

Datasets S1 to S3 were deposited on a server and can be accessed under the following
link:

https://supplements.biologie.uni-freiburg.de/the _non-standard kaia3_regulator/
Information for reviewers: account: pilus, password: freecastle
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Fig. $1. Construction of mutants of the KaiC3 based clock system. (A) Schematic depiction of the
kaiA3B3 and kaiC3 genomic context. Gene locus of kaiA3B3 with the up- and downstream located
genes. KaiA3 and kaiB3 are transcribed as an operon together with s//0484, the putative promotor
is upstream of s/l0484. For the inactivation of kaiA3, the gene was replaced by a kanamycin
resistance cassette (KmR). For the construction of the triple knockout mutant AkaiAB3C3, the
genomic region from kaiA3 to kaiB3 was replaced by a kanamycin resistance cassette (KmR) in
the AkaiC3 strain. Complementation of the AkaiA3 strain was achieved by the introduction of kaiA3
within its original genomic context with a chloramphenicol resistance cassette introduced
downstream of the kaiB3 gene. Clones were selected for chloramphenicol resistance and lack of
kanamycin resistance. Black bars and grey, dashed boxes represent the regions for homologous
recombination into the Synechocystis chromosome. (B) Representative result for the verification of
the complete segregation of the AkaiA3 deletion strain and AkaiA3/kaiA3 complementation strain
using colony PCR with the oligonucleotides P15-P29 (Table S1A). A non-template reaction (N),
chromosomal WT DNA and AkaiA3/FLAG-kaiA3 served as control reactions. Expected construct
sizes are 1913 bp for the WT allele and AkaiA3/kaiA3, and 2472 bp for AkaiA3 and
AkaiA3/FLAG-kaiA3. (C) Verification of the kaiA3B3 deletion in the AkaiC3 strain using colony PCR
with the oligonucleotides P15-P30. A non-template reaction (N), chromosomal WT DNA and the
vector pUC19-AkaiA3B3 served as control reactions. Expected construct size for AkaiA3B3 and
pUC19-AkaiA3B3 is 1554 bp. No construct was expected for the WT allele. Complete segregation
was verified with the oligonucleotides P19-P30 (not shown).
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Fig. S3. Maximum likelihood-inferred phylogenetic reconstruction of selected orthologs of SI10485
(KaiA3), SIr1783 (Rre1) and KaiA as well as NarL from E. coli (UniProtKkB - POAF28). The
sequences were aligned with Mafft (L-INS-i default parameters, Jalview), trimmed to position 168
of the C-terminus of the Synechococcus elongatus PCC 7942 KaiA. Aligned sequences were used
to infer an unrooted maximum likelihood protein tree. The scale bar indicates 1 substitution per
position. Bootstrap values (n=1000) are displayed at branches. Bootstrap values less than 50 are
not shown.
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Fig. S4. Secondary structure prediction and modelling of KaiA3. (A) Sequence alignment (Fig. S2)
was followed by a secondary structure prediction with Ali2D (preset, 30 % identity cutoff to invoke
a new PSIPRED run). Predicted a-helices and B-strands are shown in red and blue, respectively®;
https://toolkit.tuebingen.mpg.de. (B) The structure of the N-terminal domain of KaiA3 is closely
similar to the PsR domain of KaiA. Left: The 3-D structure of the KaiA3 N-terminal domain (template
E. coli NarL, PDB 1A04) was modelled with SWISS-Model (https://swissmodel.expasy.org/). It
comprises residues E4-N134 (initial search with residues 1-140) and displays the canonical fold of
a response regulator domain: a five-stranded o/ fold with a central five-stranded parallel B-sheet
flanked on both faces by five amphipathic a-helices. The predicted phosphorylation site D65 is
shown in turquoise. Middle: The PsR domain of Synechococcus elongatus PCC 7942 KaiA
(template PDB 4G86, residues 1-171 shown) lacks the a4-helix (highlighted by an asterisk) as well
as a phosphorylation site. Right: The predicted structure of the KaiA3 N-terminus (shown in yellow)
superimposes well on the PsR domain of KaiA (shown in light sea green). The putative
phosphorylatable aspartate in the KaiA3 B3-sheet is shown in pink. (C) The structure of the C-
terminal domain of KaiA3 displays a KaiA-like motif. Left (yellow): The 3-D structure of the KaiA3
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C-terminal domain (template KaiA Thermosynechococcus elongatus PDB 1V2Z) was modelled
with SWISS-Model (https://swissmodel.expasy.org/). It comprises residues D178 — Y273 (initial
search with residues 141- 299) and displays a KaiA-like four helix bundle (a’6 - a’9). Left (light sea
green): The C-terminal domain of Synechococcus elongatus PCC 7942 KaiA (template PDB 4G86,
residues 182 - 282). Numbering of the helices according to Ye et al.%. Middle: Superimposition of
the KaiA3 C-terminal domain model structure on the KaiA C-terminus. Right: Superimposition of
both KaiA3 domains on the chain B of the KaiA dimer (PDB 4G86). KaiA3 structures are shown in
yellow, KaiA structures in light sea green.
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Fig. S5. Complete scans of the plates for KaiA3 interaction analysis with KaiB3 and the three KaiC
homologs (KaiC1-KaiC3). Yeast two-hybrid reporter strains carrying the respective bait and prey
plasmids, were selected by plating on complete supplement medium (CSM) lacking leucine and
tryptophan (-Leu -Trp). As a positive control, Synechocystis KaiA dimer interaction was used. AD,
GAL4 activation domain; BD, GAL4 DNA-binding domain. (A-C) Physical interaction between bait
and prey fusion proteins is determined by growth on complete medium lacking leucine, tryptophan
and histidine (-Leu -Trp -His) and addition of 12.5 mM 3-amino-1,2,4-triazole 88 (3-AT).
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Fig. S6. KaiB1 does not form a complex with KaiA3 and KaiC3. Proteins were incubated for 16 h
at 30 °C and subsequently subjected to 4-16% clear native PAGE. Gels were either stained with
Coomassie Blue (left) or blotted and immunodecorated with a monoclonal anti-His antibody for the
detection of recombinant KaiA3-His6 (right). Arrows indicate monomers or protein complexes. The
KaiB1 monomer (12 kDa) is not visible in the 4-16% native gradient gel. In contrast to Fig. 2B, a
faint band appears in the KaiA3/KaiC3 sample, which is shifted in comparison to the other KaiC3
bands (left). However, KaiA3 is not immunodetected in the shifted band (right).
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Fig. S7. Immunoprecipitation-coupled LC-MS/MS screening of KaiC3 (A, B) and KaiC1 (C, D)
binding partners. Solubilized cell lysate of WT/FLAG-kaiC3 (A), WT/FLAG-kaiC1 (C) and
WT/FLAG-sfGFP (control) strains were cultured under continuous light conditions in copper-
depleted BG11 medium and used for a-FLAG co-immunoprecipitation in pull-down assays. After
FLAG-purification, the elution fractions were analyzed by LC-MS/MS. Label-free quantification
using the MaxQuant MaxLFQ algorithm was applied to identify co-enriched proteins. Panels A, C
include quantified proteins which were detected in the FLAG-KaiC3 or FLAF-KaiC1 overexpression
strain and the control strain. Log2 LFQ ratios of FLAG-KaiC / control are plotted against the logio
LFQ intensity. Significantly enriched proteins (p-value = 0.01), labeled in dark grey font, are
potential interaction partners of KaiC3 or KaiC1. (B, D) Panels include proteins which were
exclusively identified in the FLAG-KaiC3 (B) or KaiC1 (D) pull-down, but not in the control. Proteins
were sorted by their abundance in the KaiC co-immunoprecipitation eluates and selected proteins
were labeled. A full list of identified proteins is shown in Data S2.
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Fig. S8. Representative phosphopeptide of KaiC3 detected by mass spectrometry. Samples from
KaiC3-KaiA3 in vitro co-incubation assays (see materials and method KaiC3 phosphorylation in in
vitro assays and liquid chromatography mass spectrometry (LC-MS/MS))were digested with trypsin
and analyzed by LC-MS/MS analysis. Comprehensive b- and y-ion series of an abundant, singly
phosphorylated 37 amino acid peptide could be detected, localizing the phosphorylation site on
Ser423 (position 27 in the peptide). In multiple cases, phosphorylation could be localized on the
neighboring Thr424 position instead. Both sites are homologous positions to the KaiC1 auto-
phosphorylation sites Ser432 and Thr433 and appeared with increased abundance after prolonged
KaiC3-KaiA3 co-incubation duration.
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Fig. S9: In vitro and in vivo phosphorylation of KaiC3 in dependence of KaiA3. (A) In vitro
phosphorylation of KaiC3 in the presence of 7.4 yM KaiB3 and varying concentrations of KaiA3.
Representative gel images from 1 assay used for quantification of PP-KaiC3/total KaiC3 displayed
in Fig. 3A. (B) KaiC3 was dephosphorylated by incubation with Lambda phosphatase (KaiC3/A-PP)
for 18h at 30°C and separated via high-resolution LowC SDS-PAGE as in A. As control, Lambda-
phosphatase activity was blocked by addition of PhosSTOP (Roche) and 10 mM vanadate
(KaiC3/A-PP +Inh.). (C) Comparison of in vivo and in vitro phosphorylation of KaiC3. Whole cell
extracts of Synechocystis wild-type (WT), kaiA3 mutant (AkaiA3), and the overexpression (kaiA3-
OE) strain, grown in a 12-h light/dark cycle, were subjected to Phos-tag SDS-PAGE followed by
western blot analysis with a KaiC3-specific antibody. According to the data shown in Fig. 3C, KaiC3
is in a highly phosphorylated state at 6 h and mostly dephosphorylated at 24 h. For comparison,
purified and in vitro phosphorylated KaiC3 were applied to the same gel. (D) KaiC3 was
dephosphorylated (KaiC3/PP) using Lambda phosphatase (NEB), applied to a Phos-tag SDS-
PAGE and Western blot analysis alongside with in vitro phosphorylated KaiC3, confirming that the
fast migrating band of KaiC3 represents the dephosphorylated form of KaiC3. KaiC3 was
phosphorylated in vitro in a mixture with KaiA3 (4.2 uM) for 6 h at 30°C (KaiA3-KaiC3/6h).
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Fig. S10. Overaccumulation of kaiA3 results in growth defects during mixotrophic and
chemoheterotrophic growth. Proliferation of the WT, the kaiA3 deletion mutant, and the strains
AkaiA3/kaiA3-FLAG and WT/kaiA3-FLAG, expressing kaiA3 ectopically from a self-replicating
plasmid, was tested under phototrophic (continuous light, - glucose), photomixotrophic (continuous
light, + glucose) and heterotrophic (darkness, + glucose) conditions. Strains were grown in liquid
culture under constant light, different dilutions were spotted on agar plates and incubated in the
indicated conditions with 75 umol photons m? s white light (A) or in darkness (B). A representative
result of three independent experiments is shown. (A) Cultures were diluted to OD7sonm value 0.4
and dilution series were spotted on agar plates with or without the addition of 0.2% glucose. Plates
were analyzed after 6 days of continuous light. (B) Cultures were diluted to OD7sonm values of 1.2,
0.8 and 0.4 and spotted on agar plates supplemented with 0.2% glucose. Plates were analyzed
after 26 days of darkness. For expression of the kaiA3-FLAG gene from the Ppets promoter in the
overexpressor strains, all experiments were performed in medium lacking copper.
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A. Oligonucleotides used in this study. Restriction sites are underlined. Overlaps used for
Aqua cloning are marked in bold.

66

Primer Oligonucleotide Name Sequence (5° — 3Y) Purpose®
Construction of yeast two-hybrid expression vectors

P1 BD-SI10485-fw TTGGATCCTACCCAGGAGCCCTACCAAATTC Y2H

P2 BD-SII0485-rev GCACTAGTAGAACTATCTTTGGGGGGAAATCG Y2H

P3 SI10485-AD-fw TAGGATCCATGACCCAGGAGCCCTACCA Y2H

P4 SI10485-AD-rev GCCGCTCTAGAAGAACTATCTTTGGGGGGAAATC Y2H

P5 KaiC2-AD-fw TAGGATCCATGACAGATAACAGCCAAAG Y2H

P6 KaiC2-AD-rev GACCTAGGGGGGTTTTGATAAATGTG Y2H

P7 AD-KaiC2-fw TAGGATCCATACAGATAACAGCCAAAGTCTC Y2H

P8 AD-KaiC2-rev GACTCGAGGGGGTTTTGATAAATGTG Y2H

P9 BD-KaiC2-fw TAGGATCCAACAGATAACAGCCAAAGTCTC Y2H

P10 BD-KaiC2-rev TACCTAGGGGGGTTTTGATAAATGTG Y2H
Construction of E. coli expression vectors

P11 1297_sll0485_Nde_fw AATACATATGACCCAGGAGCCCTA E

P12 1298 sll0485 Xho rev. TATTCTCGAGAGAACTATCTTTGGGG E
Construction of vectors used for deletion and complementation mutants

P13 pUC19-s1l0485-fw GCATTGCCATGGGCAAGAATTCACTGGCCGTC MU

P14 pUC19-s/l0485-rev CCCATTCCTCTGGCGGCAAGCTTGGCGTAATC MU

P15 US-sll0485-fw GACGGCCAGTGAATTCTTGCCCATGGCAATGC MU, CP

P16 US-sll0485-rev GACACAACGTGGCTTTCCGTAATCACGGCTAAGTTC MU

P17 s110485-KmR-fw CTTAGCCGTGATTACGGAAAGCCACGTTGTGTC MU

P18 sl10485-KmR-rev AACCTAGGCGATCGGCGAGGTCTGCCTCGTGAAG MU

P19 DS-sll0485-fw TCACGAGGCAGACCTCGCCGATCGCCTAGGTT MU, CP

P20 DS-sll0485-rev GATTACGCCAAGCTTGCCGCCAGAGGAATGGG MU, CP

P21 US-sll0485-compl-rev GTATCAACAGGGACACTTAATCCTCCGGCAAACG MU

P22 CmR-sll0485-compl-fw TTTGCCGGAGGATTAAGTGTCCCTGTTGATAC MU

P23 CmR-sll0485-compl-rev. . GCCTAGGGGATAGCGGCCAGCAATAGACATAAGC MU

P24 DS-sll0485-compl-fw TTATGTCTATTGCTGGCCGCTATCCCCTAGG MU

P25 DS-sll0485-compl-rev GATTACGCCAAGCTTGCCTATGAGTTGCCGAGG MU

P26 pUC19-s/l0485-compl-rev.  CCTCGGCAACTCATAGGCAAGCTTGGCGTAATC MU

P27 kaiA3B3-KmR-rev GCCTAGGGGATAGCGGGAGGTCTGCCTCGTGAAG MU

P28 DS-kaiA3B3-fw TCACGAGGCAGACCTCCCGCTATCCCCTAGG MU

P29 NFLAG-s/l0485-rev GGATCCTTAAGAACTATCTTTGGGG MU, CP

P30 kaiB3-AD-rev GCICTAGAATCCTCCGGCAAACG CP

P31 Km-seg-rev GTATTTCGTCTCGCTCAGGC CP

P32 Cm-seq-leftout GCTCCTGAAAATCTCGATAACTC CP

P33 Km-seg-fw GCCTGAGCGAGACGAAATAC CP

P34 NFLAG-s/l0485-fw GAATTCACCCAGGAGCCCTAC MU

P35 pSK9-ORF-fw CTCCCATAATACCTTCGCGTC CP

P36 pUR-rev CTTCCAGATGTATGCTCTTCTGCTC CP

# CP, colony PCR; E, expression; MU, mutagenesis; Y2H, expression in yeast cells.
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B. Plasmids used in this study.

Plasmid Name Description Reference

pCGADT7ah Expression of fusion proteins with a C-terminal GAL4(76s-881) = Rausenberger
AD-tag in yeast cells, LEU2, HA epitope tag etal.®

pGADT7ah Expression of fusion proteins with an N-terminal GAL47es- Hiltbrunner et
gs1) AD-tag in yeast cells, LEU2, HA epitope tag al.,’

pD153 Expression of fusion proteins with a C-terminal GAL4(1-147) Shimizu-Sato
DNA-BD-tag in yeast cells, TRP1, c-Myc epitope tag etal.’

pGBKT7 Expression of fusion proteins with an N-terminal GAL4(1-147y  Clontech,
DNA-BD-tag in yeast cells, TRP1, c-Myc epitope tag Germany

pGBK-BD-s/l0485 Expression of S110485 with an N-terminal GAL4(1-147) This study
DNA-BD-tag in yeast cells, TRP1, c-Myc epitope tag

pGAD-AD-sll0485 Expression of Sll0485 with an N-terminal GAL4(768-881) This study
AD-tag in yeast cells, LEU2, HA epitope tag

pCGAD-kaiC3-AD Expression of KaiC3 with a C-terminal GAL4(768-881) AD-  Wiegard et
tag in yeast cells, LEU2, HA epitope tag al.®

pGAD-AD-kaiC3 Expression of KaiC3 with an N-terminal GAL47es-ss1) AD-tag ~ Wiegard et
in yeast cells, LEU2, HA epitope tag al.,®

pD153-kaiC3-BD
pGBKT7-BD-kaiC3
pCGAD-kaiB3-AD
pGAD-AD-kaiB3
pCGAD-kaiA-AD
pD153-kaiA-BD
pCGAD-kaiC1-AD
pGAD-AD-kaiC1
pD153-kaiC1-BD
pGBKT7-BD-kaiC1
pCGAD-kaiC2-AD
pGAD-AD-kaiC2
pD153-kaiC2-BD
pGBKT7-BD-kaiC2
PET22-5/10485-his6
pASK-kaiC3
pGEX-kaiB3
PGEX-kaiB1

pGEX-kaiA7942

Expression of KaiC3 with a C-terminal GAL4(1-147) DNA-
BD-tag in yeast cells, TRP1, c-Myc epitope tag

Expression of KaiC3 with an N-terminal GAL4(1-147) DNA-
BD-tag in yeast cells, TRP1, c-Myc epitope tag

Expression of KaiB3 with a C-terminal GAL4(768-881) AD-
tag in yeast cells, LEU2, HA epitope tag

Expression of KaiB3 with an N-terminal GAL4(768-881) AD-
tag in yeast cells, LEU2, HA epitope tag

Expression of KaiA with a C-terminal GAL4(768-881) AD-
tag in yeast cells, LEU2, HA epitope tag

Expression of KaiA with a C-terminal GAL4(1-147) DNA-
BD-tag in yeast cells, TRP1, c-Myc epitope tag

Expression of KaiC1 with a C-terminal GAL4(768-881) AD-
tag in yeast cells, LEU2, HA epitope tag

Expression of KaiC1 with an N-terminal GAL4(768-881) AD-
tag in yeast cells, LEU2, HA epitope tag

Expression of KaiC1 with a C-terminal GAL4(1-147y DNA-BD-
tag in yeast cells, TRP1, c-Myc epitope tag

Expression of KaiC1 with an N-terminal GAL4(1-147) DNA-
BD-tag in yeast cells, TRP1, c-Myc epitope tag

Expression of KaiC2 with a C-terminal GAL4(768-881) AD-
tag in yeast cells, LEU2, HA epitope tag

Expression of KaiC2 with an N-terminal GAL4(768-881) AD-
tag in yeast cells, LEU2, HA epitope tag

Expression of KaiC2 with a C-terminal GAL4(1-147) DNA-BD-
tag in yeast cells, TRP1, c-Myc epitope tag

Expression of KaiC2 with an N-terminal GAL4(1-147) DNA-
BD-tag in yeast cells, TRP1, c-Myc epitope tag

Expression of Sl10485 with a C-terminal His6 tag in E. coli
cells

Expression of KaiC3 with an N-terminal Strep-tag (1-11) in
E. coli cells

Expression of KaiB3 with an N-terminal GST-tag (1-231) in
E. coli cells

Expression of KaiB1 with an N-terminal GST-tag (1-231) in
E. coli cells

Expression of KaiA from Synechococcus elongatus PCC
7942 with an N-terminal GST-tag (1-231) in E. coli cells

Kobler et al., "0

Wiegard et
al.®

Wiegard et
al.®

Wiegard et
al.®

Kobler et al.,"®

Kobler et al.,'°
Kobler et al.,'°
Kobler et al.,'°
Kobler et al.,"°
Wiegard et
al.®

This study
This study
Kobler et al.,'°
This study
This study
Wiegard et
al.®

Wiegard et
al.’®

Wiegard et
al.®

Nishiwaki et
al.,!"
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puUC19 Cloning vector backbone with multiple cloning site, AmpR Norrander et
al.,?

pUC4k Cloning vector backbone with multiple cloning site, KmR, Taylor and
AmpR Rose,"®

pUC19-Asll0485 Construction of the AkaiA3 strain via homologous This study
recombination

pUC19-Asll0485- Construction of the AkaiA3/kaiA3 complementation strain via  This study

compl homologous recombination

pUC19-AkaiA3B3 Construction of the AkaiA3B3C3 strain via homologous This study
recombination

pUR-N-Flag-xyz pVZ321-based conjugative expression vector, expression of  Savakis et

N-terminal FLAG-tagged genes from the copper repressible  al.,™
PpetJ promotor
pUR-NFLAG-sll0485 Expression of N-terminal FLAG-tagged kaiA3. This study

68


https://doi.org/10.1101/2021.07.20.453058

bioRxiv preprint doi: https://doi.org/10.1101/2021.07.20.453058; this version posted August 4, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Dataset S1 (separate Excel file). Putative orthologs of KaiA3 in cyanobacteria and prokaryotes.
Header names are described in the following and the exact name is mentioned in parenthesis.
Information is provided about the organism (name), the corresponding genus (genus), the
taxonomy (taxonomy), and the taxonomic identifier (taxid). Furthermore, the annotated protein
name on NCBI (protein), the protein identifier on NCBI (protein_id), the genome identifier where
the protein originated from (genome_id), the date when it was last modified on NCBI (date), BLAST
statistics (e_value, bitscore, identity), the length of the protein (length) as well as the sequence
(seq) were recorded. In addition, the protein id of backward best hit from Synechocystis
(synechocystis_prot_id) as well as the genome identifier for the genome assembly
(synechocystis_id) was stored.

