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Summary

e FoF1 ATP synthases produce ATP, the universal biological energy source. ATP
synthase complexes on cyanobacterial thylakoid membranes use proton
gradients generated either by photosynthesis or respiration.

e AtpO is an ATP synthase regulator in cyanobacteria encoded by atpT. Atp©
inhibits the hydrolysis of ATP (reverse reaction) that otherwise would occur
under unfavorable conditions. In the cyanobacterium Synechocystis sp. PCC
6803, AtpO is expressed at very low levels under optimum phototrophic growth
conditions or in the presence of glucose, but its expression is substantially
increased 10 min after transfer into darkness.

e DNA coimmunoprecipitation experiments followed by mass spectrometry
identified the binding of the two transcriptional regulators cyAbrB1 and cyAbrB2
to the promoter and the histone-like protein HU to the 5’UTR of atpT. GFP
reporter assays revealed a detectable but small effect on transcriptional
regulation. However, atpT transcript stabilities differed dramatically, half-lives
were 1.6 min in the light, 33 min in the dark and substantial changes were
observed if glucose or DCMU were added.

e Basic transcriptional control of atpT involves nucleoid-associated DNA-binding
proteins, while the major effect on the condition-dependent regulation of atpT
expression is mediated by controlling mRNA stability, which is related to the

cellular redox and energy status.

Keywords: FoF1 ATP synthase, Atp®, cyanobacteria, cyAbrBs, transcriptional
regulation, RNA stability.
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Introduction

FoF1 ATP synthase (hereafter referred to as ATP synthase) is a multisubunit enzyme
complex that resides in the energy-transducing membranes of chloroplasts,
mitochondria, bacteria and archaea (Walker, 1998). ATP synthases from different
organisms or organelles share a similar architecture that consists of a membrane-
extrinsic F1 head and a membrane-intrinsic Fo complex connected by central and
peripheral stalks (Walker, 2013). The catalytic activity resides in the F1 part of the
complex, which synthesizes ATP from ADP and Pi using proton motive force (Ap).
Under unfavorable conditions, ATP synthases operates backward, hydrolyzing ATP
while pumping protons. Therefore, multiple mechanisms have evolved to inhibit this

futile ATP hydrolysis activity in vivo.

Small peptide inhibitors were identified for ATP synthases in mitochondria. They
are known as inhibitory factor 1 (IF1) in mammals (Pullman & Monroy, 1963; Hong &
Pedersen, 2008), while three inhibitors, IF1, STF1 and STF2, have been described in
yeast (Hashimoto et al., 1990; Hong & Pedersen, 2002). IF1 inhibits the ATPase
activity of mitochondrial ATP synthase under depolarizing conditions such as hypoxia
(Campanella et al., 2008; Walker, 2013; Garcia-Bermudez & Cuezva, 2016). In plants,
likely IF1 homologs were described in potato and rice (Norling et al., 1990; Polgreen
et al., 1995; Nakazono et al., 2000). Recent bioinformatic and functional analyses
further supported the IF1 candidates identified in plant mitochondria as orthologues of

the IF1 proteins of yeast and animal mitochondria (Chen et al., 2020).

A different mechanism inhibits the reverse reaction of ATP synthase in
chloroplasts, where the proton gradient is generated by light-driven photosynthetic
electron transport. In this plant organelle, a redox-controlled mechanism switches ATP
synthase activity off at night when photosynthesis does not occur (Kuhlbrandt, 2019).
The molecular mechanism underlying this redox switch relies on the gamma subunit
of chloroplast ATP synthases, which forms a disulfide bond through cysteine residues
in the unique sequence motif EICDINGXC, inhibiting ATP hydrolysis activity
(Possmayer & Graber, 1994; Hahn et al., 2018; Kuhlbrandt, 2019).

Mitochondria and chloroplasts originate from the endosymbiotic uptake of an a-
proteobacterium and a cyanobacterium, respectively (Mereschkowsky, 1905; Sagan,
1967; Gray, 2012; Ponce-Toledo et al., 2017; Maréchal, 2018; Martijn et al., 2018).
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Accordingly, the chloroplast ATP synthase in all plants originates from the
cyanobacterial ancestor. However, cyanobacteria differ uniquely from all other bacteria
and eukaryotic energy-converting organelles by combining photosynthetic and
respiratory electron transfer systems in their thylakoid membranes. Consequently, two
fundamentally distinct systems generate the proton gradient utilized by ATP synthase.
Therefore, regulatory mechanisms are expected for the ATP synthase of
cyanobacteria that resemble those of mitochondria and chloroplasts, as well as unique
mechanisms. Although photosynthetic and respiratory electron transfer systems in
cyanobacteria are interconnected by multiple possible electron transport routes
(Mullineaux, 2014), the mechanisms controlling the different electron transport routes

during fluctuating conditions are largely unclear (Mullineaux & Liu, 2020).

Compared to homologous plant proteins, cyanobacterial ATP synthase gamma
subunits lack the 9 amino acid redox switch but contain a 25 amino acid fragment that
is missing in the proteins of nonphotosynthetic prokaryotes and mitochondria (Hisabori
et al., 2003). The importance of this additional 25 amino acid fragment for regulation
was validated by studying a truncated version (Sunamura et al., 2010). In addition,
cyanobacteria encode a small amphipathic protein, Atp©, which was characterized as
an inhibitor of ATP synthase ATPase activity in vitro (Song et al., 2022). AtpQ@ is
encoded by the atpT gene, and likely homologs of atpT were detected in all available

cyanobacterial genomes.

In the model cyanobacterium Synechocystis sp. PCC 6803 (Synechocystis 6803),
Atp® accumulates during conditions that potentially weaken the proton gradient, such
as darkness (Baumgartner et al., 2016; Song et al., 2022). The addition of glucose
neutralized the strong dark-induced atpT transcript accumulation, while the further
addition of a chemical uncoupler or an electron transport inhibitor restored the high
transcript accumulation in the dark (Song et al., 2022). These findings suggested that
the regulation of atpT is complex and to be somehow connected to the status of the

electron transport chain or proton gradient.

The present study investigated mechanisms involved in regulating atpT
expression. We first analyzed the Synechocystis 6803 atpT promoter by systematically
truncating the region upstream of the transcriptional start site (TSS) in a GFP-based

reporter assay. Transcript accumulation and promoter activity were then investigated
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under different conditions by combining the GFP assay with analyses of mRNA
accumulation and stability. Protein coimmunoprecipitation experiments using a
biotinylated atpT promoter fragment identified cyAbrBs as interacting transcription
factors, which was confirmed in electrophoretic mobility shift assays in vitro. The data
provide insights into the complex regulation of atpT expression and facilitate further

studies of the underlying regulatory mechanisms and Atp® functions.

Materials and Methods
Strain construction and cultivation

The Asll0822 (AcyabrB2) mutant (Ishii & Hihara, 2008) was provided by Y. Hihara,
Saitama University, Japan. Synechocystis 6803 was cultured in BG11 medium
buffered with 20 mM TES (pH 8.0) (Rippka et al., 1979) with gentle agitation or on solid
agar (1.5% Kobe | agar) plates under constant illumination of approximately 40 umol
photons m=2 s at 30 °C. If appropriate, antibiotics were added (5 ug ml* gentamicin
for GFP reporter strains, 10 ug ml? kanamycin for the Asll0822 mutant). For
incubations in the dark, flasks were wrapped with tin foil. If indicated, 1% glucose [w/V]
and/or 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU), carbonyl cyanide m-
chlorophenylhydrazone (CCCP), or methyl viologen were added at concentrations of
50, 10 or 6 yM. Rifampicin was added at 300 pg/ml from a 50 mg/ml stock solution in
dimethyl sulfoxide to study RNA stability.