Dataset S2 (separate Excel file). Dataset from immunoprecipitation-coupled LC-MS/MS analyses
of KaiC3 and KaiC1 interactome analyses. ldentified and quantified proteins from label-free
analysis of a-FLAG-KaiC3 or -KaiC1 and control co-immunoprecipitation are listed.

Dataset S3 (separate Excel file). Dataset of KaiA3B3C3 in vitro co-incubation assays on KaiC3
phosphorylation. Localized KaiC3 phosphorylation sites and phosphorylation occupancies of
Ser423/Thr424 are listed.
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Abstract

Circadian clocks regulate biological activities, providing organisms a fithess advantage under
diurnal changing conditions by allowing them to anticipate and adapt to recurring external changes.
In recent years attention was drawn to the entrainment by intracellular cycles. Photosynthetic
Cyanobacteria coordinate their gene expression, metabolism, and other activities in a circadian
fashion. Solely, three proteins, KaiA, KaiB, and KaiC, constitute the well-studied circadian clock of
the cyanobacterial model, Synechococcus elongatus PCC 7942. It remained inconclusive for a long
time whether Synechocystis sp. PCC 6803, an important organism for biotechnological
applications, can also maintain circadian rhythms under continuous illumination. Using an
approach, which does not require genetic modification, we investigated the growth behavior of
Synechocystis via non-invasive online backscattering measurement and verified all three criteria
for true circadian oscillators: temperature compensation, entrainment by external stimuli, and a self-
sustained freerunning period of about 24 hours. Since manipulation of the circadian clock
(Synechocystis AkaiA1B1C1) led to a significant reduction in glycogen content, disruption of
glycogen synthesis (Synechocystis AglgC) entirely inhibited glycogen formation and both mutants
lost oscillations, we hypothesize that the oscillations reflect glycogen metabolism.

Significance Statement

Monitoring circadian rhythms in cyanobacteria usually requires genetically modified reporter strains
or intensive sampling for downstream analysis. Even for the main cyanobacterial model
Synechocystis sp. PCC 6803 it was debated for years to which extent undamped circadian
oscillations are really present until a suitable reporter strain was developed. We applied online
backscatter measurements as an alternative readout to monitor circadian oscillations in
cyanobacteria. In Synechocystis the temperature-compensated kaiA1B1C1-driven 24 h metabolic
oscillations did not require light-dark entrainment, highlighting the relevance of the clock for the
carbon metabolism even under continuous light, an aspect which should be considered for
industrial set-ups. Our method opens the possibility to extend circadian analysis to non-GMO and
monitor metabolic rhythmicity during high-density cultivation.

Main Text

Introduction

From a theoretical perspective, an oscillation is a repetitive or periodic change of a measure around
a central value or between two or more different states. In a biological context, a common form of
oscillation is the circadian rhythm, which represents a self-sustained oscillation with a period of
approximately 24 hours. Natural biological activities follow circadian patterns that allow organisms
to adapt to daily environmental changes due to the Earth's rotation. This adaptation can be seen in
arange of organisms, from humans to cyanobacteria (1). Three criteria define a circadian oscillator:
the first attribute is the presence of a self-sustaining oscillation with a period of 24 hours. The
second characteristic is the ability to synchronize (entrain) the internal oscillator with external
rhythmic stimuli (Zeitgeber). The third criterion is that the period length of the endogenous
oscillation is not significantly affected by ambient temperature and remains constant over a
physiologically relevant temperature range (2—4).

Cyanobacteria, a monophyletic group of photoautotrophic prokaryotes, have been used for
decades to study fundamental processes such as photosynthesis and gene regulation, and are
attractive hosts for biotechnological production (5, 6). They are well-suited model-organisms for
studying circadian rhythms and the clock’s connection to metabolism (7-9). In cyanobacteria,
diurnal changes in metabolism and transcription occur and are associated with the output of the
cyanobacterial circadian clock (10, 11). A timing system that enables them to predict changes in
light before sunrise or sunset and to adjust the expression of certain genes, such as for

74


https://doi.org/10.1101/2023.09.26.559469
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.26.559469; this version posted September 28, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

photosynthesis, is beneficial (12, 13). This protein system, composed of the Kai proteins — KaiA,
KaiB, and KaiC - forms the central oscillator for endogenous timing in cyanobacteria (4, 14, 15).
In Synechococcus elongatus PCC 7942 (Synechococcus), circadian regulation has been shown
for many physiological phenomena, including gene expression and chromosome compaction (16,
17). KaiC phosphorylation oscillates around the diurnal course and, as an oscillator, rhythmically
regulates gene expression via an output apparatus that controls cyanobacterial physiology (18,
19). While in Synechococcus, the circadian clock has been shown to be the dominant factor in
controlling gene expression, the clock of Synechocystis sp. PCC 6803 (Synechocystis) appears to
control transcription to a much lesser extent (20, 21). In contrast to Synechococcus, multiple kai
gene copies exist in Synechocystis: two kaiA (kaiA1, kaiA3), three kaiB (kaiB1 - B3), and three kaiC
homologs (kaiC1-C3) (22-24). It is most likely that KaiA1B1C1 represents the bona fide oscillator
(21, 23, 25-28). Transcriptomic analyses of a AkaiA1B1C1 deletion mutant showed altered
expression of genes related to metabolic processes, such as photosynthesis, respiration, and
carbon metabolism, as well as altered translational and transcriptional regulation (26). A very recent
promoter study showed that circadian oscillations are diminished after kaiA1B1C1 deletion (28).
This suggests that KaiA1B1C1 provides the coordination of cellular timing, probably in a cross-talk
with KaiB3 and KaiC3 (28, 29). In the model organism Synechococcus, KaiC interacts either directly
or indirectly with circadian output components like the regulator of phycobilisome associated A
(RpaA), histidine kinase Synechococcus adaptive sensor A (SasA), and CikA (18, 19). Until now,
the output signaling pathway of the putative central KaiA1B1C1 oscillator in Synechocystis has not
been completely clarified. Orthologs for both SasA and RpaA are present, and deletion of either
encoding gene leads to growth deficits in the light-dark (LD) cycle, especially under mixotrophic
conditions (21). In vivo interactions with the SasA ortholog (Hik8, sll0750) have only been shown
for KaiC1 and not for KaiC3 (8).

Glycogen is the main storage compound in Synechocystis and Synechococcus and is anabolized
during the day and catabolized at night, and is known to be regulated by the clock proteins in
Synechococcus (30-34). Diurnal metabolism begins with the transfer of carbon flux from the
oxidative pentose phosphate pathway (OPPP) to the Calvin-Benson-Bassham cycle (CBBC) and
is governed by products of photosynthetic light reactions (35-37). During the day, the CBBC
captures CO2 and diverts the excess carbon into glycogen stores (38). ADP-glucose
pyrophosphorylase (glucose-1-phosphate adenyltransferase, GIgC) — a regulatory enzyme in the
anabolism of glycogen (31, 39) — is critical for the biosynthesis of glycogen.

Although Synechocystis expresses kai gene orthologs and clearly displays diurnal patterns of
photosynthesis, respiration as well as diurnal glycogen synthesis and degradation (10, 30, 35, 38,
40), circadian regulation is not well understood yet and the literature is partially conflicting.
Furthermore, genome-scale transcription rhythms were not maintained or rapidly attenuated under
continuous light conditions (41). Interestingly, the transcription-translation regulatory loop that
depends on the KaiC-dependent expression of kaiBC does not appear to be present in
Synechocystis (22).

The coupling of luciferase to a clock-controlled endogenous promoter revealed a functional
circadian clock for both Synechococcus and Synechocystis. The rhythms of the resulting
bioluminescence indicate more rapid damping of oscillations in Synechocystis than in
Synechococcus and displayed only low amplitude in Synechocystis (28, 42—46). However, very
recently true circadian and high amplitude rhythms of promoter activity were elegantly confirmed
using a super strong heterogenous promoter (28). Kucho et al. 2005 (20) demonstrated circadian
oscillations of less than 9% of genes in continuous light (LL) after stimulation by a single pulse of
12 h of darkness, while in another study, gene expression levels in LL or darkness even suggest
diurnal rhythmicity rather than circadian oscillation (41). On the contrary, sustained circadian
rhythms under LL and LD were described in 2015 for Synechocystis in a photobioreactor (47).
Shortly after, diurnal oscillating behavior of approx. 40% of the genes in Synechocystis were
revealed, which were involved in several cellular processes (10). Altogether, the previous studies
imply that a circadian control is present in Synechocystis, but the activity of endogenous promoters
might not cycle with such a high amplitude as in Synechococcus, while the metabolism and growth
might still be under circadian control. The majority of studies reporting self-sustained rhythms have
in common that they used non-invasive systems, where the cultures were not disturbed by taking
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samples for down-stream analysis. We, therefore, set out to establish a non-invasive method that
can detect circadian oscillations without the need of detecting gene expression rhythms.

We used online backscatter measurements to demonstrate that Synechocystis WT and
Synechococcus WT display self-sustained oscillations with a ~24 h period in the backscatter signal
under constant light conditions. Our method allows non-invasive live monitoring of non-GMO batch
cultures under well-defined conditions, such as light, atmosphere, humidity, and temperature. The
rhythms did not even require entrainment by environmental cycles, but cells were synchronized by
a single nutrition upshift. The backscatter signal oscillations were temperature-compensated and
therefore circadian in nature. Our results show that the oscillations were directly governed by the
circadian clock since the oscillation pattern was lost in the kaiA1B1C1 deletion mutant. We
conclude that glycogen metabolism is impaired in this mutant as it almost does not accumulate
glycogen (~1% CDW). Both observations suggest a direct correlation between the oscillatory
backscatter signal and glycogen metabolism. Thus, our research provides valuable insights into
the metabolic pathways and circadian rhythm of Synechocystis, a cyanobacterial strain, widely
utilized in biotechnology and chronobiology research.

Results
Synechocystis displays 24 h backscatter oscillations in a non-invasive system

To investigate whether growth occurs in a circadian rhythm in the cyanobacterium Synechocystis
we studied growth behavior based on non-invasive online backscatter measurements. After an
initial dilution in fresh medium, Synechocystis WT batch cultures displayed steady growth with an
average doubling time of ~7 days (based on backscatter signal). However, albeit being grown under
constant conditions, we observed daily changes in the (overall increasing) raw backscatter signals
(Fig. 1A). The same behavior was observed for Synechococcus WT (Fig. 1D), which was grown as
a control. Backscatter signals had varying noise levels due to the shaking of the cultures. We,
therefore, performed a time-series data analysis (Il Materials and Methods “Data analysis and
visualization”) of the backscatter signal, which revealed stable oscillations (Fig. 1A, 1D). A
subsequent wavelet transformation showed that recurrent oscillations of the signal occurred
throughout the experimental duration — the oscillations clustered at a period of 10 h to 45 h for both
WT strains (Fig. 1B, Fig. 1E). To assess the significance of the oscillations in the wavelet spectrum,
we compared the results to the gaussian distributed red noise spectrum. The periods of the
oscillations that were above the 5% confidence interval had significantly different durations of
24.85 hours * 0.32 for Synechocystis WT (Fig. 1C) and 25.65 hours + 0.47 for Synechococcus WT
(Fig. 1F). To rule out the possibility that the backscatter signals were artifacts due to backscatter
measurement bias, we performed the experiments investigating Synechocystis WT (n=11) and
Synechococcus WT (n=5) under standard conditions (80 umolphotons M2 s-1, 30°C, 150 rpm, 0,5%
CO2) multiple times.

Sampling for time series is challenging since the continuous sampling of the same batch culture
leads to a disturbance of the backscatter signal and might therefore interrupt the ~24 h rhythm. We
tested the effect of taking samples and indeed observed disruption of the backscatter signal
(Fig. 1G, n=2). Taking only four samples over the course of eight days disturbed the rhythms so
tremendously that no period could be determined anymore (Fig. 1H, I). Thus, our further setup is
non-invasive, and we do not interrupt the signal by sampling or other interventions.
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Figure 1: Online backscatter signal analysis of Synechocystis sp. PCC 6803, Synechococcus
elongatus PCC 7942, and invasive sampling. A: Representative raw Backscatter signal of Synechocystis
WT (dark green, left y-axis) batch cultures under constant standard conditions, plotted from the start of the
experiment, defined by the initial dilution of the culture. The time, when the backscatter signal reached the
threshold of 330 backscatter units, was defined as time O for further data processing. “Signal” (light green,
right y-axis) displays the denoised signal. “Smooth curve” (dashed red line, right y-axis) displays the
predominant oscillation. B: Heatmap displaying the periods over time calculated by wavelet trans-formation of
the extracted signal. Color scales indicate low to high coefficients C: Null-Hypothesis test for the periods
obtained by wavelet transformation (green dots). Respective periods (x-scale) are plotted against the power
spectrum from the wavelet transformation (y-scale). Gaussian noise-based curve displayed as “95%
confidence interval” (dashed red line). D: Representative backscatter signal of Synechococcus WT (blue)
batch cultures treated and displayed as in A. E+F: Downstream process of signal analysis as in B, C for
Synechococcus WT (D). G: Representative backscatter signal after invasive sampling of Synechocystis WT
batch culture (green) under constant conditions. Red circles indicate sampling time points. For sampling, the
culture was taken out of the light incubator and returned after taking out 100 pl culture under sterile conditions.
H+Il: Downstream process of signal analysis as in B, C for the invasive sampling run (G).

Oscillations of the backscatter signal are temperature compensated

Observing a self-sustained ~24 h period for Synechocystis WT motivated us to investigate whether
the oscillations might be of circadian nature. To test for temperature compensation, we repeated
the experiment at 25°C, referring to Aoki, Kondo, and Ishiura (44). Periods did not differ significantly
between the temperatures and displayed a Q1o value of 1.01 (Fig. 2B), being close to previous
reports for Synechocystis (Q1o = 1.08 - 1.1 (28, 42, 47) and characteristic for circadian clocks (48).
The observed temperature compensation was confirmed by a single experiment at 35°C (Fig2B).
Notably, Synechococcus WT backscatter signal amplitude oscillated less at 25°C compared to
30°C and 35°C (Fig. 2D). In addition, the backscatter amplitude of Synechocystis WT (~5/-5 a.u.,
Fig. 2A) was only one-third as high as the amplitude of Synechococcus WT (~15/-15 a.u., Fig. 2C).

77


https://doi.org/10.1101/2023.09.26.559469
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.26.559469; this version posted September 28, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

n.s.

I n.s. n.s. 1
30 [ 11 1
A s Synechocystis B @25°C:24.73h£0.76
©@30°C:24.84h+0.32
10 28 ©35°C : 24.08 h £ 0.69
.;: Q10=1.01
© 51 —
= /\ £, 261
[9]
g 3 1L =
S \/ q:) ”””” ?
2 gaof L 0 — E=
G -51
©
o
-10 25°C 224
— 30°C
—15 35°C
. ! ! ! . 20 : . .
0 24 48 72 96 120 25°C 30°C 35°C
Time [h] Temperature
n.s.
[ n.s. n.s. 1
C D 30 [ 11 1
1 Synechococcus ©25°C:25.86 h +1.83
@30°C : 25.65 h + 0.47
_ 28 A 2 35°_c 125.41h+0.33
:i Q10 =0.98
S, —_
= 26
o] = — e
b= 9 —
5] K]
[ =
[Z] (0]
24 A
;: - 1
[
o
22 A
20

0 24 48 72 96 120 25°C 30°C 35°C
Time [h] Temperature

Figure 2: Temperature compensation of the backscatter oscillations. A: Overlay of representative
backscatter signals for Synechocystis WT (green) batch cultures for different temperatures (as indicated in
legend). Other conditions remain constant (80 pmolphotons M2 57", 150 rpm, 0,5% COz). B: Boxplots displaying
the periods determined at the respective temperatures. Peaks were determined using the
“SciPy.signal.find_peaks” function. The means (dashed green lines) and the medians (solid orange lines) of
the periods are indicated. Temperature compensation was confirmed by 1.) independent t-tests for the three
temperatures (p-values = 0.05). Additionally, Q1o values of 1 are within the accepted range (88). The overall
average for all temperatures of Synechocystis WT was 24.61 h + 0.66, and Synechococcus WT was
25.64 h £ 0.95. C, D: Corresponding graphs for Synechococcus WT (blue). D: t-test p-values = 0.05,
Q10 values=1.01 (derived from 25°C and 30°C, were validated with a singular 35°C measurement).

Backscatter oscillations can be entrained

The above described oscillations were observed in continuous light without entrainment by light-
dark cycles. We speculated that the initial dilution of the cultures served as a nutritional upshift and
could synchronize the culture. To test this hypothesis, we set up batch cultures as we did before,
but we initiated them 12 hours apart. One culture was diluted with fresh BG-11 medium to an
OD7s0nm of 0.8 (light green in Fig. 3A), and a second batch culture was diluted 12 h later from a
second pre-culture (dark green in Fig. 3A). After processing and overlaying the backscatter data of
the two cultures we observed a shift of roughly 12 hours (11.80 +/- 2.47, n=3) between the peaks
of their backscatter oscillation, indicating a successful synchronization (Fig. 3B).

An important criterion for a circadian oscillation is that the intrinsic rhythm can be synchronized to
an environmental rhythm. Therefore, we exposed two cultures to 12:12 light-dark pulses after the
initial nutrient-upshift. We shifted the light-dark cycles for two cultures by 12 hours to test whether
we can introduce a phase delay (Fig. 3C). If the dark pulses were given in phase with the nutrition
upshift (light green in Fig. 3D) stable oscillations were measured. If the dark pulses were given 12
hours later (dark green in Fig. 3D), the amplitude of the oscillatory signal decreased and was less
smooth in Fig. 3D, “12 h”, but shifted by ~12 hours (11.23 +/- 7.7, n=3). Since both cultures (Fig.
3D, "0 h” and “12 h”) were LD entrained, the disrupted signal may be due to weaker effects on the
oscillator compared to nutrition upshift.
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Figure 3: Entrainment of the Synechocystis WT oscillations. A: Schematic illustration of entrainment by
12 h nutrient shift. B: Representative overlay of backscatter signals for Synechocystis WT batch cultures
separated and entrained by a 12 h nutrient upshift over 48 h. The first culture diluted to an OD7sonm of 0.8 at
the time point “0 h” (light green), and the second culture diluted to an OD7s0nm of 0.8 12 h apart (“12 h”, dark
green). C: Schematic illustration of 12 h LD entrainment over 48 h. D: Representative overlay of backscatter
signals for Synechocystis WT batch cultures separated and entrained by a 12 h LD cycle over 48 h (as
indicated in the legend). The first culture (“0 h”, light green) was exposed to LD cycles (12:12 LD, OD7s0nm of
0.8) over 48 h and the second culture (“12 h”, dark green) corresponding to “0 h” but 12 h apart.

Backscatter oscillations are connected to the glycogen metabolism and are diminished in a
Synechocystis clock mutant

Given that the observed oscillations fulfilled the criteria of circadian oscillations (period duration of
about 24 hours, which can be entrained by external stimuli and remains stable over different
temperatures), we sought to test whether oscillations are affected by manipulation of the clock. For
this purpose, we created a knock-out mutant (AkaiA7B1C1) and applied the experimental setting
to these mutants as described above. As shown in Figure 4A (n=4), the deletion of the putative
KaiA1B1C1 core clock disrupted the oscillating pattern.
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Figure 4: Online backscatter signal analysis of Synechocystis AkaiA1B1C1 and AglgC. A: Backscatter
signal of Synechocystis AkaiA1B1C1 (orange). “Signal” (light orange) displays the denoised signal. “Smooth
curve” (dashed red line) displays the predominant oscillation. B: Backscatter signal of Synechocystis AglgC
(indigo) batch cultures under constant conditions. “Signal” (light indigo) displays the denoised signal. “Smooth
curve” (dashed red line) displays the predominant oscillation.

For Synechococcus WT, one of the most prominent outputs of the circadian clock is the regulation
of glycogen metabolism (34, 49). Glycogen is synthesized during the day and catabolized during
the night when light energy is limited (38, 40). Diel glycogen oscillations were also observed for
Synechocystis (30, 35). We, therefore, aimed to investigate whether the observed backscatter
oscillations can be attributed to changing glycogen contents. The Synechocystis WT accumulated
16% glycogen per CDW, which fits the observations (J = 18,5% per CDW) from Velmurugan and
Incharoensakdi in 2018 (50). We created a knockout mutant (Synechocystis AglgC) that is unable
to synthesize glycogen by deletion of the glgC gene ((51) and Fig. 5B). In fact, no oscillation pattern
was seen in AglgC (Fig. 4B, n=3), confirming that the backscatter signal oscillations are connected
to changes in glycogen. A comparison of the two Synechocystis deletion mutants and the WT is
shown in Fig. 5A. By measuring the glycogen content (Fig. 5B) 86 h to 96 h after nutrition upshift
for the three strains (Fig. 5A), we could determine that Synechocystis AglgC cannot synthesize
glycogen and that Synechocystis AkaiA1B1C1 displayed strongly decreased glycogen content per
cell dry weight (~1% CDW-') implying that the loss in backscatter oscillations might originate from
dysregulated glycogen metabolism.
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Figure 5: Comparison of physiological analysis of Synechocystis. A: Representative backscatter signals
of Synechocystis WT (green), Synechocystis AkaiA1B1C1 (orange), and Synechocystis AglgC (indigo).
B: Boxplots displaying the glycogen content per CDW. The means (dashed green lines) and the medians
(solid orange lines) of the @ content for each strain are indicated. Only values above 0 are shown. 86 h after
inoculation Samples were taken over a period of 12 h, every 2 h from WT cultures or every 4 h for the mutant
strains, respectively. C: Cell size and cell count distribution of Synechocystis strains. D: Corresponding violin
plots of C with the associated density curves of the respective cell sizes. The independent t-tests for mean
counts of the three Synechocystis strains have the p-values < 0.001. The means (green dashed lines) and the
medians (solid orange lines) of the cell size for each strain are indicated. B-D: Data of cell analysis study.
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We determined the cell count and the distribution of cell sizes using an electric field cell counting
system (Fig. 5C). The overall cell counts correlated with the growth curves derived from the
backscatter signal (Fig. 5C). In correlation with the glycogen content, the three strains,
Synechocystis WT, Synechocystis AglgC, and Synechocystis AkaiA1B1C1, showed differences in
cell size. Synechocystis WT cells displayed a wide size range and were on average larger (mean
cell size ~2.24 ym) than the mutant cells, with decreasing size from Synechocystis AkaiA1B1C1
(mean cell size ~2.10 uym) to Synechocystis AglgC cells (mean cell size ~2.07 ym). Synechocystis
AglgC and Synechocystis AkaiA1B1C1 cells showed a narrow peak and, hence a smaller variety
of cell sizes compared to the Synechocystis WT (Fig. 5C, D). Altogether, our measurements show
a correlation between easy-to-monitor backscatter oscillations and the cellular glycogen content,
which affects cell size and is regulated by the circadian clock.

Discussion
Detection of circadian backscatter oscillations in a non-invasive system

Over decades Synechococcus served as a perfect model for chronobiology (28, 52). The
attractiveness of cyanobacteria as hosts for bioproduction (53, 54), and the emerging evidence of
oscillations in other prokaryotes (55) call for extending the understanding of circadian clocks to
further organisms. So far, most studies on cyanobacterial circadian rhythms relied on live
monitoring of reporter strains or measuring gene expression rhythms after sampling via labor- and
cost-intensive transcriptomic analysis. The case of Synechocystis illustrates that establishing a
reporter construct requires a lot of optimization. It took 30 years after the first reports of promoter
activity rhythms until a very strong sensor was published recently (28, 42, 46). However, gene
transcript oscillations also do not necessarily overlap with protein rhythms and metabolic
oscillations (56). The here established live-monitoring of the cyanobacterial growth behavior
provides a fast alternative for screening cyanobacteria for circadian rhythms.

Backscatter measurement is the method of choice for high-cell density cultivation since it is
accurate at OD = 1 to 70, while optical density measured as absorbance is only efficient in the OD
range of 0.3 to 0.8 (57, 58). Here, backscatter measurements facilitated monitoring oscillations in
Synechococcus WT and Synechocystis WT over several days without disturbing the culture. Since
the periods of oscillations in the two strains at 30°C differed by ~1 h in the exact same setup (Fig.
1B, D), we can exclude that the periodic fluctuations are due to external cues (e.g., opening of the
light incubator). In agreement with a recent study, which reported the dependence of promoter
activity rhythms on kaiA1B1C1, the backscatter oscillations were driven by the core oscillator (28).

Entrainment by nutrition up-shift and light-dark cycles

Most studies on circadian activity in cyanobacteria applied a light-dark regime for initial
synchronization of the culture before investigating oscillations in free-running conditions, because
the fitness advantage lies in an adjustment of the internal rhythms to the cycling environment.
Alternatively, temperature-rhythms have been applied (59). Our results suggest that a single
nutrient upshift can synchronize oscillations in the batch culture, although we cannot rule out the
possibility that the initial dilution of the culture may also act as a light pulse. We were also able to
replicate a classical entrainment by two 12-hour LD pulses, which was shown to work for
Synechococcus (42) and Synechocystis before (47), but we observed differences in the amplitudes
after shifting the dark pulse by 12 hours. The lowered amplitude might arise from giving the dark
pulse when the cells were in a circadian phase which is less responsive to the stimulus, since
phase-dependent resetting of the clock - a general phenomenon of circadian rhythms (60) — has
been demonstrated for Synechocystis before (28, 45). In addition, we hypothesize that nutrition
upshift may be a stronger entrainment cue for Synechocystis than darkness. Different impacts of
external stimuli regarding the entrainment of the circadian clock among different species (e.g.,
Neurospora crassa) have been observed previously (61). Food uptake was shown to be an
entrainment signal (62—64) and e.g. sets up the characteristic rhythms of glycogen metabolism in
the liver of rats (65) and humans (66, 67). Similarly, an engineered Synechococcus strain could be
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synchronized by rhythmic supply of glucose. Sugar feeding blocked the effect of resetting the clock
by a dark pulse, even in the absence of light (62). However, 24h rhythms without LD-entrainment
have been observed not only for plants, microalgae, and cyanobacteria in bioreactor-setups (6, 68,
69) but also for non-photosynthetic prokaryotes like E. coli (55).

Glycogen metabolism in Synechocystis

The circadian system in Synechococcus regulates cellular physiology by adjusting to environmental
fluctuations that affect metabolic rhythms (9, 62, 70). This is demonstrated by the observation that
the glycogen content in Synechococcus wild-type cells oscillates with a period of 24.7 £ 0.13 hours
and is controlled by the clock output components SasA and RpaA (8, 11, 34). A knockout of the
kaiBC genes in Synechococcus resulted in the loss of glycogen oscillation (34). In Synechocystis,
the interaction between KaiA1B1C1 and the SasA ortholog Hik8 and RpaA, respectively, interferes
with glycogen metabolism (8, 21, 71, 72). This KaiAB1C1-SasA-RpaA system influences switching
the metabolism from photoautotrophy to the utilization of internal carbon reserves (73). The deletion
of kaiA1B1C1 in Synechocystis reduced the glycogen content and led to smaller cell sizes in
comparison to the wild type, indicating impaired glycogen metabolism. Our hypothesis is that due
to the low glycogen content in Synechocystis AkaiA1B1C1 and the inability of Synechocystis AglgC
to synthesize glycogen, it is likely that other sugar structures are formed from the absorbed CO2
(51, 74, 75). The lack of glycogen storage in Synechocystis AkaiA1B1C1 may impair light/dark
transitions, as the circadian clock's main role is to adjust the cell's physiological state for the
upcoming night environment (20).

Glycogen content interferes with backscatter signals due to its light-scattering properties (76, 77),
which can bias optical density measurements and potentially obscure oscillation patterns in
Synechocystis AglgC mutants. The loss of pattern may result from the inability to detect glycogen
fluctuations in the backscatter signal rather than a disruption of circadian rhythms. Similarly, 24-
hour rhythms in Synechocystis under LL disappeared after manipulation of topoisomerase
expression, which increased glycogen content and optical density without affecting cell
numbers (6).

Conclusion/Outlook

In this study, we detected true circadian rhythms with a free-running period of 24.61 h £ 0.66 in
Synechocystis. Our data indicate that KaiA1B1C1 represents the bona fide oscillator in
Synechocystis and thereby contributes to resolving a long-standing debate about circadian
oscillations in Synechocystis. We propose that the observed oscillations are linked to the glycogen
content of the cell and that the KaiA1B1C1 system in Synechocystis regulates the metabolism of
this central storage compound. The fact that oscillations could be synchronized by the initial culture
dilution implies that synchronized glycogen oscillations might always be present in simple batch
cultures.

Synechocystis has several Kai homologs and the homologs kaiB3 and KaiC3 were proven to be
relevant for circadian promoter activity (28). The exact role of these additional clock components
also in the context of glycogen metabolism remains to be clarified. Live monitoring of cyanobacteria
holds immense potential for biotechnological applications. Diverse strategies and tools have been
developed to manipulate carbon flow in cyanobacteria, and glycogen metabolism has been
generally recognized as a promising target (74, 78—-80). The monitoring method allows researchers
to identify optimal time frames for inducing heterologous protein production, synthesizing valuable
products by correlating with glycogen content, as recently demonstrated for the circadian clock
(81). It also facilitates the optimization of growth conditions for cyanobacteria and provides
opportunities for the development of novel biotechnological processes.
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Materials and Methods
Strains and growth conditions

Synechocystis sp. PCC 6803 and Synechococcus elongatus PCC 7942 strains were always grown
at 30°C, 0,5% COz2, 75% humidity, 150 rpm, with constant light of 80 umolphotons M2 s, in a Multitron
Infors HT® Incubator, if not stated otherwise. Cultures were cultivated in BG11 (82) supplemented
with a final concentration of 10 mM TES (TES PUFFERAN® =99%, Carl Roth) to a final pH of 8
with KOH. Pre-cultures were grown in 100 ml BG11 in 250 ml Erlenmeyer flasks and inoculated
from prepared BG11 agar plates. The mutant strains Synechocystis AkaiA1B1C1 and
Synechocystis AglgC were supplemented with kanamycin (25 pug ml).

DNA isolation

For DNA isolation, 0.2% glucose was added to the culture the evening before DNA isolation. 50 ml
culture were centrifuged at 6,000 g for 10 min, 4°C, and washed two times in 10 ml TE buffer (10
mM Tris/HCI, 1 mM EDTA, pH 8.0) and centrifuged again. Cell pellets were resuspended in 1 ml
TES buffer, and 500 pl each was transferred to fresh 2 ml tubes. After two freeze-thaw cycles in
liquid nitrogen and defrost at 60°C 5 mg ml! lysozyme (Carl Roth) and 0.5 ul RNase A (Thermo
Scientific™, 0.1 yg ml' final) was added and incubated for 1 h at 37°C. Next, 2 pl ml-! proteinase
K (Carl Roth) and 2% SDS (ROTI®Stock 20% SDS, Carl Roth) were added and incubated overnight
at 60°C. After incubation, 1 vol. (1:1 (v/v)) Phenol/Chloroform (ROTI®Phenol /Chloroform/Isoamyl
alcohol, Carl Roth) was added and centrifuged at 12,000 g for 10 min, 4°C. The upper aqueous
phase was ftransferred to a new tube and again 1 vol. 1:1 (v/v)) Phenol/chloroform
(ROTI®Phenol/Chloroform/Isoamyl alcohol, Carl Roth) was added and centrifuged at 12,000 g, 10
min, 4°C. Samples were precipitated with 0.7% isopropanol (2-Propanol, ROTIPURAN® 299%,
p.a., Carl Roth) overnight at -20°C. Isopropanol was removed by centrifugation, samples were
washed in 70% ethanol, and air dried for ~1 h, and the DNA was solved in 30 ul TE buffer. Before
the DNA was used, the samples were incubated at 4°C overnight.

Strain construction

Synechocystis kai gene knockouts were generated by replacing the gene or gene cluster of interest
with a kanamycin resistance cassette. DNA from the segregated mutants was isolated and used
for the transformation of Synechocystis — substrain Kazusa (non-motile, derived from Uppsala
University). For the transformation, 10 ml of bacterial culture were grown to an OD7sonm 0f 0.5 to 1,
centrifuged at 2,000 g for 10 min, RT. The supernatant was discarded, and the pellet was
resuspended in the remaining liquid and transferred to a new 1.5 ml tube. 20-50 pug ml-'! isolated
DNA was added, and the sample was incubated for at least 30 min at 30° C, and subsequently
transferred to a BG11 agar plate without antibiotics. After incubation at RT for at least 2 h, plates
were placed in the Multitron Infors HT® Incubator (see strains and growth conditions) for two to
three days. For screening of desired colonies, 400 pl Kanamycin (1 mg ml-') was applied to one
side of the plate to form a gradient. For segregation, the kanamycin concentration was increased
from 25 pug ml' to 50 pg ml-, subsequently.

To generate the glgC (sIr1176) knockout mutant, a fragment comprising the open reading frame
for sIr1176 plus 456 nt upstream and 843 nt downstream was amplified using the primers JS69 (5’
GGCATCAACGGCGTTGGAAA 3’)and JS70 (5 GGCACCACTTCCACCGACTG 3’). The fragment
was ligated into the cloning vector pJET1.2 (ThermoFisher). To obtain the kanamycin resistance
cassette, the plasmid pUC-4K was digested with Hincll. After purification, the kanamycin resistance
cassette was inserted into the unique Psil site of glgC. All restriction enzymes were purchased from
New England Biolabs, USA. Transformation, selection on kanamycin-containing BG11 plates,
segregation of independent clones, and verification by PCR analysis were performed as described
in Eisenhut et al. 2006 (83).
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Growth experiments

Growth experiment pre-cultures were initiated from BG11 agar plates and propagated in 100 ml
BG11 within 250 ml Erlenmeyer flasks for a minimum of five days. These cultures were then diluted
to an ODrsonm of approximately 0.5 (Specord 200 Plus - Analytic Jena®), and grown until they
reached an ODz7sonm Of approximately 2. When the desired OD7s0nm Was reached, the cultures were
split and diluted to an OD7sonm of 0.8 and were placed on the Cell Growth Quantifier (CGQ, Aquila
Biolabs, Scientific Bioprocessing (sbi) now) in an Infors Incubator for measurement of the
backscatter signal at 730 nm. The CGQ-system consists of one base station, eight sensor plates
with backscatter sensors for the flasks, and the CGQ live monitoring software.

Temperature compensation

For the temperature compensation tests, we followed the previously outlined growth protocol with
the modification of adjusting to the respective temperatures (25°C n=3, 30°C n=11, 35°C n=1, 'n='
denotes the number of independent experiments measured in our study) for Synechococcus and
Synechocystis, which were cultured in parallel, at the respective temperatures. The data from
repeated measurements of the same samples were then analyzed by calculating the mean from
four periods of each measurement. Q1o values, were calculated from 25°C and 30°C and were
validated with the 35°C measurement.

Entrainment of the cells

Entrainment of the clock was tested with two different Zeitgeber signals, each of them applied with
a 12 h delay to two different cultures. For the first approach, we mimicked a nutrition upshift (n=3)
by diluting the culture with media: We inoculated two separated cultures in BG11 and let them grow
in the incubator to an OD7sonm Of ~2. Then the first culture was diluted to an ODz7sonm of 0.8. 12 h
later, the second culture was diluted to an OD7sonm 0f 0.8 and the backscatter signal was monitored
in the above described CGQ system. As a second approach, we entrained cultures with LD cycles.
As before, two separate cultures were grown to an OD7sonm of ~2 and then diluted to an OD7s0nm Of
0.8. Both cultures were exposed to LD cycles (12:12, LD, n=3) over 48 h, but the first dark phase
was shifted by 12h. Following the entrainment, measurements were initiated in the CGQ System,
where 'n=' represents the number of independent experiments conducted, each consistently
including at least two technical replicates.

Cell Analysis

In the selected experiment, one batch culture (700 ml, OD750nm of 0.8) of Synechocystis WT was
divided into seven batch cultures (100 ml each), while Synechocystis AkaiA1B1C1 and
Synechocystis AglgC were each divided into four batch cultures (100 ml each). For the WT culture,
seven time points were selected, with samples taken every 2 hours for a time frame of 12 hours,
starting at 86 hours after inoculation. For the AkaiA1B1C1 and AglgC cultures, four time points
were selected, with samples taken every 4 hours within the same 12-hour time frame. At each time
point, a sample was taken from a different culture, with each culture being sampled only once. For
all samples, we collected 5 ml for measuring glycogen content, 5 ml for determining cell dry weight,
1 ml for optical density, and cell count measurement.

Glycogen measurement

To determine the glycogen content, 5 mL of cell culture were harvested into a pre-cooled (-20°C)
reaction tube. After centrifugation at 20,000 g for 5 min at 4°C, the supernatant was immediately
discarded, and the cell pellets were flash-frozen in liquid nitrogen and stored at —80°C until further
processing. For glycogen extraction, the method of Ernst et al. 1984 (84) was modified as follows:
Each cell pellet was resuspended in 4 ml KOH (30% w/v) and was incubated at 95°C for 2 h. For
precipitation, 3 new sample tubes were filled with 400 ul per sample point, 1.2 ml of ice-cold ethanol
was added, and the mixture was incubated overnight at -20°C. After centrifugation at 4°C for 10
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min at 10,000 g, the pellet was washed once with 70% ethanol and again with 100% ethanol.
Afterward, the pellets were dried with the Concentrator Plus speed-vac (Eppendorf) for 20 min at
60°C. Then the pellet was resuspended in 1 mL 100 mM sodium acetate (pH 4.5) supplemented
with amyloglucosidase powder (Sigma-Aldrich, 10115) to a final concentration of 35 U/mL. For
enzymatic digestion, samples were incubated at 60°C for 2 h. For the spectrometric glycogen
determination, the Sucrose/D-Glucose Assay Kit from Megazyme (K-SUCGL) was applied
according to the manufacturer's specifications, but omitting the fructosidase reaction step and
scaling down the total reaction volume to 850 pL according to Behle and Dietsch et al. 2022 (6).
Absorbance at 510 nm was measured using a BMG Clariostar Photospectrometer.

Cell dry weight

To determine the cell dry weight (CDW), 5 ml of Synechocystis cultures were sampled onto a Petri
dish of known weight. The Petri dishes with the respective samples were dried at 60°C for 24 h and
weighed again after cooling. A Petri dish with 5 ml dried growth medium (BG11) served as a
reference.

Optical density

All comparative measurements of optical density were performed in a Specord 200 Plus (Analytic
Jena®) dual path spectrometer using BG11 as blank and reference. All samples were diluted 1:10
before each measurement due to their high optical density.