E. coli TOP10 was used for plasmid construction, E. coli BL21 (DE3) for protein
expression, and E. coli J53/RP4 as a helper strain for conjugation. E. coli cells were
grown in liquid LB medium (10 g/l bacto-tryptone, 5 g/l bacto-yeast extract, and 10 g/l
NacCl) with continuous agitation or on 1.5% [w/v] Bacto agar plates at 37 °C. If required,

5 pug ml* gentamicin, 50 pg ml-* ampicillin or 50 ug ml* kanamycin was added.

For GFP assays, the plasmids Pgfpconstruct_1, 3, 4, 5 and 6 were constructed
through AQUA cloning (Beyer et al., 2015) by fusing the promoter, sfgfp and pVvVZ322
backbone fragments amplified by PCR. The plasmid Pgfpconstruct_2 was obtained
using AQUA cloning based on the plasmid Pgfpconstruct 1, plasmids
Pgfpconstruct_mutl, 2, 3 and 5 were constructed using AQUA cloning based on the

plasmid Pgfpconstruct 3, and plasmid Pgfpconstruct_mut4 was constructed using
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AQUA cloning based on the plasmid Pgfpconstruct mut3. For the expression of
recombinant cyAbrB1 and cyAbrB2, the plasmids pNHis-0359 and pNHis-0822 were
constructed through AQUA cloning and transformed into E. coli BL21 (DE3). All

primers are listed in Table S1, and all strains are listed in Table S2.

Recombinant protein purification

Ten milliliters of E. coli BL21 (DE3) overnight cultures containing pNHis-0822 or pNHis-
0359 were inoculated into 1 L of LB medium supplemented with ampicillin and cultured
at 37 °C with continuous agitation. The expression of recombinant proteins was
induced by adding isopropyl 3-d-1-thiogalactopyranoside (IPTG) to a concentration of
0.5 mM when the OD600 reached 0.6. After 4 hours, the cells were collected by
centrifugation at 3,000 g for 10 minutes. Pellets were resuspended in PBS (137 mM
NacCl, 2.7 mM KCI, 10 mM Na2HPO4, and 1.8 mM KH2POa4, pH 7.5) supplemented with
Protease Inhibitor Cocktail and then broken using a cell disruptor (Constant Systems
Limited). The lysates were centrifuged at 12,000 g for 30 minutes, and the
supernatants filtered through a 0.45 um filter. The recombinant proteins were then
purified using a 1 ml HisTrap HP column and AKTA™ system (GE Healthcare)

according to the manufacturer’s instructions.

GFP assays

GFP fluorescence in Synechocystis 6803 was measured using a VICTOR3 multiplate
reader (PerkinElmer). The cells were cultured to an OD750 of 0.5, and 200 pl aliquots
were transferred to a 96-well microplate. The fluorescence was measured with an
excitation filter F485, emission filter F535, a measurement time of 1.0 s, and a CW-
lamp energy 21673. In parallel, absorbance was measured at 750 nm (CW-lamp filter
750/8 nm, measurement time 1.0 s) and then used to normalize the GFP intensity.
Since the adjusted GFP intensity decreased with the increase in OD750 (Fig. S1),
probably due to self-shading, the cultures were adjusted to equal OD750 values the

day before the measurement.

Protein extraction, Western blotting and polyacrylamide gel electrophoresis
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A 600 ml culture was cultured in a 2 L flask until reaching an OD750 of 0.8 and then
divided into 50 ml aliquots to analyze the GFP level in the GFPconstruct_1 strain
cultured under different conditions. One aliquot was collected as a light culture control,
while the others were treated as indicated. Synechocystis 6803 cells were harvested
by centrifugation (4,000 g, 10 min, 4 °C), resuspended in PBS containing a protease
inhibitor cocktail, and disrupted mechanically using a Precellys 24 homogenizer (Bertin
Technologies). Debris was removed by centrifugation at 1,000 g for 1 min at 4 °C, and
the protein concentration in the supernatant was measured using the Bradford assay.
Before loading, protein samples were boiled with 1x protein loading buffer at 95 °C for

10 min.