Cell count and size

To determine the cell count and cell size, 10 pl of the samples used for optical density and
absorption spectra measurements were further diluted with 10 ml CASYton (OLS) to a final dilution
of 1:10%. The cell count was measured with electric field cell counting (Schaerfe Systems, CASY
Cell Counter model TTC). A capillary with a pore size of 45 yM was used for the respective
measurements, and all measurements were performed with 200 pl in triplicates. The cell size was
recorded in the entire diameter range of 0 to 30 um, but only the data range of 0 to 10 ym was used
for evaluation. The counted events in electric field cell counting are a mixture of live and dead cells,
as well as cell debris and background signals from the growth medium. Only counts with a diameter
between 1.5 and 5 ym were considered for the experiment (6). We conducted six replicates for
Synechocystis WT and four replicates for the AkaiABC. However, we were only able to conduct
two experiments for the Aglgc strain, as the capillary frequently clogged during these experiments,
likely due to excreted material, a phenomenon further discussed in the subsequent section.

Data analysis and visualization

The boxplots extend from the lower to upper quartile values of the data, with a line marking the
median. The whiskers extend from the box to demonstrate the range of the data, with outliers being
represented outside of the whiskers. For violin plots, we presented the distribution of data and its
probability density. The width of the 'violin' reflects the frequency of the data at different values.
Data processing and visualization were done with Python 3.0. Built-in functions from “SciPy” and
“NumPy” were used for independent t-tests and period determination.

The Q1o value compares the rate of biochemical processes or reactions over a temperature range
of 10°C. A temperature-independent process has a Q1o value of 1. The temperature coefficient Q1o-
values for the evaluation of Temperature Compensation for frequency were calculated using the

formula:
10°C
R, (Tz—Tl)
Qo = (R_)
1
where the frequency (R,) is determined by calculating the period measured in the experiment and
T, is the corresponding temperature at which the experiment was conducted.

85


https://doi.org/10.1101/2023.09.26.559469
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.26.559469; this version posted September 28, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Backscatter signal analysis

The aim is to detect periodic behavior in the time series data with a certain confidence. Measuring
a parameter like a period can be challenging due to the non-stationarity and noisy nature of
biological signals. Different Fourier-based and wavelet-based methods have been developed for
detecting and analyzing circadian rhythmicity in biological data (85, 86). Unlike the Fourier
transform, the wavelet transform has a high resolution in both the time and frequency domains.
Wavelet allows studying the frequency components and time information of the data
simultaneously. The time-averaged wavelet power spectrum of the time series data is used to
determine the presence of a significant rhythm and the rhythm's period. We analyzed the
backscatter signals above a threshold of 330 [a.u.] and defined this point as t = 0) for comparability.
For the mutant strains (AkaiA1B1C1 and AglgC) no threshold was applied, because they behaved
differently from the WTs and did not oscillate reliably after 330 [a.u.], but rather did not oscillate at
all over the entire timescale. Experimental data were analyzed as described in Data preprocessing.
Scripts are publicly available at github: https://github.com/rahilgholami/Circadian-rhythmicity.

Data preprocessing

If, for a time series, statistical properties such as mean and variance change over time, the time
series is non-stationary. We remove drifts in these statistical measures on time scales sufficiently
longer than the expected 24 h period by fitting a linear regression model to the time series and then
calculating the difference between observed values and predicted values from the model.
Afterward, the time series is smoothed using the moving average (sliding window) as a part of the
data preprocessing.

Periods were determined by measuring the time interval from peak to peak. For the detection of
peaks the SciPy.signal.find_peaks” function was applied, which finds peaks inside a signal based
on peak properties. This function takes a 1-D array and finds all local maxima by a simple
comparison of neighboring values.

Wavelet transform

Suppose x, is a discrete time series of N observations {x,, n = 0,..., N — 1} with a uniform time
step 6t. The continuous wavelet transform of the discrete time series x,, is defined as

N-1 ) , (St

Wa) = Y xe ¥ (@ - )

n'=0
where v is the "wavelet function" and s is the wavelet scale. Larger scales stretch the wavelet
function making it sensitive to lower frequencies in the signal. The wavelet power spectrum is
defined as square of wavelet transform amplitude, |W},(s))|?.

Significance level

Following Torrence and Compo 1998 (87) the statistical significance of the wavelet power can be
assessed against a background power spectrum. A suitable background spectrum is either white
noise or red noise.
Red noise can be modeled as a univariate lag-1 autoregressive process:
Xp = AXy_ 1+ 2,

where « is being the assumed lag-1 autocorrelation and z, is (Gaussian) white noise.
The wavelet power spectrum of red noise is (87):

1 — a?
" 1+4+a? — 2acos (2nk/N)
where N is being the number of data points and k is the frequency index. The mean background

power spectrum significant at the 5% level is % P, x2 ,where y2 is a chi-square distribution with
2 degrees of freedom.

Py
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3.3 Manipulation of Topoisomerase Expression Inhibits Cell Divi-
sion but not Growth and Reveals A Distinctive Promoter Structure

in Synechocystis

Initially, this publication aimed to trans-

Graphical Abstract 3.3

form the cyanobacterium Synechocystis
into a bioengineered chassis organism by
""""""" manipulating DNA supercoiling. This ap-
: proach was based on the potential of
W supercoiling to serve as a biotechnological

target for artificially regulating central cel-

lular resource allocation and channeling

rich i metabolic energy into desired products.

CATABOLISM However, after a major revision and new

STRESS RESP-_W GRO‘NTH & analysis, the study's focus shifted to tran-
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scription initiation and promoter struc-
2? PRODUCT . e . .
tures. In this context, the modifications in-
duced by CRISPRi-based silencing of gyrase subunits and overexpression of Topol contributed signifi-

cantly to the biotechnological chassis and filled a major gap in our understanding of cyanobacterial

promoters.

In this study, Synechocystis strains were maintained in a bioreactor under constant illumination. Part of
the observations could also reproduce observations from previous publications [246,247]. More specif-
ically, an oscillation could be detected under these conditions that occurred rhythmically about every
24 hours.

| actively participated in the revision process of this manuscript, taking on various responsibilities. My
primary focus was to address the reviewers' comments and suggestions while also conducting addi-
tional experiments at the protein level to fill any gaps. After completing these tasks, | contributed to
developing and refining the revised conclusions. This involved drafting new sections, correcting errors,
and participating in discussions with my colleagues to ensure a complete and clear presentation of our

findings.
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ABSTRACT

In cyanobacteria DNA supercoiling varies over the
diurnal cycle and is integrated with temporal pro-
grams of transcription and replication. We manip-
ulated DNA supercoiling in Synechocystis sp. PCC
6803 by CRISPRi-based knockdown of gyrase sub-
units and overexpression of topoisomerase | (Topol).
Cell division was blocked but cell growth continued
in all strains. The small endogenous plasmids were
only transiently relaxed, then became strongly su-
percoiled in the Topol overexpression strain. Tran-
script abundances showed a pronounced 5°/3’ gradi-
ent along transcription units, incl. the rRNA genes, in
the gyrase knockdown strains. These observations
are consistent with the basic tenets of the home-
ostasis and twin-domain models of supercoiling in
bacteria. Topol induction initially led to downregula-
tion of G+C-rich and upregulation of A+T-rich genes.
The transcriptional response quickly bifurcated into
six groups which overlap with diurnally co-expressed
gene groups. Each group shows distinct deviations
from a common core promoter structure, where heli-
cally phased A-tracts are in phase with the transcrip-
tion start site. Together, our data show that major co-
expression groups (regulons) in Synechocystis all
respond differentially to DNA supercoiling, and sug-

gest to re-evaluate the long-standing question of the
role of A-tracts in bacterial promoters.

INTRODUCTION

In vivo, the DNA double helix exists in a torsionally strained
and underwound state, often denoted as ‘negative DNA su-
percoiling’. In bacteria, a homeostatic feedback system of
DNA supercoiling is coupled to differential expression of
large gene groups. Supercoiling is high during times of high
metabolic flux, such as during exponential growth, and is
required to express rRNA and G+C-rich growth-related
genes and for DNA replication (1). Supercoiling arises as
a consequence of DNA transcription and replication and
is regulated by two enzymes: gyrase, a heterotetramer of
gyrd and gyrB gene products, can remove positive super-
coiling and introduce negative supercoiling, using energy
from ATP hydrolysis; and topoisomerase I (Topol, gene:
topA) can remove negative supercoiling without any co-
factors. The transcription of both enzymes is itself regulated
by supercoiling-sensitive promoters in a negative feedback,
leading to a homeostatic control of supercoiling (2-6). The
ATP dependence of gyrase (7-9) and the control over the
expression of growth-related (rRNA, ribosomal proteins,
biosynthesis) and G+C-rich genes, and catabolism-related
and A+T-rich genes (10-16) extends this homeostatic sys-
tem to metabolism (Figure 1A).

However, the relation between DNA transcription and
replication to supercoiling is mutual and complex (1).
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Figure 1. Homeostasis and 7Twin-Domain Models of DNA Supercoiling. (A) Global homeostasis of supercoiling by direct feedback on the expression of
topoisomerases (GYR: Gyrase holoenzyme; Topol: topoisomerase 1) and G+C-rich anabolic/growth genes and A+T-rich catabolic and stress-response
genes. The gray coils reflect relaxed (left) or supercoiled DNA (right). Dashed arrows indicate transcription and solid arrows catalytic conversions. Green
arrows indicate the manipulations of this core regulatory hub studied in this work and the underlying hypothesis that these could be used to redirect
metabolic energy towards desired products. (B) Transcription-dependent DNA supercoiling accumulates downstream (positive) and upstream (negative)
of the RNA polymerase, widely known as the twin-domain model. If unresolved by Topol and gyrase, this would lead to RNA polymerase stalling (blue
arrow) and R-loop formation. (C) The torsional stress exerted by transcription can lead to long-distance cooperative and antagonistic effects, where
negative supercoiling upstream facilitates and positive supercoiling downstream blocks transcription from adjacent loci.

According to the twin-domain model (17) of transcription-
dependent supercoiling (Figure 1B), negative supercoil-
ing accumulates upstream and positive supercoiling down-
stream of RNA polymerases, leading to cooperative and an-
tagonistic long-range effects between transcription loci (18)
(Figure 1C). Strong transcriptional activity requires down-
stream activity of gyrase to set the elongation rate and avoid
RNA polymerase stalling (19-21) and upstream activity of
Topol to avoid R-loop formation and genome instability
(22,23). Such cooperative long-range effects can underpin
temporal expression programs; locally in the leu operon
(24,25) and globally as a spatio-temporal gradient along
the origin-terminus axis of the Escherichia coli genome (26).
The DNA sequence properties of a short region (discrimi-
nator) just upstream of the transcription start site are sus-
pected to underlie the common response of many promot-
ers to both supercoiling and to guanosine tetraphosphate
(ppGpp) (27-35). Additionally, bacterial and bacteriophage
promoters often show a pattern of short repeats of A and
T nucleotides (A-tracts) upstream of the core promoter, re-
peated at distances that match the pitch of the DNA helix
(helically phased) (5,36-46), e.g. in light-responsive genes
of cyanobacteria (43). On a genome-wide scale (47-54) the
helically phased enrichment of A-tract-related dinucleotide
motifs is especially pronounced in genomes of polyploid
cyanobacteria, including Synechocystis sp. PCC6803 (here-
after: Synechocystis), where it is found in both intergenic
and protein-coding regions (53).

In cyanobacteria and chloroplasts (descendants of
cyanobacteria) supercoiling fluctuates with the light/dark
(LD) cycle (55,56), and supercoiling homeostasis is inte-
grated with the transcriptional output of the cyanobacte-
rial circadian clock in Synechococcus elongatus PCC 7942
(S. elongatus) (12,57,58). Recently, the focus has shifted to-
wards the role of ppGpp (59), in dark-phase transcription
shutdown (60) and light-phase modulation of the diurnal
transcription program (61) of S. elongatus, but ppGpp and
supercoiling affect the same type of promoters in the same
direction in many species (32). In Synechocystis, a cold-

shock induced increase in supercoiling was found to affect
fatty acid synthesis (62), and the transcriptome response
to the gyrase inhibitor novobiocin (NB) largely overlapped
with the response to various stress conditions (13).

Its central position in metabolism- and growth-related
transcription suggests supercoiling as a biotechnologi-
cal target, where an artificial de-construction and re-
construction of this homeostatic feedback may allow to
control cellular resource allocation and channel metabolic
energy into desired products. Here, we tested the current
models of supercoiling in Synechocystis, also with respect to
this biotechnological potential (Figure 1A). Overexpression
of topA (63) and CRISPRi-based knockdown of gyrase sub-
units (64) induced a pleiotropic phenotype, where cell divi-
sion was blocked but cell volume growth continued. Glyco-
gen and ATP+ADP content increased only upon topA4 over-
expression. The transcriptome changed quickly and glob-
ally upon induction, compatible with the global homeo-
static model (Figure 1A), then remained locked in a state
reflecting the dark/light transition at dawn. A graded re-
sponse at rRNA loci and growth-related transcription units
in gyrase knockdown strains is compatible with the twin-
domain model (Figure 1B, C), where gyrase activity down-
stream of RNA polymerase facilitates strong transcription.
Coexpressed groups of transcription units show significant
deviations from a common core promoter structure.

MATERIALS AND METHODS
Strains and plasmids

The Synechocystis parental strain used for all genetic al-
terations is described by Yao et al. (64) and contains an
CRISPRi-based gene knockdown system where both the
dCas9 protein and the sgRNA expression are inducible
by anhydrotetracycline (aTc). All strains further contained
our pSNDY plasmid for rhamnose-inducible overexpres-
sion (63). Supplementary Table S1 provides details on strain
construction and plasmid design. The sgRNA protospacer
sequences (Supplementary Table S2) were designed with
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CHOPCHORP (65), and potential off-targets were predicted
after Cui et al. (66).

Batch culture conditions

For pre-culturing, growth and endpoint experiments,
strains were cultivated in BG11 medium (67) in 100 ml
Erlenmeyer flasks in an Infors HT multitron chamber, at
30°C with 150 rpm shaking, continuous illumination of ~80
pmolm~2m~! and CO, enriched air (0.5%). Pre-culturing
was performed in 20 ml cell suspension for three days. For
experiments, cultures were adjusted to OD759 ~ 0.4 in 30 ml,
grown for one additional day, then density was again ad-
justed to a start OD759 ~0.25 and all inducers were added
(100ng/ml aTc, | mM L-rhamnose) to each strain at time
t = 0h. Antibiotics were added to liquid and solid media
as required to maintain genetic constructs, i.e., 25 pgml~!
(liquid) and 50 wgml~! (solid) nourseothricin, 20 pgml~!
spectinomycin and 25 pg ml~! kanamycin.

Continuous culture, online measurements and calculations

The continuous culture was performed in a Lambda Pho-
tobioreactor (PBR) (Appendix A, Figure Al) in BGI11
medium, supplemented with the required antibiotics, at
culture volume ¥, = 11, aeration with 11min~' of CO,-
enriched (0.5%) air, agitation by the Lambda fish-tail mix-
ing system at 5 Hz, temperature control at 30°C, and pH
8, with 0.5M NaOH and 0.5M H;SO4 as pH correction
solutions. After equilibration to these conditions the reac-
tor was inoculated to a start OD759 0.5, from 100 ml pre-
culture. White light from the Lambda LUMO module was
calibrated to pmolm—>m~! (Figure A2E and F) and in-
tensity adjusted to achieve ~90 pmolm=—2m~! per OD75
over the experiment (Figure A2F). For evaporation control
and continuous culture mode, the total weight of the reac-
tor setup was kept constant using the built-in Lambda re-
actor mass control module and automatic addition of fresh
culture medium through the feed pump. Continuous cul-
ture was performed by setting the waste pump to a fixed
speed. The PBR was equipped with additional monitor-
ing of optical density by a DASGIP OD4 module, cali-
brated to offline OD75 (Figure A2A and B), and monitor-
ing of offgas O, and CO; concentrations and the weights
of feed and pH control bottles by Arduino-based custom-
built data loggers (Figure Al). Culture evaporation and
dilution rates and biomass growth rates were calculated
from the slopes of measured data (Figure A3) using piece-
wise linear segmentation with our R package dpseg (https:
/[cran.r-project.org/package=dpseg, version 0.1.2 at https:
/gitlab.com/raim/dpseg/). Cell volume growth rate was cal-
culated as the rate of change of the peaks of the CASY cell
volume distributions.

Biomass measurements: OD, spectra and cell dry weight

The optical density (OD7s9) and absorbance spectra were
measured on a Specord200 Plus (Jena Bioscience) dual path
spectrometer, using BG11 as blank and reference. Samples
were appropriately diluted with BG11 before measuring. All
topA9X time series samples were diluted 1:4 before record-
ing OD7s. For absorbance spectra the OD75y was adjusted
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to 0.5 before measurement. The spectra were all divided by
the absorbance at 750 nm.

To determine the cell dry weight (CDW) 5ml cell cul-
ture was filtered through a pre-dried and pre-weighed cel-
lulose acetate membrane (pore size 0.45 um) using a filter-
ing flask. After that the membrane was dried at 50°C for
24 h and weighed after cooling. 5ml of filtered and dried
growth medium served as a blank. For normalization of
glycogen measurements by biomass and for estimation of
the biomass density of cells (gpcw/mleen), Figure 5A) the
OD, signal was calibrated to CDW (Figure A2C and D).

Cell count and size distributions

To determine cell counts and size distributions, 10 wl
cyanobacteria culture, pre-diluted for OD75) measurement,
were dispensed in 10ml CASYton and measured with a
Schaerfe CASY Cell Counter (Modell TTC) using a diam-
eter 45 wm capillary. Cell size was recorded in the diame-
ter range 0—10 wm. Each sample was measured with 400 .l
in triplicate runs. Analysis of the raw data was performed
in R. Counted events in the CASY are a mix of live cells,
dead cells, cell debris and background signals. Only counts
with diameter d > 1.5pm and d < 5 um were considered
for the time series experiment (Figure 5) while a lower cut-
off d > 1.25 pm was used for the endpoint measurements
(Figure 2B) to avoid cutting the distribution of the slightly
smaller topAkd cells. Since Synechocystis cells are spherical,
the cell volumes were calculated from the reported cell di-
ameters d as Ve = (%)371%‘.

Glycogen measurement

0.5 ml of cell culture was harvested into reaction vessels that
had been pre-cooled on ice, samples were centrifuged at
maximum speed (5 min, 4°C). The pellets were flash-frozen
in liquid nitrogen and stored at —80°C. The pellets were re-
suspended in 400 w1 KOH (30% w/v) and incubated (2 h,
95°C). For precipitation, 1200 plice cold ethanol was added
and the mix incubated (over night, —20°C). After centrifu-
gation (10 min, 4°C, 10000 g), the pellet was washed once
with 70% ethanol and again with pure ethanol. The pellets
were dried in a Concentrator Plus (Eppendorf) speed-vac
(20 min, 60°C). To degrade glycogen to glucose units, pel-
lets were resuspended in 1 ml 100 mM sodium acetate (pH
4.5) supplemented with amyloglucosidase powder (Sigma-
Aldrich, 10115) at a final concentration of 35 U/ml and in-
cubated (2 h, 60°C). The sucrose/D-glucose assay kit from
Megazyme (K-SUCGL) was applied according to the man-
ufacturer’s specifications to measure the total glucose con-
tent, but omitting the fructosidase reaction step and scaling
down the total reaction volume to 850 wl. Absorbance at
510 nm was measured using a BMG Clariostar photospec-
trometer.

ATP and ADP measurement

2ml tubes were preloaded with 250 pl of buffer BI (3M
HCIO,, 77mM EDTA). 1 ml culture sample was added,
vortexed and incubated (lysis, 15 min on ice). 600 wl of BII
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(1M KOH, 0.5M KCI, 0.5M Tris) were added (neutral-
ization). Samples vortexed and incubated (10 min, on ice),
centrifuged (10 min, 0°C, 12 000 g), flash-frozen in liquid
nitrogen and stored at —80°C. Extracts were thawed on
ice and centrifuged (10 min, 0°C, 12000 g). 200 .1 samples
were added either to 320 pl of BIII/PEP (100 mM HEPES,
50 mM MgSO4-7H,0, adjusted to pH 7.4 with NaOH, and
1.6mM phosphoenolpyruvate (Sigma-Aldrich, 860077))
for ATP quantification or BIII/PEP + PK (BIII/PEP with
2 U/pl pyruvate kinase, (Sigma-Aldrich, P1506)) for ATP
+ ADP quantification, incubated (30 min, 37°C), and heat-
inactivated (10 min, 90°C). ATP concentrations were de-
termined using the Invitrogen ATP determination kit was
used (ThermoFisher: A22066). 10 ul of each PEP or PEP +
PK-treated sample was loaded in a white 96-well plate with
solid bottom and kept on ice until the reaction was started.
The luciferase master mix was scaled down in volume, and
90 wl of master mix was added to each well. Luminescence
was recorded using a BMG Clariostar. ATP concentrations
were calculated from a standard curve on the same plate.

Microscopy

500 w1 cell culture was sampled four days after induction
and mixed with glutaraldehyde to 0.25%. After incubat-
ing for 15min at room temperature (RT) samples were
flash-frozen in liquid nitrogen and stored at —80°C. Cells
were thawed on ice for 2h and additionally 30 min at RT.
Then washed twice with 1 ml 1x PBS (phosphate buffered
saline) and stained with HOECHST 33342 (1 pgml™!,
ThermoFisher: 62249) and propidium iodide (30 wm, Ther-
moFisher: L13152). After 15min incubation cells were
washed with 1 ml 1x PBS. Coverslips (18 x 18 mM, IDL:
19 00 02460) were covered with poly-L-lysine solution for
5 min. Poly-L-lysine solution was removed with a pipette.
Coverslips were placed in six-well plates and covered with
Iml 1x PBS, 10wl cell suspension was added, and the
well plates centrifuged at 1500 g for 15 min. Coverslips were
placed on slides and images were captured with the Olym-
pus FluoView FV3000 confocal microscope. HOECHST
fluorescence was excited with a 405 nm laser and emission
was captured from 430 to 470 nm. Chlorophyll was ex-
cited with a 640 nm laser and emission was captured from
650 to 750 nm. Images were analyzed using Fiji (Imagel,
version: 2.1.0/1.53f51). To automatically detect cells and
measure cell dimensions the plugin Object] (version: 1.04z)
and its Coli-Inspector macro were used (68), with minimum
and maximum widths of 0.5 and 3.5 pm, applied to the
chlorohpyll fluorescence images. Some objects were man-
ually edited: undetected cells were added, 8-shaped cells
recognized as two single cells were merged, and artifacts
marked as objects were deleted. To determine the ratios
of single cells and 8-shaped cells, cells were counted man-
ually. Images for publication were prepared following the
QUAREP-LiMi guidelines (69).

Flow cytometry and analysis

Samples were fixed in 4% para-formaldehyde in 1x PBS,
washed three times in 1 x PBS, and stained with the SYTO9
green fluorescent nucleic acid stain from the LIVE/DEAD
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BacLight kit (ThermoFisher, L13152) according to manu-
facturer’s instructions. The flow cytometric measurements
were taken at the FACS Facility at the Heinrich-Heine
University (Dipl.-Biol. Klaus L. Meyer) using a BD FAC-
SAria III. Forward scatter (FSC) and side-scatter (SSC)
were recorded. Syto9 was measured with a 530/30 nm filter,
and chlorophyll fluorescence was measured with 695/40 nm
filter. For each sample 10 000 events (cells, debris and back-
ground) were recorded. Data was exported in . £cs format,
parsed and analyzed using the f1owCore R package (70),
and plotted using our in-house segmenTools R package.

Total DNA and plasmid extractions

To isolate total DNA, 1 ml culture was centrifuged at max-
imum speed (10min, 4°C), flash-frozen in liquid nitro-
gen and stored at —80°C. Thawed samples were resus-
pended in 1ml 1x TE buffer, and incubated (1h, 37°C)
with 100 pl lysozyme (50 mg/ml stock solution). 10 pl Pro-
teinase K (20mg/ml) and 100wl 20% SDS were added
and samples incubated ( 20 h, 37°C). DNA was extracted
in Phasemaker Tubes (ThermoFisher: A33248) with one
volume of phenol/chloroform/isoamyl alcohol, centrifu-
gation at maximal speed (10 min, 4°C). The upper phase
was transferred, mixed with 100 ng/nl RNAse A and in-
cubated (15min, 37°C). After addition of 1 volume of
chloroform/isoamyl alcohol, the centrifugation step was re-
peated. DNA was precipitated from the upper phase with
1 volume 2-propanol (over night, —20°C), and pelleted by
centrifugation at maximal speed (10 min, 4°C). The pellet
was washed twice with 500 pl ice-cold 70% EtOH and cen-
trifuged at maximal speed (10 min, at 4°C), dried at room
temperature, and resuspended in 30 wl MilliQ water.

To isolate the small endogenous plasmids, 20ml of
cell culture were mixed with 20 ml of undenatured 99.5%
ethanol, pre-cooled to —80°C, in 50 ml centrifuge tubes and
stored at —80°C until processing. Samples were thawed on
ice, centrifuged (10 min, 4°C, 4000 g). The QIAprep Spin
Miniprep kit was modified to extract plasmids from the
pellet. The cell pellet was resuspended in 250 1 Qiagen
P1 solution and transferred to 1.5 ml reaction tubes, 50 .l
lysozyme solution (50 mgml~!) was added, and the mix in-
cubated (1 h, 37°C). Then 55 pl of 20% SDS and 3 pl of
proteinase K (20mgml~') were added and the mix incu-
bated (16 h, 37°C). Further extraction proceeded with al-
kaline lysis (Qiagen P2) as per manufacturer’s instruction
but with volumes adjusted. To enrich covalently closed cir-
cular DNA, the samples where digested with the TS5 exonu-
clease (NEB: M0363, 30 min, 37°C), and purified with the
QIAprep Spin Miniprep Kit.

Chloroquine agarose gel electrophoresis of plasmids

Agarose gels (1.2%) with 20 ugml~! chloroquine diphos-
phate (CQ, Sigma: C6628-50G, CAS: 50-63-5 in 0.5x
TBE buffer) were performed as detailed at protocols.io
(https://dx.doi.org/10.17504/protocols.io.rbcd2iw) and in a
bioRxiv preprint (71), Briefly, gels were run at 1.8 Vem™!,
protected from light and for 18 h-22 h (as indicated, Sup-
plementary Figure S2), stained with SYBR Gold (Ther-
moFisher: S11494) and imaged on a BioRad Imaging Sys-
tem (ChemiDoc MP). Electropherograms of each lane were
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extracted in ImageJ and processed in R, with smooth-
ing and peak detection functions from the msProcess
R package (version 1.0.7) (https://cran.r-project.org/web/
packages/msProcess/). A baseline was determined in two
steps using the msSmoothLoess function. The first step
used the full signal and served to determine the coarse posi-
tions of peaks. The final baseline was then calculated from
the signal after removal of peak values and subtracted from
the total signal and subtracted from all electropherograms.

RNA extraction and processing

1 ml culture was added to 250 wl pure ethanol supplemented
with 5% phenol, flash-frozen in liquid nitrogen and stored at
—80°C. RNA was extracted after (72) with some modifica-
tions. Frozen samples were centrifuged (10 min, 4°C, maxi-
mum speed), and the pellet resuspended in 1 ml PGTX (per
11:39.6 g phenol, 6.9 ml glycerol, 0.1 g 8-hydroxyquinoline,
0.58 g EDTA , 0.8 g sodium acetate, 9.5 g guanidine thio-
cyanate, 4.6 g guanidine hydrochloride and 2 ml Triton X-
100) and incubated (Smin, 95°C). After cooling on ice
for 2min, 700 pl chloroform:isoamyl alcohol (24:1) was
added and the mixture incubated ( 10 min, room temper-
ature) while shaking gently. The mixture was centrifuged
(10 min, 4°C, maximal speed). The upper phase was trans-
ferred to a fresh tube and 1 volume chloroform:isoamyl al-
cohol was added. After repeating the centrifugation step,
the upper phase was transferred and precipitated with 3 vol-
umes of 99.5% ethanol and 1/2 volume 7.5 M ammonium
acetate and (time series only) 1 ul RNA-grade glycogen at
—20°C over night. The RNA was pelleted by centrifuga-
tion (30 min, 4°C, maximum speed), washed twice with 70%
ethanol and resuspended in 30 wl RNase-free water. Vol-
umes were adjusted to contain 2 pg of nucleic acid (Nan-
odrop), and DNA was removed by DNasel (ThermoFisher:
ENO0525) according to the manufacturer’s specifications but
at 2x reaction buffer concentration. RNA was extracted as
above but using 1/10 volume of 3 M sodium acetate (pH
5.3) instead of ammonium acetate.

Quantitative RT-PCR

100 ng DNasel-digested RNA samples were reverse-
transcribed to cDNA using the RevertAid RT (Ther-
moFisher: K1621) according to the manufacturer’s spec-
ifications in a reaction volume of 20 ul, and RT-qPCR
performed with the DyNAmo ColorFlash SYBR Green
qPCR-Kit (ThermoFisher: F416L). Briefly, 60 nl RNase-
free water was added to the cDNA reaction mix. 2 pl
(2.5 ng) were transferred into qPCR 96-well microplates
and 8 pl Master Mix added. Primer efficiencies (Supple-
mentary Table S3) were assessed from calibration curves.
Primers were added at a final concentration of 0.5 mM. The
thermal cycling conditions were: 7 min at 95°C, followed by
40 cycles of 5s at 95°C and 30s at 60°C. Melting curves
were recorded for each sample to ensure sample purity. RT-
negative controls and no-template-controls (distilled water)
were included for each run. Each sample was loaded in tech-
nical triplicates. Gene expression changes at indicated time
points were then quantified by the AA Ct method (73), using
rpoA as a reference gene (74), and a time point before induc-
tion of genetic construct (time series) or the empty vector
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control (EVC) strain (batch culture endpoint experiments)
as the reference expression state. AA Ct is then the log, fold-
change with respect to this reference state. MIQE guidelines
were followed where applicable.

RNAseq: total RNA analysis, library generation and sequenc-
ing

DNasel-digested RNA samples (25 pl) were sent for se-
quencing analysis. RNA quality was evaluated spectromet-
rically by Trinean Xpose (Gentbrugge, Belgium) and by size
separation by capillary gel electrophoresis on an Agilent
2100 Bioanalyzer with the RNA Nano 6000 kit (Agilent
Technologies, Boblingen, Germany). For total RNA anal-
ysis, electropherograms were parsed from exported XML
files using the R package bioanalyzeR (v 0.9.1, ob-
tained from https://github.com/jwfoley/bioanalyzeR) (75),
and each lane was divided by the total RNA content as re-
ported by the Agilent 2100 Bioanalyzer software. The Illu-
mina Ribo-Zero Plus rRNA Depletion Kit was then used
to remove the ribosomal RNA, and removal confirmed by
capillary gel electrophoresis as above. Preparation of cDNA
libraries was performed according to the manufacturer’s in-
structions for the TruSeq stranded mRNA kit (Illumina,
San Diego, CA, United States). Subsequently, each cDNA
library was sequenced on an Illumina NextSeq 500 system
(2 x 75 nt, PE high output v2.5).

RNAseq: read mapping

The resulting sequence reads were quality trimmed with
Trimmomatic v0.33 (76) using standard setting. The qual-
ity trimmed reads were subsequently mapped to coding
genes of the Synechocystis sp. PCC 6803 reference genome,
its seven endogenous plasmids and our pSNDY construct
(Supplementary Table S4) using Bowtie 2 (77). For the
endpoint measurements from batch cultures the log, fold
changes with respect to the control (EVC) were calculated
with the DESeq2 algorithm (78) via the ReadXplorer soft-
ware version 2.0 (79), based on three replicate measure-
ments for each strain (‘M-value’), and these values are de-
noted logy(<strain>/EVC) in figures, where <strain> is the
tested strain and EVC is the control strain. For the analy-
sis of the expression gradient within transcription units, the
difference of these values between the first and the last tran-
scribed gene of each TU was taken. This difference equals
the log, ratio of the fold changes. For the time series read
count data were normalized by library sizes to the tran-
scripts per kilobase million (TPM) unit. Missing values at
individual time points were interpreted as 0 TPM. For plots,
the log, fold change of each time point to the mean of the
two pre-induction time points was calculated, denoted as
log, (x; /X1 2) in figures.

Clustering analyses

For clustering the time series into co-expressed groups, a
previously established pipeline was used (80,81). The input
time series were RNAseq samples 2 to 16 (from —-0.5to 72 h
around the time of induction at 0 h), i.e., without the first
pre-induction time-point and ignoring the two long-term
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response samples (Supplementary Figure S12C). Briefly, the
time-series of TPM values was arcsinh-transformed, the
Discrete Fourier Transform (DFT) X} was calculated, each
DFT component k£ > 0 normalized (X)) to the mean of
amplitudes at all other components k > 1. The real and
imaginary parts of selected components X;_, ¢ were then
clustered with the £lowClust algorithm (82) over clus-
ter numbers K = 2, ..., 10. The clustering with the maxi-
mal Bayesian Information Criterion, as reported by £1ow-
Clust (Supplementary Figure S12A), was selected for fur-
ther analyses. Data transformation and clustering were per-
formed by the processTimeseries and the cluster-
Timeseries?2 functions of segmenTier and segmen-
Tools R packages (81), respectively. The resulting clusters
were sorted and colored based on the comparison with di-
urnal co-expression cohorts (Figure 6 and Supplementary
Figure S17) for informative plots of the subsequent anal-
yses. To map this clustering from genes to transcription
units (TU) (83), the mean expression of all coding genes
in each TU was calculated. The resulting TU time-series
were then clustered by k-means, using the cluster cen-
ters from the gene-based clustering as input (Supplemen-
tary Figure S18). To estimate the immediate transcriptional
response to topA overexpression the log2 ratio of the means
of the two post-induction time points (5 min, 20 min, or as
indicated) to the means the two pre-induction time points
(—1day, —35min) were calculated (log, (x3.4/%12)). Tran-
scripts with negative values (<—6) were labeled as ‘down’,
with positive values (>0) as ‘up’, and all others as ‘nc’ (for
‘no change’). A low threshold 6 = 0.01 was used for the
gene-level analysis (Figure 6D, E), since here a comprehen-
sive picture of directionality was desired, and a stricter 0
= 0.15 for TU-level analysis (Supplementary Figure S18C)
since the extremes were of interest for promoter struc-
tural analysis. Diurnal expression data (84) were obtained
from GEO (GSE79714) and genes summarized as the mean
over all associated probes. These expression values were
clustered (Supplementary Figure S17) as described for the
RNAseq data, but using the flowclusterTimeseries
function.

Cluster enrichment profiles

Categorical enrichments, e.g., coding gene co-expression
cohorts vs. gene annotations, were analyzed by cumulative
hypergeometric distribution tests (R’s phyper) using seg-
menTools’s clusterCluster function and the clus-
terAnnotation wrapper for GO and and protein com-
plex analysis, which compares overlaps of each pair of two
distinct classifications into multiple classes, and stores over-
lap counts and P-values (enrichment tables). To analyze
log, fold-changes by clusters two-sided t-test were per-
formed (R base function t-test, incl. Welch approxima-
tion for different sample sizes), comparing the distribu-
tion of values of the cluster with all other values (function
clusterProfile).

For intuitively informative plots the enrichment table
rows were sorted along the other dimension (table columns)
such that all categories enriched above a certain threshold
Psort 1n the first column cluster are moved to the top, and,
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within, sorted by increasing p-values. Next, the same sort-
ing was applied to all remaining row clusters for the second
column cluster, and so on until the last column cluster. Re-
maining row clusters are either plotted unsorted below a red
line or removed. This is especially useful to visualize enrich-
ment of functional categories along the temporal program
of co-expression cohorts, ¢.g., Figure 6B. This sorting is im-
plemented in segmenTools’ function sortOverlaps.

Sorted enrichment tables were visualized as colored table
plots (Enrichment Profiles) (e.g. Figure 6B, C), using seg-
menTools’ function plotOverlaps. For the categorical
overlap tests, the total counts of overlapping pairs are plot-
ted as text, and for t-test profiles the rounded ¢ statistic. The
text color is black or white based on a p-value cutoff p (as
indicated). The field background color intensities scale with
logy(p) of the reported p-values, where the full color corre-
sponds to a minimal p-value p,;, cutoff (as indicated) and
white reflects p = 1. For categorical enrichment tests the full
color is black. For numerical tests, the sign of the ¢ statis-
tic is used to determine a color to indicate the direction of
change: red for negative values (¢ < 0, downregulated) and
blue for positive values (¢ > 0, upregulated).

Promoter nucleotide frequency profiles

Only transcription units from the main chromosome were
considered for promoter structure analysis. The genome se-
quence was converted into a vector of 0 and 1, where 1 in-
dicates occurrence of the motif under consideration. Motif
occurrence vectors upstream and downstream of transcrip-
tion start sites were extracted from the genome vector and
aligned into a matrix (columns: positions around the align-
ment anchor, rows: all genomic sites under consideration).
The occurrence of a motif in all sequences of a cluster were
counted at each position in 66 or 5 bp windows surrounding
the position. Cumulative hypergeometric distribution tests
(R’s phyper) were performed to analyze statistical enrich-
ment or deprivation within the window of all TU in a clus-
ter vs. the same window in all TU. The mean position-wise
motif occurrence (frequency, in %) was plotted on the y-axis
and the size of the plotted data point was scaled by the en-
richment and deprivation p-values to emphasize regions of
significant difference. The maximal size was determined by
the minimum p-value in each test series, as indicated in the
Figure legends. The point style (closed or open circles) in-
dicates the directionality of the test (enriched or deprived).
These significance points are shown at every third or tenth
position to avoid overlaps.

Other data sources

Genome sequences and annotation were downloaded
from NCBI (Supplementary Table S4). The gene ‘cate-
gories’ annotation was downloaded on 2017-09-23 from
CyanoBase, file category.txt (85). Gene Ontology annota-
tion was downloaded from the UniProt database (2021-
03-20, organism:1111708) (86). Datasets from other
publications were all obtained from the supplemental ma-
terials of the indicated publications.
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Figure 2. Batch culture endpoint measurements. Overexpression and knockdown strains of this study where grown for 5 days in BG11 medium supple-
mented with all required antibiotics, and all inducers for the plasmid constructs in each experiment (100 ng/ml aTc, 1| mM L-rhamnose). (A) The optical
density at 750 nm (OD750) was measured daily and cell dry weight (CDW) determined directly after the last measurement on day 5. (B, C) Electrophero-
grams of chloroquine-supplemented agarose gels (1.2% agarose, 20 wg ml~! chloroquine) of plasmids extracted at harvest time (B) of the cultures in (A), or
as a time series (growth curve, Supplementary Figure S2D) of the topA©X strain (C). The migration direction of more supercoiled and more relaxed topoi-
somers is indicated. See Supplementary Figure S2 for the original gel images. (D) Cell counts and size distributions were measured daily in the CASY cell
counter and plotted as a gray-scale gradient (black: more cells at this volume). (E) Absorption spectra after the harvest on day 5. See Supplementary Figure
S1B for spectra at inoculation time. All spectra were divided by the absorption at 750 nm. (F) Glycogen content at harvest time was determined by a col-
orimetric assay after harvest, and boxplots of 18 technical replicates (three samples, each measured 3 x in two assays) are shown. (G) ATP and ATP+ADP
contents at harvest time were determined by a luciferase-based assay, and boxplots of six technical replicates (three samples and two measurements) are

shown.

RESULTS
Cell division block and redirection of cellular resources

Manipulation of gyrase and Topoisomerase I expression.
Based on the current models of the role of DNA super-
coiling homeostasis in bacteria (Figure 1A), we hypothe-
sized that artificial genome relaxation should inhibit growth
and redirect metabolic flux. To test this idea, we constructed
three strains (Supplementary Table S1) to inducibly repress
(knockdown, kd) gyrase subunits with the dCas9-mediated
CRISPR-interference system (64), and one strain to over-
express Topol: strains gyrAXd (target: sir0417), gyrBd
(s112005) and gyrABX (both subunits), all inducible by an-
hydrotetracycline (aTc); and strain topA®X with s/r2058
with a rhamnose-inducible promoter on the pSNDY plas-
mid (63). As controls, we included a Topol knockdown
strain (topA¥d), and an empty vector control (EVC) strain,
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bearing all plasmids but without the sgRNA or the ropA
gene. All six strains were induced with aTc and rhamnose
and cultured in continuous light for 5 days (Figure 2A), then
harvested for quantification of plasmid supercoiling, cell
dry weight, ATP + ADP, and glycogen. Reverse transcrip-
tion quantitative PCR (RT-qPCR) verified the functional-
ity of our inducible genetic constructs, but two reference
genes gave disparate results (Supplementary Figure S1A).
This points to global changes of the transcriptome and pre-
cludes quantification in terms of fold changes by RT-qPCR,
which we resolve below by RNAseq analysis.