For denaturing SDS—-PAGE, samples were incubated with 1x loading buffer at
95 °C for 10 min and then separated on 15% Tris-glycine SDS PAGE or Tricine—SDS
PAGE gels (Schagger, 2006). For Western blotting, the gels were transferred to
Hybond ™-ECL membranes (Cytiva) using semidry electroblotting. Blotted membranes
were blocked with 3% skim milk dissolved in TBST (20 mM Tris, pH 7.6, 150 mM NaCl,
and 0.1% Tween-20) and then sequentially incubated with rabbit anti-GFP primary
antisera (1:2000 dilution; Sigma—Aldrich) and secondary antisera (1:10,000 anti-rabbit
antisera; Sigma—Aldrich). Signals were detected with ECL start Western blotting
detection reagent (Cytiva) using a chemiluminescence imager system (Fusion SL,

Vilber Lourmat). Western blots were repeated twice independently.

Native SDS—-PAGE (NSDS-PAGE) was conducted as described previously
(Nowakowski et al., 2014) with modifications. Protein samples were mixed with 1/3
volume of 4 x loading buffer (100 mM Tris-HCI, 0.01875% Coomassie G-250, and 10%
glycerol, pH 8.5) and then loaded on a native glycine polyacrylamide gel (same recipe
as the 15% Tris-glycine SDS gel except for the omission of SDS). Electrophoresis was
performed in NSDS—-PAGE running buffer (50 mM Tris-HCI, 200 mM glycine, and
0.0375% SDS, pH 7.3) at 4 °C.

RNA isolation and Northern blotting

Synechocystis 6803 cells were harvested by vacuum filtration on hydrophilic
polyethersulfone filters (Pall Supor®-800, 0.8 um), followed by snap freezing in liquid
nitrogen; the entire collection procedure took approximately 30 s. Isolation of total RNA
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and Northern blotting procedures were performed as described previously (Song et al.,
2022). Primer and oligonucleotide sequences are listed in Table S1. Signals were
visualized using Typhoon FLA 9500 (GE Healthcare) and Quantity One software (Bio-
Rad). Quantity One software was also used to quantify atpT and 5S rRNA transcript
levels. For subsequent normalization, the atpT/5S rRNA ratio at time O under each
condition was set to 1, and the values at the following time points were calculated

accordingly. All Northern blots were independently performed at least twice.

Calculation of the transcript half-life based on Northern hybridization results

The stability of the atpT mMRNA was measured after adding rifampicin and transferring
the cultures to the indicated conditions simultaneously. RNA samples prepared before
and at the indicated times after rifampicin addition were analyzed using Northern
hybridization. Hybridization results were quantified using Quantity One® (Bio-Rad)
software, and 5S rRNA was used as a loading reference. Relative intensities of each
blot were normalized to the relative intensity before rifampicin addition (normalized
relative intensity of 1 for time 0). The normalized relative intensities of atpT transcripts
were fitted to the exponential decay function I(t) = I(t,)e~* with the R nls2 function
using start values in the range from 0.001 to 0.5 for the decay constant A and from 0.2

to 2 for the start intensityl(t,). The half-life was calculated using the equation ty, =

log(2)
—/'L .

Protein pull-down and mass spectrometry

DNA affinity pull-down assays using Paptes-5’'UTR and the atpT 5’UTR DNA fragments
were performed as described previously with modifications (Lambrecht et al., 2018).
Three liter cultures of Synechocystis 6803 were collected by centrifugation at 7,000 g
for 10 min, washed twice with PBS (pH 7.5), and resuspended in 4 ml of BS/THES
buffer (0.5 mM MgClz, 50 uM ZnSO4, 50 pM FeClz, 50 yM MnCl2, and 50 uM EDTA)
supplemented with Protease Inhibitor Cocktail. The cells were disrupted in a Precellys
24 homogenizer, and debris was pelleted by centrifugation at 13,000 g for 30 min at
4 °C. Six hundred microliters of the resulting supernatant were first incubated with 200

Ml of uncharged Dynabeads M-280 Streptavidin (Thermo Fisher Scientific) for 20 min
8
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to minimize nonspecific binding before an incubation with beads loaded with the bait
for 1 h at room temperature. Before the incubation with lysate, Dynabeads were
washed and prepared according to the manufacturer’s instructions. The biotinylated
Papte6-5’'UTR and the atpT 5’-UTR DNA fragments were amplified by PCR using the
primers listed in Table S1 and purified with the Macherey-Nagel™ NucleoSpin™ Gel
and PCR Clean-up Kit.