Hypernegative plasmid supercoiling in the topA°X strain.
To analyze the specificity of our manipulations, we first in-
vestigated the effects on plasmid supercoiling by agarose
gel electrophoresis in the presence of an intercalator. Sam-
ples taken from the harvest time of the batch growth ex-
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Figure 3. Microscopy and Flow Cytometry Confirm the Volume Growth Phenotype. (A) Fluorescence microscopy images of typical round and dividing
cells, after 4 days of growth with or without the inducers (Supplementary Figure S3). The bar indicates 2 wm. Chlorophyll-specific fluorescence is shown
in blue and DNA-specific (HOECHST 33342) fluorescence in red. Bright-field and single channel images are provided in Supplementary Figure S4. (B, C)
Flow cytometry after 6 days of growth in the presence of the inducers (Supplementary Figure S6). The natural logarithms of forward scatter, side scatter
(B) and nucleic acid stain Syto9 (C) were calculated and 2D distributions plotted as contour plots (flow cytometry raw data: Supplementary Figure S7).

periments showed three sets of topoisomer bands (Supple-
mentary Figure S2A), consistent with the presence of three
annotated small plasmids of Synechocystis, pCA2.4_M,
pCB2.4_M and pCC5.2_M. Electropherograms of the two
smaller plasmids indicate that only strains gyrA*¢ and
gyrABXd showed plasmid relaxation (Figure 2B). We could
not extract plasmids from the topA*¢ strain (Supplemen-
tary Figure S2A). Unexpectedly, plasmids in the topA©X
and gyrB*d strains had a higher level of supercoiling. To in-
vestigate this effect, we measured plasmid supercoiling as a
time series of the topA®X strain after inoculation in fresh
medium with and without the inducer (Supplementary Fig-
ure S2B-F). The gel run time was increased to better sep-
arate topoisomers of pCC5.2_M. All three plasmids were
more relaxed after induction for 3 h (Figure 2C). Already
after 8 h the trend had reversed, and at 20-34 h plasmids
were more supercoiled than at time 0 h and in the uninduced
control time series (Supplementary Figure S2C). Then plas-
mids became further supercoiled to an extent where topoi-
somers were not separable anymore. In summary, the effects
on plasmids verify the functionality of our constructs on
protein activity level, and indicate quick compensatory re-
actions.

Cell volume growth, and increased adenosine and glycogen
content. Next, we investigated the phenotypes to test the
hypothesis that genome relaxing manipulations could set
free cellular energy for potential use in bioproduction. Ini-
tially, all cultures showed comparable growth. After three
days all strains except topAkd grew slower than the EVC;
and topA°X showed the strongest growth defect. The cell
dry weight (CDW) at harvest time correlated with the final
ODy75 of the cultures (Figure 2A), but was relatively higher
for the EVC and topA*¢ strains. Cell volume distributions
of the EVC and topAXd strains showed a transient small in-
crease (= 10%) on the first day of cultivation and were sta-
ble thereafter (Figure 2D). In contrast, cell volumes of the
gyr*d and topA©X strains increased over time, from 4 -5 fL
to 1215 fL after four days of cultivation. Total cell numbers
increased only slightly. Thus, strains where gyrase subunits
were knocked down or Topol was overexpressed showed in-
hibition of cell division but not of cell growth. Absorption

spectra (Figure 2E, Supplementary Figure S1B) showed
an overall decrease of all pigments in topA°X. The gyrkd
strains showed a stronger decrease at chlorophyll-specific
wavelengths than at phycocyanin-specific wavelengths. All
knockdown strains showed glycogen levels similar to the
EVC, with 25 % of the total CDW (Figure 2F). In contrast,
topA©X contained more than twice as much glycogen, 55%
of the CDW, and more than four times as much ATP+ADP
as the EVC (Figure 2G). gyrB*! and gyrAB*¢ accumulated
about twice as much ATP+ADP as the EVC; topA*¢ and
gyrAX showed no difference to the EVC control. While the
strains show clear differences in their metabolic phenotype,
the volume growth phenotype is consistent for all manipu-
lations that should (in principle) decrease supercoiling and
not seen in the two controls; a further verification of the
functionality of our constructs.

Confirmation by microscopy and flow cytometry. The
conductivity-based cell sizes provided by the CASY sys-
tem does not distinguish cell shape. We thus confirmed the
volume growth phenotype by fluorescence microscopy and
flow cytometry, each with nucleic acid staining. Cell vol-
umes were increased in the gyrA*¢ and topA©®X strains only
in the presence of the inducers (Figure 3A, Supplementary
Figures S3 and S4). The cell size distributions, measured
from microscopy images with the Coli-Inspector (68)
(Supplementary Figure S3D), agreed well with the CASY
data (Supplementary Figure S5). Manual counting of cells
in division (8-shaped) or estimation from the distribution
of cell widths and lengths showed an increase from < 10%
to & 20% after four days of growth in the presence of the
inducers (Supplementary Figure S5D, E). The phenotype
was further confirmed by flow cytometry (Figure 3B, Sup-
plementary Figure S7): forward scatter (FSC), which re-
flects cell size, was increased in all strains, and most in
topAOX. Total nucleic acid content (RNA+DNA) also in-
creased with cell size (Figure 3C).

Reduction of rRNA, global remodeling of mRNA & homeo-
static regulation of supercoiling enzymes.  To investigate the
effects on transcription, the same cultures that were used
for flow cytometry (Supplementary Figure S6A) were sub-
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Figure 4. Global transcriptome changes and homeostatic regulation of topoisomerase genes. (A) Electropherograms of the capillary gel electrophoresis
analysis of extracted RNA used for RNAseq. The fluorescence signal of each lane was normalized by the total RNA content as reported by the Bioanalyzer
2100 software (Supplementary Figure S6C). Lines are the means of three replicates (Supplementary Figures S8 and S9). Locations of the 16S, the 23S and
the large fragment of the 23S rRNA (23S.L) are indicated on the x-axis. Arrows indicate the maxima of the 16S rRNA peaks. (B, C) Expression changes
of coding genes in induced strains relative to the control strain (EVC) were derived as the log, ratio of RPKM normalized read counts and then compared
between the three different strains by 2D histograms (yellow: highest and purple: lowest local density of genes). The Pearson correlations (r) are indicated
in the bottom right corner. (B) gyrAKd (y-axis) versus gyrBXd (x-axis) strains. (C) gyrAKd (y-axis) versus topA®X (x-axis). The induction/repression and
the homeostatic responses of gyrA4, gyrB and topA are highlighted by arrows from the origin to indicate the direction of change. (D) Expression changes
of the targeted topoisomerase genes, the gyrA4/parC homolog s//1941, the HU protein (s//1712), the qPCR reference rpoA, and the predicted CRISPRi
off-targets (indicated by colored stripes). Error bars are standard errors reported by DESeq2.

jected to transcriptome analysis. Total RNA composition
and the relative abundances of rRNA and mRNA were an-
alyzed by capillary gel electrophoresis (Supplementary Fig-
ures S6B, C, S8). Ribosomal RNA species were strongly re-
duced in the gyrAXd and gyrB*? strains and less reduced
in topA®X (Figure 4A, Supplementary Figure S9). Interest-
ingly, the reduction was stronger for the 23S than for the 16S
subunit, even though they are synthesized as one transcript,
with 16S upstream and 23S downstream, and processed into
subunits co-transcriptionally (87). The same RNA sam-
ples were further processed (rRNA species depleted) and
sequenced on the Illumina platform, and transcript abun-
dances relative to the EVC control strain (fold change) eval-
uated with DESeq2 (78). All strains showed overall simi-
lar expression changes, but the extent was lower in topA®*
(Figure 4B, C). However, this difference could also just
reflect normalization effects (88) by the decreased rRNA
content in the gyrase knockdowns. In all strains, the tar-
geted manipulation was still observable at harvest time (Fig-
ure 4B-D), i.e., gyrd transcripts were reduced in gyrAkd,
gyrB transcripts in gyrB*! and ropA transcripts were in-
creased in topA®X. The non-manipulated genes showed the
compensatory response expected from homeostatic regu-
lation, i.e., fopA was repressed in both gyrk¢ strains, and
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all non-manipulated gyrase subunits were upregulated in
all experiments. Transcription of the DNA binding pro-
tein HU (s//1712) was strongly downregulated in the gyr*d
strains but only weakly in the topA®X strain. In contrast,
the sll1941 gene, annotated either as a second gyrase A
subunit or as the topoisomerase IV ParC subunit (89,90),
showed no response in either experiment. The upregula-
tion of the qPCR reference gene rpoA4 in all strains ex-
plains the disparate results of RT-qPCR (Supplementary
Figure S10B-D). Both CRISPRi constructs have potential
off-targets (Supplementary Table S2). Indeed, the succinate
dehydrogenase gene s//1625 (91,92) a predicted off-target of
the gyrB-specific sgRNA was downregulated in the gyrBXd
strain (Figure 4D), while other off-targets were not system-
atically affected.

Dynamic response and adaptation to topoisomerase I overex-
pression

Compensatory regulation of the non-manipulated topoiso-
merase genes in each strain was observed even five days af-
ter induction. Ribosomal RNA synthesis was strongly im-
paired. These observations are compatible with the estab-
lished models of the role of supercoiling in bacterial tran-
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Figure 5. Pulsed induction in continuous culture. (A) Photobioreactor growth of the topA©X strain (11 BG11 medium, 0.5% CO», illumination ~90 pmol
m2m! per OD75p). Optical density was recorded online (OD)) and post-calibrated to offline OD759. The arrows indicate inoc.: inoculation; cnt.:
onset of continuous culture (rate & = 0.01 h=!); IND.: induction of rop4 by pulse-addition of rhamnose to 2 mM (0.33 g1~!) at time 0 day; and batch:
switch-off of dilution. The dashed black line shows the theoretical wash-out curve of rhamnose ( g 1=!). Cell dry weight (CDW, g 17!, red) and glycogen
content (g1~ blue) were measured at the indicated times (points), and LOESS regressions are shown (solid lines) with 95% confidence intervals (dashed
lines). The CASY-based cell volume distributions (Supplementary Figure S11A) are shown as a background in gray-scale for reference. (B) The detrended
OD,, signal (red line, Supplementary Figure S11D) shows a ~24 h trend throughout batch phase and continuous culture before induction (IND.) A wavelet
analysis of the dominant periods in the signal is shown as gray-scale background (right axis).

scription (Figure 1). The resulting phenotypes may there-
fore reflect such compensatory regulation. To investigate the
direct effects of our manipulations, we selected the strain
with the most pronounced phenotype, topA°X, and stud-
ied the transient effects after induction in continuous cul-
ture. The culture was grown in continuous light at OD7s
~ 2.7 and with a dilution rate & ~ 0.24d~! (Figure 5A,
Supplementary Figure S11). After pulse-addition of the in-
ducer rhamnose, the fopA transcript abundance increased
to &~ 45x over its pre-induction level (Supplementary Fig-
ure S10F, G). Cell division was inhibited and cell volumes
increased with similar kinetics as in the batch culture ex-
periments. Glycogen content increased to ~40 % of the
CDW. After inducer wash-out, cells recovered to their pre-
induction state. Appendix A provides a detailed record
of these culture dynamics. The online OD signal (OD,)
showed a subtle ~24h component which vanished after
topA induction (Supplementary Figure S11D). Sustained
circadian rhythms in constant light have been reported be-
fore (93). However, we sampled daily for OD75y and absorp-
tion spectra, and can not exclude that we inadvertently en-
trained the culture. Sampling in high temporal resolution
may similarly have affected the disappearance of the signal
after induction.

Dynamic transcriptome response in continuous culture.
Samples for RNAseq analysis were taken at three differ-
ent time scales, i.e., in highest resolution around induction
(=35, 5, 20, 60 min), then over 3 days (4-8 h time steps), and
three further samples until 26 days, covering the phases of
volume increase and recovery. Coding gene transcript read
counts were calculated, the resulting time series clustered
(Figure 6A, Supplementary Figure S12) and clusters sorted
based on the following analysis. The clusters were scanned
for statistical enrichments with functional category annota-
tions (Figure 6B, Supplementary Figures S14 and S15) and
with clusterings from published experiments. Specifically,
we tested for enrichments of (i) genes that responded coher-
ently to stress conditions in the presence or absence of the
gyrase inhibitor novobiocin (13), (ii) genes that were either
upregulated or downregulated with increasing growth rate

(94), and (ii1) two diurnal (light/dark) time series (53,84)
that were clustered with the same method (Supplementary
Figure S17).

Over the first three days post-induction (Figure 6A), clus-
ter 1 (red) transcripts were upregulated in waves with a
~24h pattern and afterwards returned to pre-induction
levels. This cluster is enriched with genes encoding for ri-
bosomal proteins and biosynthetic enzymes (Figure 6B),
with genes that positively correlated with growth rate, and
genes that peaked at dawn (Figure 6C, Supplementary Fig-
ure S14B). Cluster 2 (yellow) transcripts were downregu-
lated in our experiment and comprise most photosynthesis
genes, and overlap with gene groups that were downregu-
lated in stress conditions, negatively correlated with growth
rate, and peaked at noon. Cluster 3 (green) transcript abun-
dances initially decreased and showed a weak ~24h pat-
tern, opposite to the transcripts of cluster 1. It is enriched
with genes peaking at noon or dusk. The transcript abun-
dances of clusters 5 and 6 (blue and cyan) increased from
1 day post-induction, were enriched with genes that peak
at night, with DNA replication and repair machinery, and
with transposons. These clusters also contain most plasmid-
encoded transcripts (Supplementary Figure S16), and were
not upregulated in the endpoint measurement of the gyrkd
strains (Figure 6C). And finally, the largest cluster 4 (gray)
comprises the genes with the weakest response to induction
of topA overexpression. In summary, topA overexpression
differentially affected gene cohorts that overlapped with
genes whose transcript levels change over the diurnal cycle
(84) and vary with growth rates (94). Diurnal cohorts that
are expressed at night or at dawn were upregulated, while
cohorts expressed at noon and dusk were downregulated.

Alignment of —10 and TSS with the structural code

Our intervention thus revealed gene groups that were also
co-regulated in previous experiments. To analyze the under-
lying promoter structures we mapped the clustering onto
transcription units (TU) (83) (Supplementary Figure S18),
and calculated the nucleotide content around their tran-
scription start sites (TSS). To avoid bias we only consid-
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Figure 6. Cluster analysis of the transcriptome time series data. (A) Cluster medians of transcript abundances (solid lines), relative to the mean of two
pre-induction samples. The transparent ranges indicate the 25%/75% quantiles; points and ticks on upper axis indicate the RNAseq sampling times. Cluster
labels (1-6) and sizes (number of genes) are indicated in the legend. (B) Sorted enrichment profile of the six clusters with the CyanoBase ‘categories’ gene
annotation. The numbers are the gene counts in each overlap, and gray scale indicates the statistical significance (enrichment) of these counts (black field:
Pmin < 10719; white text: p < 1077). Only overlaps with pgory < 0.01 are shown (full contingency table in Supplementary Figure S14A). (C) Enrichment
profiles (gray scale as in (B)) with other published gene classifications (see text) and t-value profiles (red-blue scale, Supplementary Figure S13) of clusters in
the end-point transcriptome experiments. Blue indicates upregulation (7 > 0) and red downregulation (¢ < 0). (D) Cluster medians as in (A) but zoomed in
on the first 5 h after induction. (E) Cluster enrichment profile (gray scale as in (B)) with genes upregulated (up), downregulated (down) or without change

(nc), 5-20 min (left) or 2.5-3 days (right) after induction.

ered TU from the main genome for these analyses. As ex-
pected from many other bacterial species (10,12,14,16), the
differential response to manipulation of supercoiling cor-
relates with the G+C content of the coding region (Fig-
ure 7A). This is especially pronounced in the TU that were
most upregulated or downregulated 20 min after induc-
tion, and in the typical direction, i.e., upregulated TU are
A+T-rich and downregulated TU are G+C-rich (Supple-
mentary Figure S19B). However, already 1 h post-induction
the different clusters bifurcated, and one G+C-rich clus-
ter (1, red) became upregulated, while one A+T-rich clus-
ter (3, green) became downregulated (Figure 6D, E). Next,
we focused on the core promoter (Figure 7B-D, Supple-
mentary Figures S19-S24) to query for previously described
supercoiling-sensitive structural features (32,52). This re-
vealed a distinctive feature of Synechocystis promoters,
namely, a strong coupling of the TSS with an A-tract-based
structural DNA code present in most bacterial genomes
(47,51), but specifically pronounced in polyploid cyanobac-
teria such as Synechocystis (53). A-tracts of length four
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show a clear helically phased enrichment with the maximal
peak at the —10 bp region of the promoter (Supplementary
Figure S20A). This A-tract pattern can be further decom-
posed into a helically phased enrichment of the AT2 dinu-
cleotide motif (ApA, ApT, TpT) and a localized enrichment
of the complementary TpA step just upstream of the —10
peak of AT2, and again at the TSS (Figure 7B, C, Supple-
mentary Figures S20B, C, S21); i.e., spanning the region of
single-stranded DNA (open bubble) in the transcription ini-
tiation complex. Each cluster showed significant deviations
from this common structure. The TSS-associated peak of
the TpA step is most pronounced in cluster 2 (yellow). Clus-
ter 3 (green) shows the lowest AT2 peak at —10 bp but the
highest peaks up to —50 bp, covering the o factor-binding
region. In contrast, cluster 1 (red) shows the highest AT2
peak at —10 bp, but significantly lower peaks directly up-
stream. Periodic enrichments further upstream may be out
of phase due to variable distances from the TSS. Indeed,
the autocorrelation function of concatenated promoter se-
quences shows comparable amplitudes in all clusters, and
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Figure 7. Promoter and Transcription Unit (TU) Structure. (A-D) Cluster nucleotide frequencies around transcription start sites (TSS) (Supplementary
Figure S18); only TU on the main genome were considered and the legend in (A) provides the number of TU in each cluster. The G+C content in (A) was
calculated in 66 bp windows at each position, all others in 5 bp windows. Point sizes (B-D) scale with —logy(p) from local motif enrichment (filled points)
and deprivation (open circles) tests, and the minimal p-values in each plot are indicated in the legends. The sigma factor binding region (o, —35 to —10),
the location of the open bubble (o, —10 to 0) and the transcript (RNA, from 0) are indicated. See Supplementary Figures S19-S23 for the full analysis. (E,
F) The Jensen—Shannon (JS) divergence (Supplementary Figures S24-S25) between the position weight matrices of time series clusters 1 and 3 (E) and of
immediate response clusters ‘up’ and ‘down’ (F); * indicates p < 0.05 (Supplementary Figure S24) (95). The short horizontal bar in (F) indicates the GC
discriminator region —6 to —3. (G) Graded response along TU with >4 genes in the batch culture experiments in Figure 4. The y-axis shows the difference
of the log, fold changes between the first and last transcribed gene of each TU. The left panel shows all strains and the right panel the gyrB*d strain and
TUs by their cluster association. See Supplementary Figure S27 for all strains and all TU with >2 genes. (H) An example TU from cluster 1 (red) with
a transcript abundance gradient in the gyr¥d strains but not in topA®X strain. The genes on TUS65 are, from 5° to 3’, rps20, tatD, rpoB and rpoC2. The
color scheme (viridis) in the strain tracks reflects the log, fold-changes (Figure 4), where yellow indicates higher and blue lower expression than the control

strain (EVC). The colors of genes and TU reflect their time series cluster association.

with higher periods (>11 bp) in upregulated and lower peri-
ods in downregulated clusters (Supplementary Figure S22).