After the incubation with cell lysate, beads charged with baits and bound proteins
were washed with BS/THES buffer 5 times, and proteins were eluted with elution buffer
(25 mM Tris—HCIl and 250 mM NacCl). Protein elutes were precipitated overnight at 4 °C
by adding trichloroacetic acid to a final concentration of 15%. Proteins were pelleted
by centrifugation at 13,000 g for 30 min at 4 °C and then analyzed on a 16%/6 M urea
Tricine-SDS gel. The gel was stained with InstantBlue (Expedeon), and eventually,
samples were prepared and analyzed using mass spectrometry as previously
described (Song et al., 2022). The proteomics data have been deposited at the
ProteomeXchange Consortium via the PRIDE partner repository (Perez-Riverol et al.,
2019) with the dataset identifier PXD027801.

Electrophoretic mobility shift assay

Cy3-labeled probes were amplified by PCR using the primers listed in Table S1 and
purified with the Macherey-Nagel™ NucleoSpin™ Gel and PCR Clean-up Kit. Reaction
conditions for binding protein to DNA were 12 mM HEPES, 4 mM Tris, 12 mM KCI, 1
mM EDTA, 1 mM EGTA, 12% glycerol, and 1 ug of LightShift Poly (dIdC) (Thermo
Fisher Scientific). Samples were run on 3% agarose gels in 0.5x TBE (45 mM Tris, 45
mM boric acid, and 1 mM EDTA, pH 8.0) and visualized using Typhoon FLA 9500 (GE
Healthcare) and Quantity One® software (Bio-Rad).

Statistical analysis

Statistical analyses were performed with GraphPad Prism 6.0 software (GraphPad
Software, Inc., San Diego, CA). Unpaired two-tailed t tests were performed, as shown
in Tables S5 and S6. Differences between groups were considered significant at a P

value of <0.05 and highly significant at a P value of <0.01.


https://doi.org/10.1101/2021.11.17.468837
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.17.468837; this version posted November 18, 2021. 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 4.0 International license.

Results

The atpT promoter contains two regions for basal activity and inducibility by

darkness

The TSS of atpT is located at nt position 299115 on the reverse strand of the
Synechocystis 6803 chromosome (GenBank file NC_000911), yielding a 5’UTR of 143
nt, a coding region of 144 nt, and a 3’'UTR of 101 nt (Fig. S2a). The 3’'UTR ends with
a predicted stem-loop structure that resembles a Rho-independent terminator (Fig.
S2b). According to a previous study, the atpT (called norfl in that study) transcript is
strongly regulated and becomes the most abundant mRNA after 12 h in the dark (Kopf
et al., 2014). Because the location of regulatory sequence elements was unknown, a
328 nt fragment upstream of the TSS was empirically chosen (PatpT328). Based on the
detected sequence conservation in the TSS-proximal promoter region among
cyanobacteria (Fig. S3), another two shorter versions (Patwptes4 and PawpTes) Were also

selected for our experimental analyses.

A GFP reporter gene assay was performed to study the promoter activity in vivo.
As indicated in Fig. 1a, the selected promoter fragments were combined with different
5'UTRs followed by an sfgfp cassette, fused into the pVZ322 backbone and conjugated
into Synechocystis 6803. Constructs used for GFP assays comprised one of the three
atpT promoter variants or the constitutive BBa_J23101 promoter (Camsund & Lindblad,
2014) and the native atpT 5’UTR or the 29 nt 5’UTR of housekeeping gene sll0639
(Fig. 1b). The sll0639 5’'UTR belongs to a transcript that is relatively abundant and
stably accumulated (Kopf et al.,, 2014). The GFP intensities of the four strains
containing the full-length promoters were measured over 48 hours. At the time point of
0 h, the cells were transferred to the dark, followed by a return to the light at 24 h. The
combination of Papr32s and native 5’UTR yielded increasing GFP intensities after
transfer to the dark and decreased GFP intensities during the subsequent light period.
Furthermore, this promoter yielded the highest intensities at all time points by far,
including the light condition (Fig. 1c, GFPconstruct_1). Replacement of the native atpT
5’'UTR with the sll0639 5’'UTR led to considerably lower GFP intensity. If transcription
was driven by the BBa J23101 promoter, fluorescence was lower for the respective

5’'UTR-sfgfp fusions than those controlled by Papr328. However, again, fluorescence
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was higher if the native 5’UTR was used rather than the sll0639 5UTR. We conclude
that the atpT promoter is comparatively strong and that the native 5’UTR contributes

to the observed high expression of the atpT gene.

After transfer to darkness, an increased GFP intensity was only observed for the
GFPconstruct_1 in which the atpT promoter and native 5UTR were combined, while
the replacement of either the SUTR (GFPconstruct 4) or the promoter
(GFPconstruct_5) led to the loss of dark induction. Based on these results, the
combination of the native promoter and 5’'UTR is required for increased expression in
the dark.

Based on the time course of changes in GFP intensity displayed in Fig. 1c, 6 h of
dark incubation were used in subsequent assays to analyze the promoter activity. In
this experiment, the activities of three atpT promoters of different lengths fused to the
atpT 5’UTR were measured (Fig. 1d). Compared with Papr328, the promoter Patpres
showed significantly lower activity under both light and dark conditions, while Patptos
had similar activity under light conditions but lower activity under dark conditions.
Therefore, the atpT promoter is regulated at different positions and probably by

different regulators.

The Papres promoter was mutated at three sites separately or in combination, as
shown in Fig. le, to study the functional relevance of conserved nucleotides, which
were identified in promoter sequence comparisons of atpT genes from several
cyanobacteria (Fig. S3). Among these mutations, Paptes_mMutl contains a substitution
of 4 nt within the putative -35 region, Pagptss_mut2 and Paptes_mut3 contain tetra- and
pentanucleotide substitutions of two AT-rich regions, respectively, while in
Patptes_mut4, both AT-rich regions were replaced. In construct Papres_mut5, a stretch
of five consecutive thymidine residues from position -18 to -23 was replaced with
cytosine nucleotides.

The activities of these promoters were elucidated with the GFP assay. As shown
in Fig. 1f, PapTtes_Mut2-, Paptes_mut3- and Pagptes_mutd-containing mutations in the
AT-rich regions showed no promoter activity, indicating that this region is essential for
the transcription of the downstream gene. In contrast, mutation of the putative -35
region in Paptes_Mmutl had no discernible effect, consistent with previous findings that

the majority of promoters in Synechocystis 6803 lacks a -35 element (Mitschke et al.,
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2011). The construct Papres_mut5 showed a somewhat lower GFP intensity than
PatpTes, indicating that this segment was of minor relevance. However, all of the active
promoters showed higher activities in the dark than in light, similar to the wild-type
promoter. We conclude that the activity of the atpT promoter is independent of a -35
element, but that the two AT-rich regions from positions -58 to -55 and position -51 to

-48 are crucial for its activity.

Effects of inhibitors on atpT promoter activity and transcript accumulation

In Synechocystis 6803, the atpT transcript was detectable under all tested conditions
(Kopf et al., 2014), but its level increased substantially under low-energy conditions
such as darkness (Baumgartner et al., 2016). We studied transcript accumulation in
the presence of glucose or different inhibitors to discern between different, possibly
relevant effectors. The atpT mRNA level was low but detectable at a light intensity of
40 pmol photons m2 st but much higher in the dark, and the addition of 10 mM glucose
neutralized the increased mRNA accumulation in darkness (Fig. 2a,b), consistent with
previous results (Song et al., 2022). This fact excludes the possibility that the dark
induction of atpT expression was controlled by a photoreceptor. The addition of DCMU
led to a higher atpT mRNA level, while the presence of the uncoupler carbonyl cyanide
m-chlorophenyl hydrazone (CCCP) (Lou et al., 2007) or methylviologen had no

discernible effects on atpT levels (Fig. 2a,b).