The discriminator region and sigma factors

The deviations from this common structural pattern may be
related to the differential immediate and adaptive responses
of transcription to topA®X induction. The GC content be-
tween the —10 element and the TSS, known as the discrim-
inator region, partially determines positive and negative re-
sponses to both the regulatory metabolite ppGpp and to
changes in DNA supercoiling (27,30,31,96,97). This pat-
tern is consistently found in phylogenetically distant bac-
teria (32). We find two distinct nucleotide enrichment pat-
terns in this region, one downstream and another one up-
stream of a conserved T at position —7 (Supplementary Fig-
ure S24A, B) which binds to a pocket of the ¢’ factor of
the E. coli RNA polymerase initiation complex (35,98,99).
Firstly, the promoters that were upregulated 20 min post-
induction show an enrichment of A+T nucleotides at —6 to
—3 (Figure 7F, Supplementary Figure S19D,F, S24C). This
is consistent with data from other bacterial species (32).
However, it reflects the overall GC/AT bias of these pro-
moters, extending beyond the core promoter and into the
coding region. Secondly, cluster 1 (red) promoters are en-

riched in A between —7 and —11, upstream of the T at —7
(Figure 7D, E, Supplementary Figure S25).

Thus, the immediate response to topA°X induction is
largely consistent with responses observed throughout the
bacterial phylogeny. The subsequent adaptive response
likely reflects regulatory mechanisms specific to cyanobac-
teria or Synechocystis, and may involve specific sigma fac-
tors. We thus, investigated the expression patterns of the
nine annotated sigma factors (100) (Supplementary Fig-
ure S26). The sigA transcript was downregulated quickly af-
ter topA®X induction and was low in all endpoint measure-
ments. The transcripts of group 2 sigma factors sigB and
sigC were upregulated in all experiments but the time se-
ries shows that both are initially downregulated until 5 days
post-induction. The group 2 sigma factors SigD and SigE
are involved in circadian control, and their target genes par-
tially overlap with those of SigA (101-103) (Supplemen-
tary Figure S26A). SigE activates sugar catabolic pathways
during growth in light/dark conditions (104). Its transcript
was down-regulated, but showed a diurnal pattern, slightly
ahead (phase-advanced) of the diurnal pattern of cluster 3
(green) transcripts (Supplementary Figure S26C). The tran-
script of SigD was downregulated at all time points, but up-
regulated in the gyr*? strains. And finally, the group 3 and
4 factors sigH and sigl are the only sigma factors that were
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upregulated upon topA®X induction: sig/ transiently over
the first three days, and sig H in three circadian steps, slightly
phase-advanced of the circadian pattern of cluster 1 (red)
transcripts (Supplementary Figure S26C).

Graded response along transcription units

Supercoiling does not only affect initiation but also elon-
gation of transcription (105). Gyrase activity downstream
of transcription units can resolve positive supercoiling that
arises from the act of transcription itself (Figure 1B), and
such sites are found, e.g., downstream of rRNA loci and
highly transcribed operons in E. coli (21). Failure to remove
downstream supercoiling leads to RNA polymerase stalling
(19-21). Thus, we inspected the spatial fold-change patterns
along TU in the batch culture RNAseq data (Figure 4) by
analyzing the differences between the first and last tran-
scribed gene of each multi-gene TU. Indeed, we find that
the gyr*d but not the topA°X strains showed graded expres-
sion along TU (Figure 7G, H, Supplementary Figure S27).
This mostly affected large (multi-gene) TU of the G+C-rich
clusters 1, 2 and 4 (red, yellow, gray), is most pronounced in
cluster 1, comprising of ribosomal protein genes, and is rem-
iniscent of the graded effect at the rRNA loci (Figure 4A).

DISCUSSION

We manipulated the expression of gyrase and Topol genes
in Synechocystis, and showed that increased DNA relax-
ing (topA°X strain) or decreased DNA supercoiling (gyrkd
strains) activity inhibits cell division and broadly affects
physiology. Our data largely confirm the prevailing models
of the role of DNA supercoiling homeostasis in bacteria for
Synechocystis (Figure 1). We further demonstrate a direct
coupling of Synechocystis promoters to helically phased A-
tracts.

A toolbox for biotechnology and supercoiling research

Using the inducible dCas9-mediated CRISPR-interference
system (64) we successfully repressed transcription of gy-
rase subunits gyr4 and gyrB, or gyrA and gyrB simultane-
ously. Our tunable expression plasmid pSNDY (63) allowed
us to over-express the native topA4. All manipulations im-
pacted pigment content, cell volume and ATP levels: pig-
ments decreased whereas cell volume and ATP+ADP con-
tent increased. The most pronounced effects were observed
for the strain topA®X, which contained more than twice as
much glycogen, comparable to the levels in nitrogen-starved
cells (106,107). The sigma factor SigE activates glycogen
degradation genes during the diurnal cycle (104). Its down-
regulation may thus underpin glycogen accumulation in the
topA©X strain. SigD, a diurnal counterpart of SigE (101),
was downregulated in topA©X but upregulated in the gyrkd
strains. This may underlie some of the differences between
the phenotypes. The enlarged cell volume, in all strains,
was further confirmed by flow cytometry and microscopy,
which additionally revealed an increase in the fraction of
8-shaped cells, suggesting a block in cell division but not
growth. Thus, we successfully redirected cellular resources
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by manipulation of DNA supercoiling, providing a promis-
ing platform for photoproduction. A combination of our
constructs into a single strain, towards a fully synthetic con-
trol over the endogenous DNA supercoiling homeostasis,
may allow optimization of growth and production phases in
photobioreactors. The higher transcript abundances from
strongly supercoiled plasmids in the topA®X strain may
prove specifically useful to boost expression of exogenous
genes, as integration sites for most plasmids have been sug-
gested recently (108). As a next step towards a biotech-
nological chassis organism, our manipulation of topoiso-
merase expression must be assessed on protein abundance
level. Protein stability of the targeted topoisomerases will
likely have to be modified, e.g. by inducible degron systems,
to allow for a rapid switch of DNA supercoiling at an opti-
mal point during a production phase.

The gyrB knockdown strains gyrB*¢ and gyrABX
showed increased ATP+ADP content, and only the gyrB*¢
strain showed (slightly) increased plasmid supercoiling. We
did not further investigate these differences. They could be
related to an additional function of GyrB, together with
the second GyrA-like protein in Synechocystis (sll1941)
and potentially as a decatenating topoisomerase (ParC/D,
TopolV) (89,90), or may stem from the CRISPRi off-
target s//1625, a succinate dehydrogenase (91,92). The sin-
gle knockdown gyrAkd strain showed the weakest metabolic
phenotype and is therefore best suited for future studies into
the dynamic response to supercoiling in Synechocystis.

Evidence for the supercoiling homeostasis and the twin-
domain models in Synechocystis

Overexpression of fopA only transiently relaxed the plasmid
DNA, and after ~1 day, the plasmids became increasingly
supercoiled. This overcompensation exemplifies the often
counterintuitive consequences of manipulating a homeo-
static feedback system. In vitro, hypernegative supercoil-
ing of plasmids can be generated by gyrase and transcrip-
tion (109). In vivo, it has been observed in a top A-deficient
E. coli strain and depended on transcription (110,111). In
our topA©X strain, plasmid yields (per OD) and transcript
abundances of plasmid-derived genes all increased with su-
percoiling. Transcript abundances of both gyrase subunits
and the gyrase substrate, ATP, increased in parallel. The
overexpression of topA4 may have triggered a positive feed-
back between plasmid transcription and/or replication and
gyrase activity. Gyrase binding sites are frequently found
in native plasmids and phage genomes (112) and such sites
could contribute to this phenomenon.

Our other results are more consistent with previous
observations. We observed compensatory upregulation of
topA in the gyr*d strains and of gyr4 and gyrB in the
topAOX strain. Menzel and Gellert (1983) first suggested
that transcription of the topoisomerase genes is under
homeostatic control by negative feedback via the supercoil-
ing status (2); and the same pattern is observed in many
species across the bacterial phylogeny (2,6,12-15,113-115).
Even the stronger response of gyr4 than of gyrB (to a
decrease of supercoiling) has been previously reported in
E. coli (116). Likewise, the immediate genome-wide re-
sponse to topA overexpression is consistent with reports
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from many species (10-16): genes with G+C-rich cod-
ing regions were downregulated and A+T-rich upregulated
20 min post-induction. In the gyr*® strains the G+C-rich
TU clusters showed a graded response along TU, such
that the downstream gene showed lower upregulation or
stronger downregulation than the upstream gene. To date,
there is no clear explanation for the correlation between
the G+C content and the differential immediate response
to DNA relaxation. G+C-rich DNA requires more energy
for melting of the double helix, due to three instead of two
hydrogen bonds per base pair. Indeed, the in vivo elongation
rate was lower in G+C-rich genes of eukaryotes (117,118).
In bacteria, elongation depends on downstream gyrase ac-
tivity to avoid build-up of positive supercoiling and RNA
polymerase stalling, especially at strongly transcribed loci
such as RP and rRNA genes (19,21). This requirement
could specifically explain the graded effect along G+C-rich
TU in the gyrase knockdown strains which was most pro-
nounced in cluster 1 (red), as well as the stronger down-
regulation of the downstream 23S than the upstream 16S
rRNA at the rRNA loci. In summary, our data suggest that
both the homeostatic feedback control of topoisomerase
transcription (Figure 1A), and the twin-domain model of
transcription-dependent supercoiling (Figure 1B) also hold
in Synechocystis.

Helical phasing of the —10 elements and the TSS in Syne-
chocystis

Already 1 h post-induction the transcriptional response di-
versified into at least six distinct groups of transcription
units. Due to the quick compensatory reactions as well as
the strong phenotype, we can not infer any causal mod-
els for this response. However, the six gene clusters over-
lapped with gene groups that were diurnally co-expressed
(84,88) or responded differentially to growth rate (94). They
may thus reflect physiologically relevant regulons (groups of
TU with functionally interacting protein products). Their
differential response correlated with significant deviations
from a common promoter structure: a periodic enrich-
ment of the AT2 motif, in-phase with the —10 element
and the TSS. The AT2 motif is a minimal representation
of short repeats of A and T nucleotides (A-tracts) without
the TpA step (119,120). The TpA dinucleotide step is lo-
cally enriched just upstream of the AT2 peak at the —10
element (cf. “TATA box’), and again at the TSS. TpA is
structurally distinct and has been called a twist capacitor,
since it can adopt both high and low twist states in molecu-
lar dynamics simulations, and thereby locally absorb tor-
sional stress (121). Here, at —10 and the TSS, this prop-
erty could facilitate open bubble formation of the tran-
scription initiation complex. A-tracts have a narrower mi-
nor groove of the DNA double helix (46,122,123), pro-
viding binding sites for arginine residues in proteins that
wrap DNA (124), notably: gyrase (21,125,126), or locally
pinning DNA loop (plectoneme) formation (54). Their he-
lically phased enrichment is observed throughout all do-
mains of life (47,53), and specifically also upstream of bacte-
rial promoters (46,50,52,54,127). However, only a few anec-
dotal observations reflect the direct coupling that we ob-
serve in Synechocystis. For example, four helically phased
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A-tracts alone served as a promoter, and the most down-
stream A-tract served as the TSS in artificial constructs (38).
The phasing of the A-tracts relative to the —35 region deter-
mined the efficiency of a bacteriophage promoter (37). Kra-
vatskaya et al. (2013) found that alignment of promoter se-
quences at the TSS facilitates the detection of AA+TT din-
ucleotide periodicities in supercoiling-sensitive E. coli pro-
moters (52). To our knowledge, we provide the first obser-
vation of a direct alignment of the TSS and the —10 ele-
ment with helical phased A-tracts on a genome-wide scale.
It is possible that cyanobacterial RNA polymerases (128)
and o factors (102) rely more on such DNA structural fea-
tures than the well-studied E. coli case. However, strong
genome-wide A-tract periodicities in some cyanobacteria,
incl. Synechocystis, correlated with a polyploid life style
(53) and could also serve efficient packaging of the multiple
genomes into plectonemic structures (48). The pattern we
observe at promoters could thus merely reflect the proper in-
tegration of such a genome packaging code with promoters,
similar to its embedding into the first and third codon posi-
tions in protein-coding regions (53). These explanations are
not mutually exclusive, and evolution could yield A-tract-
aligned promoters when these A-tracts are also beneficial
for genome packaging.

Torsional strain and open bubble formation

Each time series cluster showed significant deviations from
this common structure. Are these distinct patterns directly
involved in the differential response to changes in DNA
supercoiling? Several non-exclusive models how DNA su-
percoiling can affect transcription initiation have been
proposed (5,29,32,39,40,42,52,129-131). A-tracts can lo-
cally stabilize DNA plectonemes, and such DNA loops
can suppress lac operon promoters if positioned correctly
(132,133). Notably, the dependence on a correct phasing
of repressive motifs with the —35 element was stronger in
Synechocystis than in E. coli (134). RNA polymerase can
bind to the apical loop of a plectoneme and shifts this
loop during transcript elongation, thereby avoiding rota-
tion around the template (135). It was suggested that the
RNA polymerase channels the torsional strain that is stored
in the plectonemic structure into the opening of the DNA
double helix between ca. —12 and +1 of the TSS (5,131),
with differential supercoiling-dependence of A-tract peri-
ods shorter or longer than the DNA helical pitch (*=10.5 bp)
(40,52). The auto-correlation analysis did reveal subtle dif-
ferences in AT2 motif periods (Supplementary Figure S22),
but a significance of these differences remains to be shown.

The sequence-dependent stability of the open bubble con-
formation of the RNA polymerase (open complex) deter-
mines the promoter’s response to both ppGpp and DNA
supercoiling (30-32,97). For example, the stability is af-
fected by the GC content between the TSS and the —10 ele-
ment, a region therefore known as the discriminator (27,96):
a higher GC content correlates with both supercoiling-
dependence and ppGpp repression of promoters. These dif-
ferences are observed in a variety of bacterial species (32),
including S. elongatus. We found a consistent pattern in
the promoters affected 20 min after induction of topA©°X,
specifically A+T are enriched from —6 to —3 bp of the TSS,
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just downstream of a conserved T at position —7, in upreg-
ulated (relaxation-induced) promoters. In contrast, the time
series cluster 1 (red) was enriched in A from —12 to —7. In
E. coli, the T at —7 is flipped out of the helix and bound to a
pocket of domain 2 of the ¢ factor during open complex
formation (35,98,99). The discriminator is bound by the do-
main 1.2 of 7° (96). All sigma factors that contain domain
1.2 (group 1 and group 2, (136)) were downregulated during
the adaptive response. Only sigH and sig/ were upregulated,
and the latter with a circadian pattern. The sig/ transcript
was also upregulated during the dark phase of the diurnal
cycle (84,137). The lack of domain 1.2 of these group 3 and
4 sigma factors may weaken the dependence of the promot-
ers on supercoiling. And finally, differential enrichment of
TpA at the TSS may point to a role of this twist capacitor
dinucleotide during open complex formation (121).

DNA supercoiling and the diurnal program

Despite significant differences of the cyanobacterial core
transcription infrastructure (102,138,139), ppGpp has very
comparable consequences on transcription in cyanobacte-
ria (59,60). Its increase is directly associated with the tran-
scriptional shut-down during dark periods (60), and, dur-
ing the light phase, it may modulate the diurnal transcrip-
tion program (61). By inference from the roles of super-
coiling and ppGpp in other bacteria, we can suggest a ten-
tative model for the observed changes in gene expression
upon topA induction or gyrase knockdown: in our con-
stant light experiments ppGpp was likely low, while over-
expression of topA shifts the supercoiling homeostasis and
DNA structure towards the opposed physiological state,
usually encountered during the dark phase. This combi-
nation, low ppGpp and low supercoiling, could reflect the
dark/light transition during the diurnal cycle, and induce
the expression of the dawn-specific cluster 1 (red), compris-
ing of growth-relevant genes such as ribosomal proteins and
the RNA polymerase. Indeed, the increase of translation-
related transcript abundances started shortly before the ac-
tual onset of light in Synechocystis (84). In physiological
context, strong transcription of this cluster would require
downstream gyrase activity, and this transcription would
lead to an overall increase in genomic supercoiling, accord-
ing to the twin-domain model. This increase in genomic su-
percoiling in turn could be required to progress through the
temporal expression program, and to initiate dawn-to-noon
DNA replication (140). The promoters of clusters 2 and
3 (yellow and green), overlapping with noon-specific and
dusk-specific cohorts, show a coherent helical phasing of
the A-tract motif up to at least -60 bp which may specifically
mediate sensitivity to the local or global level of supercoil-
ing. In our experiments, increased Topol or decreased gy-
rase activity would inhibit this transcription-dependent ac-
cumulation of supercoiling. The diurnal transcription pro-
gram would be stuck in a dawn-like state, the genome would
not be replicated and cell division blocked.

As an outlook, our strains should next be studied in di-
urnal conditions. A spatially resolved analysis of transcrip-
tion along the genome (81), as well as DNA-structural foot-
printing methods, e.g., mapping of supercoiling-sensitive
psoralen-binding sites (141), of gyrase-cleavage sites (21) or
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of the core transcription machinery (142) will provide an in-
tegrative picture of global regulatory mechanisms in a phys-
iological context.

DATA AVAILABILITY

The clustering and time series data from the topA©X strain
(both as raw abundances in TPM and as the log2 ratios
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4. Discussion & Outlook

Synechocystis is a common model organism used for photosynthesis and circadian clock research. Fur-
ther, they are becoming low-cost bioreactors for manufacturing commercially valuable products and
biotechnological applications. The fact that the circadian clock regulates gene expression globally means
that manipulation of the properties of the clock can be used to improve bioproduction [249]. As men-
tioned above, Synechocystis possesses a somewhat different phenotype in terms of the circadian clock

than Synechococcus, another commonly used laboratory organism.

Discovery of Novel KaiA3 Homolog in Synechocystis sp. PCC 6803

Although the circadian clock of Synechocystis has multiple kai gene copies, the core clock consists of
three proteins KaiAl, KaiB1, and KaiCl. The functionality of the KaiC orthologs is thought to be con-
served and has already been studied before [66]. Besides KaiA1, we could identify SII0485 as a potential
new KaiA3, which has a modular structure and can form a stable complex with KaiC3 to enhance auto-
phosphorylation, suggesting that it can function as a KaiA homolog [3.1]. The physiological function of
KaiA3 in Synechocystis appears to be related to the different metabolic modes of the cyanobacterial
strain. Synechocystis can use glucose as an energy and carbon source in the light [250] as well as in the
dark, whereas mutants deficient in KaiA3 lose the ability to grow chemo heterotrophically on glucose.
This is an aggravated effect compared to KaiC3-deficient mutants, which merely show reduced growth
rates during heterotrophy [108]. Disruption of KaiA in Synechococcus led to impaired viability during
light-dark cycles [195]. We proposed that KaiA3 is a novel and atypical homolog of KaiA and represents
an essential component of the KaiC3-mediated signaling pathway. Although the N-terminal region of
KaiA3 still retain some degree of response regulator activity, the precise mechanism by which it func-
tions still needs to be understood. Nevertheless, KaiA3 must be integrated into the broader regulatory

and metabolic network to thoroughly appreciate its diverse actions within the system.

Further research is needed to fully explore the potential effects of the number of kai gene copies on
these processes. KaiB3 and KaiC3 are believed to be involved in fine-tuning the KaiAB1C1 core clock
[98,108]. Recently, a study investigated the role of kaiB3 and kaiC3 in regulating the circadian rhythm
of Synechocystis [110]. The study surprisingly found that knocking out these genes caused a significant
attenuation of the circadian rhythm, which contrasts with previous findings where a study observed no
apparent growth defect in a AkaiC3 mutant [104]. The study found that impaired growth in the
AkaiB3C3 mutant eliminated the circadian rhythmicity of Synechocystis cells when either kaiB3 or
kaiC3 was knocked out [110]. Building upon these findings, further investigations on the regulation of
the circadian rhythm in cyanobacteria could benefit from testing the potential effects of AkaiA3 or
AkaiA3B3C3 depletion mutants. The importance of KaiA in regulating the circadian rhythm has been
shown for Synechococcus [85,251,252]. Our live monitoring approach [3.2] investigated the impact of
glycogen metabolism in AkaiA1BIC1 knockout strains and shed light on its correlation with the circa-
dian rhythm. However, the role of KaiA3 in regulating the oscillations and the influence on glycogen
content in Synechocystis remains to be clarified, which could provide valuable insights into the meta-

bolic network and potential biotechnological applications.
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The Role of KaiA1B1C1 Proteins in Metabolic Regulation and Transition

Between Light and Dark in Cyanobacteria

Expanding the discussion of the KaiA3 homolog, attention now turns to the role of the circadian clock
in metabolic regulation and the transition between light and dark in cyanobacteria, highlighting the
intricate connections between the clock, metabolism, and regulation of gene expression. The circadian
clock consists not only of the Kai proteins but of a network of input and output factors, which are
described for Synechococcus throughout. [64,66,253] Metabolomic analyses of Synechocystis indicate
that the KaiAB1C1-SasA-RpaA potential timing system of Synechocystis significantly influences the
switch of metabolism from photoautotrophy during light availability to the utilization of internal carbon
reserves in the dark [111]. Therefore, the involvement of the KaiAB1C1-SasA-RpaA is most likely linked
to glycogen, the primary carbon reserve at night. Our data support this hypothesis, as the diminished
oscillating backscatter signals in the Synechocystis AkaiA1B1C1 mutants presumably relate to glycogen

metabolism as a downstream target affected by this circadian oscillator.