The observed effects on steady-state atpT mMRNA levels might result from altered
transcription (promoter activity), transcript stability, or both. GFP reporter gene assays
were conducted using the strain bearing GFPconstruct_1 under the same conditions
as shown in Fig. 2a to distinguish between these possibilities. An incubation in the dark
for 6 hours led to a higher GFP intensity (Fig. 2c), consistent with the results of reporter
gene assays shown in Fig. 1c and transcript accumulation data shown in Fig. 2a and
2b. DCMU increased the GFP intensity under light and dark conditions (consistent with
the RNA data shown in Fig. 2a and 2b), while CCCP induced weak dampening and
methylviologen exerted a weak inverse effect under both conditions. An unexpected
result was observed if glucose was added. In the presence of 10 mM glucose, the GFP
intensity in the dark increased more substantially than that observed in the dark alone.

A western blot was performed to verify this result and showed maximum accumulation
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of sfGFP in the dark and in darkness plus glucose (Fig. 2d). Hence, this effect of
glucose on the expression of the reporter gene was in striking contrast to the Northern
blot data in Fig. 2a, in which the addition of glucose during the dark incubation led to
substantially diminished atpT mMRNA accumulation. The effects of glucose stimulation
in the dark on GFP fluorescence and abundance suggests that the dark-stimulated
atpT promoter became even more active when glucose was added, while the amounts
of atpT mMRNA (but not the sfgfp MRNA) decreased, indicating a very strong effect of

atpT-specific posttranscriptional RNA degradation.

The atpT transcript exhibits conditionally distinct stabilities

Because the steady-state transcript level depends on both transcript synthesis and
degradation, i.e., transcript turnover rates, the stabilities of the atpT mRNA were
analyzed under different conditions, and their intensities relative to the 5S rRNA were
calculated (Fig. 3). In the dark, the atpT transcript was degraded at a relatively slow
decay kinetics, yielding an effective half-life of approximately 33 minutes (Fig. 3a and
3f). In the light, the transcript signal intensity deteriorated rapidly with a half-life of
approximately 1.5 minutes (Fig. 3b and 3f). If glucose was added in the dark, transcript
degradation was accelerated again, yielding a half-life of approximately 13 minutes
(Fig. 3c and 3f).

The addition of DCMU stabilized the atpT transcript under both light and dark
conditions (Fig. 3d-f). This effect was not due to a nonspecific effect of DCMU on
transcript stability because the level of the 5S rRNA hybridized on the same
membranes did not show differences (Fig. 3a-e)., Under darkness + DCMU condition,
the transcript was effectively stable, i.e., it showed no degradation during the measured
period (Fig. 3f). These results suggest that different mRNA stabilities contributed very
significantly to the observed differences in atpT expression levels under dark and light

conditions.

Identification of proteins interacting with the atpT promoter

Proteins binding to the atpT promoter were searched using a biotinylated Paptes-5’'UTR

DNA fragment with the combination of pull-down and mass spectrometry to identify
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possible transcriptional regulators. In parallel, a DNA fragment containing only the
biotinylated 5’UTR (without the upstream promoter sequence) was used. The bait
fragments were incubated with soluble fractions of the whole cell lysate isolated from
both light and dark cultures. The interacting proteins were first separated on SDS—
PAGE gel (Fig. S4). While no qualitative difference was observed between proteins
extracted from the light or dark samples, SDS-PAGE showed obvious differences
between the proteins enriched by binding to the Paptes-5’UTR or the 5’UTR fragments
(indicated by arrows in Fig. S4). The proteins were then identified by mass

spectrometry. The detailed mass spectrometry results are listed in Table S3.