Moreover, we demonstrated that these mutants do not store glycogen. As shown before, they have
growth deficits under LD conditions and not under LL [104], supporting the idea that KaiA1B1C1 acts
as a switch for the metabolism and regulates glycogen biosynthesis as a carbon sink for darkness.
Thereby, we were able to provide an additional important building block for the circadian clock research
in Synechocystis by detecting free-running and self-sustained oscillations, consistent with previous pub-
lications [110,246], and could link them directly to the three core-clock proteins KaiAl, KaiB1, and
KaiCl.

In cyanobacteria, dynamic metabolic regulation that ensures a smooth transition from dark respiration
to photosynthetic reactions is crucial [202]. Cellular respiration is closely linked to photosynthesis as
metabolic intermediates are exchanged between the processes of carbon fixation and respiration
[226,227]. The CBBC requires sufficient metabolic intermediates for photosynthetic light reactions af-
ter dark respiration. A lack of intermediates can cause carbon fixation reactions to stop and are, there-
fore, essential for daytime growth [195,254]. Glycogen metabolism is actively involved in the transition
from dark to light in cyanobacteria via the OPPP [255]. When photosynthetic reactions begin in the
light, the OPPP-mediated glycogen degradation supports the activation and stabilization of the CBBC.
[202] Therefore, this strategy can be thought to contribute to the support of photosynthesis during the
transition from dark to light [210]. Synechocystis AkaiA1B1C1 deletion mutant's transcriptomic analysis
revealed altered expression of genes involved in metabolic processes, including photosynthesis, respi-
ration, and carbon metabolism, as well as translation and transcriptional regulation [104]. Our data
suggest that KaiA1B1C1 proteins are involved in the transition from light to dark since the Synecho-
cystis AkaiA1B1C1 mutants do not build up glycogen storage. Taken together, this may explain the

impaired fitness in LD.

Exploring the Interplay of (p)ppGpp and Supercoiling in Dark-Light Tran-

sitions and Diurnal Transcription Program Regulation in Cyanobacteria

Cyanobacteria have evolved intricate regulatory networks to coordinate their metabolism and growth

in response to changing environmental conditions. The signaling molecules guanosine tetraphosphate
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and guanosine pentaphosphate, collectively known as (p)ppGpp, play a critical role in regulating gene
expression during transitions between light and dark, leading to global reorganization of gene expres-
sion. Despite the well-characterized part of the stringent response in stress conditions, its regulatory
function during unstressed growth remains less understood. Therefore, investigating the interplay be-
tween (p)ppGpp, supercoiling, and the stringent response provides a valuable starting point for under-
standing the underlying mechanisms of gene regulation in cyanobacteria [254,256]. The function of
this stringent response has been well characterized for bacteria and plants under stress condi-
tions [256,257], and its role in global biosynthetic capacity under non-stress conditions has also been
demonstrated [254]. It was shown that basal levels of (p)ppGpp regulate transcription, translation, and
cell size in light, and ppGpp protects cell viability in the dark. Therefore, basal levels of (p)ppGpp in
cyanobacteria are essential even in the absence of stress and for viability under energy-limiting condi-
tions and thus in LD cycles [254]. A more comprehensive link between the dark-light transition and
(p)ppGpp was also made in [3.3]. Cyanobacteria display a unique transcription infrastruc-
ture [122,162,258], yet their response to (p)ppGpp is similar to other bacteria, leading to transcriptional
shut-down during dark periods and modulation of the diurnal transcription program in the light phase
[254,259,260]. Based on the roles of supercoiling and (p)ppGpp in other bacterial species, we specu-
lated that low ppGpp and low supercoiling levels, such as those observed during the dark/light transition
in the diurnal cycle, induce the expression of the dawn-specific cluster 1 (red) [3.3] in response to over-
expression of topA and the resulting shift in DNA structure [247]. This cluster includes growth-relevant
genes, such as ribosomal proteins and RNAP, and its robust transcription is dependent on downstream
gyrase activity and leads to an increase in genomic supercoiling, which is required for progressing

through the temporal expression program and initiating dawn-to-noon DNA replication [261].

In our experiments [3.3], either increasing Topol or decreasing gyrase activity inhibits the transcription-
dependent accumulation of supercoiling, leaving the diurnal transcription program in a dawn-like state
and blocking genome replication as well as cell division. However, the diurnal transcription program of
cyanobacteria is regulated by the interplay between supercoiling and ppGpp, with the dawn-specific
cluster 1 being the key player in this process [3.3]. Genome compaction and DNA supercoiling affect
transcription in cyanobacteria and oscillate in a circadian manner [186,188,262], adding additional lev-
els of gene regulation. Understanding the underlying mechanisms of this process can provide valuable

insights into the circadian rhythm and growth regulation of cyanobacteria.

The Role of Sigma Factors in Light-Dark Transitions and Circadian

Regulation of Glycogen Metabolism in Cyanobacteria

The diurnal transcription program in cyanobacteria is tightly regulated by a complex interplay between
(p)ppGpp, supercoiling, and o-factors, making o-factors a promising target for metabolic engineering.
In cyanobacteria, group Il o-factors are found to be essential for the global regulation of transcription
and control of gene expression during light-dark transitions in Synechocystis [160]. A change in the
expression pattern of the o factors was detected after topA overexpression [3.3]. The sigA transcript
was rapidly downregulated and was low in all endpoint measurements, and the transcripts of group 2
o-factors, sigB and sigC, were initially downregulated but became upregulated after five days. The cir-

cadian-related o-factors sigD and sigE partially overlapped with the target genes of sigA [116,163,165].

115



Remarkably, sigE transcripts were downregulated but showed a diurnal pattern. SigE is known to acti-
vate sugar degradation pathways during growth under LD conditions [113,165,219]. In Synechocystis,
the transition from light to dark resulted in an increase in SigB and a decrease in SigE [161]. During the
transition, a reduction of transcript levels of genes encoding photosynthetic proteins and an increase in

genes encoding enzymes of energy metabolism, among others, were detected [161].

Furthermore, Summerfield and Sherman (2007) demonstrated that genes encoding glycolysis and
OPPP are downregulated in the dark in a Synechocystis AsigB and AsigE depletion mutant [161]. Circa-
dian regulation of o-factor abundance has already been demonstrated [160], supporting our assumption
regarding the regulation of glycogen metabolism by KaiA1B1C1. A o-factor cascade depends on RpaA
for temporal control of circadian transcriptional rhythms and has been described for Synechococ-
cus [159].

o-factors play a crucial role in gene expression regulation in response to environmental changes. Ma-
nipulating specific o-factors in Synechocystis could provide a promising metabolic engineering ap-
proach by altering the standard diurnal program and gene expression patterns [169]. For instance,
knocking out or overexpressing sigH and sig/, upregulated at particular diurnal cycle phases [162,247],
could disrupt or enhance gene expression typically regulated by these factors. Such alterations might
result in a tailored diurnal program, affecting gene expression in DNA replication, cell division, and
overall cellular activity regulation during light and dark periods. Furthermore, manipulating sigf could
potentially influence glycogen metabolism and energy production pathways, which are not only vital
for cellular growth and survival during the diurnal cycle but also serve as a potential biotechnological
target to manage cellular resource allocation and direct metabolic energy towards desired prod-
ucts [113,161,165]. In our study, we successfully live-monitored the circadian rhythm linked to glyco-
gen metabolism [3.2]. This real-time monitoring provides a valuable foundation for the outlook we pre-
sented, as it enables us to track the effects of o-factor manipulation on the diurnal program and glyco-
gen metabolism. As a result, our findings could potentially be used to guide future metabolic engineer-
ing efforts aimed at optimizing cellular resource allocation and directing metabolic energy toward de-
sired products. Although, manipulating o factors could have unintended pleiotropic effects on cellular

processes, complicating efforts to achieve specific metabolic engineering goals.

Circadian Rhythm and Redox Homeostasis: Unraveling the Connection

in Cyanobacterial Photosynthesis and Glycogen Metabolism

Biological timekeeping enables a system to carry out intricate temporal schedules for development and
behavior. The circadian rhythm, which regulates our sleep/wake cycle and various metabolic and be-
havioral cycles, is the most prevalent on a human scale. It is suggested that managing redox homeosta-
sis, the process by which an organism handles excess oxidative potential or a lack thereof, exhibits an
innate circadian rhythm [90,263]. Metabolites are vital in synchronizing Synechococcus, as the clock
doesn't directly detect light-dark cycles. Instead, it is regulated by the redox state of the plastoquinone
pool and the equilibrium between ATP and ADP [264,265]. KaiC phosphorylation is directly affected
by the ATP/ADP ratio and influenced by the interaction between KaiA's C-terminal domain and KaiC's
A-loops. The N-terminal pseudoreceiver domain of KaiA has a regulatory function, binding oxidized

quinones and forming aggregates that inhibit KaiC phosphorylation stimulation. This redox selectivity
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serves as a sensory mechanism for synchronizing the oscillator [87]. As a key regulator of redox reac-
tions in cyanobacteria [266], KaiA may have implications for the efficiency of the photosynthetic pro-

cess in cyanobacteria [266-268].

Key experimental strategies include investigating photosynthetic efficiency through chlorophyll fluo-
rescence measurements, which might shed light on energy capture and electron transport dynamics in
the photosystems [269] and the role of the kai gene orthologs. In addition, examining oxygen evolution
rates using a Clark-type oxygen electrode can assess the overall efficiency of the photosynthetic process
and gain insights into water-splitting and oxygen-evolving reactions [270], thereby contributing to the

understanding of circadian-mediated glycogen metabolism.

The circadian rhythm is crucial in regulating redox homeostasis in various organisms [271]. Investigat-
ing the circadian oscillations of peroxiredoxin (PRX) proteins could shed light on the interplay between
the circadian clock and redox reactions in cyanobacteria, essential for photosynthesis and overall
productivity. Studies indicate that in human, mice, and marine algae cells, the circadian oscillations of
PRX proteins, which are conserved to a high degree, demonstrate changes in oxidation state [263,272].
PRX comprise a phylogenetically ancient family of proteins whose primary role is associated with H20:
detoxification by reducing it to water [273]. This process consumes a reducing equivalent from
NADPH [72]. PRX oxidation and reduction occur in a circadian rhythm, observed in various organisms,
including those lacking a canonical circadian clock [263,272,274]. However, oxygenic photosynthesis
involves the reduction of carbon dioxide to organic matter using light energy and the simultaneous
evolution of oxygen [275-277]. This process is mediated by a series of redox reactions involving elec-

trons transfer from water to carbon dioxide [278].

Redox homeostasis is a complex process involving PRX proteins, other redox-active proteins, and small
molecules. For instance, proteins like SbtB play a role in carbon sensing and glycogen metabolism, and
recent research suggests that the cellular redox state and the circadian clock may regulate their activity.
SbtB is a protein in cyanobacteria that acts as a carbon sensing module, controlling the bicarbonate
transporter SbtA and glycogen metabolism [279]. Current findings have proposed that SbtB also pos-
sesses an unusual ATP/ADP diphosphohydrolase activity that is modulated by the redox state of the R-
loop (Redox-regulated loop), a C-terminal hairpin loop involved in redox sensing [280]. This activity
allows SbtB to switch between adenyl nucleotide-bound states in response to the cellular redox
state [280,281]. In the presence of light, SbtB is expected to reside in the reduced state without apyrase
activity, and during the day, SbtB helps to activate the CBB process [242]. The R-loop seems to be
critically involved in this process, and the fact that the R-loop is not found in all cyanobacteria points to
different regulatory needs for controlling the light-dark transitions in the different ecological niches
populated by cyanobacteria [280]. It is, therefore thinkable, that the Synechocystis AkaiAIBICI mu-
tants that are unable to build up glycogen have a malfunction in their SbtB protein, which may lead to
a disruption in the proper activation of the CBBC, resulting in low glycogen content. Since SbtB plays a
crucial role in controlling the CBB cycle by activating it during the day and turning on apyrase activity
at night [242,279,280]. Therefore, the circadian clock may play a crucial role in regulating SbtB and its
involvement in building up glycogen in cyanobacteria. Overall, redox reactions in cyanobacteria play a
critical role in the photosynthetic process, with their efficiency significantly impacting the productivity
of these organisms [282-284].
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Given the importance of redox reactions in cyanobacterial metabolism, it is essential to consider the
potential influence of ROS on cell viability. In 2020, Tanaka and colleagues proposed that the time-of-
day-dependent changes in cell viability could be due to rhythmic variations in ROS levels (case I) or
rhythmic damage to a critical component for cell viability (case 1), which can occur even at a constant
ROS level [285]. As the circadian clock based on the KaiABC system is a global regulator, both of these
factors are likely to change in a circadian manner. The presence of multiple kai genes in Synechocystis
may also impact the redox reactions and photosynthetic process. As a future experimental outlook,
exploring the redox reactions and photosynthetic processes in cyanobacteria, such as Synechocystis, can
be accomplished using a combination of experimental approaches. These techniques might uncover the
potential intricacies of redox homeostasis and photosynthetic efficiency and gain valuable insights for

metabolic engineering and biotechnological applications.

Conclusion

In conclusion, the circadian clock of Synechocystis, which includes multiple kai gene copies, plays a
vital role in the regulation of metabolic processes, including the metabolic switch between
photoautotrophy and the utilization of internal carbon reserves. Identifying SI10485 as a potential
new KaiA3 homolog opens up new avenues for research on the complex interplay between circadian

rhythm and metabolic regulation in cyanobacteria.

The KaiAB1C1 system in Synechocystis has been linked to glycogen metabolism, the primary carbon
reserve utilized during nighttime. Impaired glycogen storage in LL conditions was observed in Synecho-
cystis AkaiA1B1CI1 mutants, supporting the hypothesis that KaiA1B1C1 proteins are involved in the

transition between dark respiration and photosynthetic reactions.

In addition to its role in glycogen metabolism, the circadian clock also influences other cellular pro-
cesses. For example, dark-light transitions in cyanobacteria are influenced by the interplay between the
circadian clock, supercoiling, and signaling molecules like (p)ppGpp. We demonstrated that changes in
Topol or gyrase activity impact the diurnal transcription program, genome replication, and cell division.
Genome compaction and DNA supercoiling, which oscillate in a circadian manner, add additional levels
of gene regulation. Furthermore, o-factors play a crucial role in regulating transcription and gene ex-
pression during light-dark transitions and are connected to essential cellular processes such as glycogen

metabolism, energy production pathways, and growth.

The management of redox homeostasis, which is essential for the organism's ability to handle excess
oxidative potential or deficiencies, is believed to exhibit an innate circadian rhythm. Redox reactions
also play a critical role in photosynthesis in cyanobacteria, and their efficiency has significant implica-
tions for productivity. The novel KaiA homolog KaiA3 might contribute to the redox reactions in cyano-
bacteria and, therefore, may influence photosynthetic efficiency. Investigating the interplay between

redox reactions and circadian rhythm could provide valuable insights into the circadian clock.

While the interplay of the circadian clock in redox homeostasis and glycogen metabolism is evident,
more research is required to understand better the intricacies of these processes and their potential
impact on the broader cellular processes in cyanobacteria. Exploring the redox reactions and photosyn-
thetic processes in cyanobacteria, such as Synechocystis, can be accomplished using a combination of

experimental approaches, including employing redox-sensitive fluorescent dyes to measure ROS
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levels [286], measuring the redox potential of biological samples to monitor the balance between oxi-
dized and reduced species [287], and conducting enzyme activity assays for key redox enzymes [288].
Researchers can develop a more comprehensive understanding of redox reactions and photosynthetic
processes in cyanobacteria by utilizing these experimental techniques in concert, including the live-
monitoring method discussed earlier. The live-monitoring method allows real-time tracking of glycogen
content, which is essential for understanding how excess energy is stored during the day and utilized
at night. This approach can pave the way for optimized productivity and novel metabolic engineering
strategies, taking full advantage of real-time insights into the cyanobacterial processes and their carbon

storage dynamics.

In summary, the results of this work fill some gaps in our understanding of circadian clock proteins and
their orthologs, as well as the involvement of the circadian clock in metabolic processes. We have
demonstrated the importance of the circadian clock in Synechocystis and contributed to a deeper un-
derstanding of the mechanisms underlying the circadian rhythm. The live monitoring method in this
study successfully tracked the diurnal program and linked it to glycogen metabolism, allowing real-time
monitoring of potential alterations in glycogen metabolism. Considering the relevance of energy avail-
ability for anabolism and catabolism, we may track these aspects in future experiments. Additionally,
we suggested different methods that might help obtain a more comprehensive understanding of these
processes. By integrating all the information gathered from our research, particularly regarding cyano-
bacteria concerning the circadian clock and future work, we may be better equipped to predict meta-
bolic changes. Ultimately, this knowledge can contribute to developing innovative metabolic engineer-
ing strategies to optimize cellular resource allocation and direct metabolic energy to target products,

improving the efficiency and sustainability of biotechnological applications.

Throughout this dissertation, it becomes apparent that each finding or outcome is either directly or
indirectly connected to the circadian clock. As a global regulator, this is not entirely surprising, high-

lighting the circadian clock's overarching influence - the one rhythm to rule them all.
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5. Abbreviations

GlgB
OGDH
GBD1
CAT2
GND
PGL
PhaB
PhaA

GlgC
aNTD
CBBC
aCTD
CS
CikA
CLOCK
CpmA
LL

Cry
RNAP
ENO
ROR-a
ECFs
FBP
FBA
GABA
GEFL
GgpP
Ggp$S
GlgC
UDP-GP
ZWF
PGI
GAPDH
G3P
Gap2
GlgX
GlgpP
GlgA
PPPGPP

ppGpp
LD

LDC
LdpA
LabA

1,4-alpha-glucan branching enzyme
2-oxoglutarate dehydrogenase
4-hydroxybutyrate dehydrogenase
4-hydroxybutyryl-CoA transferase
6-phosphogluconate dehydrogenase
6-phosphogluconolactonase
acetoacetyl-CoA reductase

acetyl-CoA acetyltransferase
ADP-glucose pyrophosphorylase (glucose-1-phosphate adenylyltransfer-
ase)

amino-terminal domain
Calvin-Benson-Bassham cycle
carboxy-terminal domain

cellulose synthase

circadian input kinase A

circadian locomotor output cycles kaput
circadian phase modifier A

continuous light

cryptochrome

DNA-dependent RNA polymerase
enolase

etinoic acid orphan receptor-a
extracytoplasmic functions

fructose bisphosphatase
fructose-bisphosphate aldolase
y-aminobutyric acid

gene expression feedback loop
glucosylglycerol-phosphate phosphatase
glucosylglycerol-phosphate synthase
glucose-1-phosphate adenylyltransferase
glucose-1-phosphate uridylyltransferase
glucose-6-phosphate 1-dehydrogenase
glucose-6-phosphate isomerase
glyceraldehyde 3-phosphate dehydrogenase
glyceraldehyde-3-phosphate
glyceraldehyde-3-phosphate dehydrogenase 2
glycogen debranching enzyme

glycogen phosphorylase

glycogen synthase

guanosine pentaphosphate

guanosine tetraphosphate

light-dark

light-dark cycles

light-dependent period A

low-amplitude and bright A
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Cl N-terminal

o C-terminal

OPPP oxidative pentose phosphate pathway
PRX peroxiredoxin

Per period

Pex period extender

PGK phosphoglycerate kinase
PGAM phosphoglycerate mutase
PGM phosphoglycerate mutase
Prk phosphoribulokinase

PSI photosystem |

PSII photosystem |1

PQ plastoquinones

PsR pseudo-receiver

PDH pyruvate dehydrogen
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