The most notable differences observed on the SDS—-PAGE gels were two
abundant protein bands with apparent molecular masses of approximately 14 and 13
kDa in the PapTes-5’UTR sample and a somewhat smaller protein band enriched with
the 5’'UTR fragment (Fig. S4). The mass spectrometry analysis identified the proteins
cyAbrB1 and cyAbrB2 (SIlI0359 and Sll0822 (Ishii & Hihara, 2008; Yamauchi et al.,
2011)). Hence, two particular DNA-binding proteins were enriched in this size class
(theoretical masses of 17.22 and 13.96 kDa) in the Paptes-5’UTR sample, while the
histone-like DNA-binding protein HU (Haselkorn & Rouviére-Yaniv, 1976) Sll1712
(calculated molecular mass of 13.49 kDa) was identified as enriched by binding to the
5'UTR fragment (Table S3). Several additional proteins known to interact with nucleic
acids were obtained from both samples in approximately similar quantities. These
proteins were the transcription factor LexA, the DNA gyrase subunits A and B, and the
ribonucleases PNPase, RNase E, RNAse J and RNase Il (Table S3). The candidates
for the other differentially enriched proteins observed on the SDS-PAGE gel (Fig. S4)
located at approximately 25 kDa and 35 kDa might correspond to the
SIr0637/SI11471/SIr2051  and  SII1317/SIr1963/SII0576 proteins. Among these
candidates, SIr0637 is a hypothetical protein with unknown functions; Sll1471 and
SIr2051 are two phycobilisome rod-core linker polypeptides that are components of the
phycobilisome; Sll1317 is the Cytf subunit of the Cytbsf complex; SIr1963 is the orange
carotenoid protein (OCP), which has a photoprotective role (Muzzopappa & Kirilovsky,
2020); and SlI1317 is a putative sugar-nucleotide epimerase/dehydratase. Due to their
unlikely functions as specific transcriptional regulators, these proteins were not

considered further.

However, the cyanobacterial AbrB-like transcriptional regulators (cyAbrBs)
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SIl0359 and SIl0822 have previously been reported to play important physiological
roles in Synechocystis 6803. In particular, they function in carbon and nitrogen
metabolism and, interestingly, in regulating the switch between day and night
metabolic functions (Ishii & Hihara, 2008; Lieman-Hurwitz et al., 2009; Yamauchi et al.,
2011; Kaniya et al., 2013; Hanai et al., 2014; Orf et al., 2016). Therefore, the roles of
cyAbrB1 and cyAbrB2 in the regulation of atpT were further investigated.

cyAbrB1 and cyAbrB2 interact with the atpT promoter in vitro

An N-terminal 6*His-tag was fused to both proteins, and the recombinant proteins were
expressed in E. coli BL21 (DE3) and purified using affinity chromatography to test the
binding of cyAbrB1 and cyAbrB2 to the atpT promoter. The purity of the obtained
recombinant proteins was confirmed using SDS-PAGE (Fig. Sb5a). Then,
electrophoretic mobility shift assays were performed to test their capacities for
interacting with the atpT promoter and its S’UTR. Both proteins showed specific
interactions with the promoter when added at rather low levels, while in the presence
of higher amounts (16 ug of protein for cyAbrB1 and 2.2 ug of AbrB2), the interaction
with the 5’UTR DNA fragment was also observed (Fig. 4a,b). The hypershift (band at
a higher position in Fig. 4b) observed when 16 ug of cyAbrB1 were applied might be
explained by the abundant protein dimer observed on native SDS—-PAGE gels (NSDS—-
PAGE; Fig. S5b). A dimeric form was also previously reported for cyAbrB2 in vivo (Ishii
& Hihara, 2008), while the results in Fig. S5b suggested that cyAbrB2 was mostly

monomeric in vitro under our conditions.

The binding of both cyAbrBs was undisturbed by the replacement of four and five
conserved AT residues in the Pagpt promoter (construct Pagprtesmuta-5’'UTR, cf. Fig. 1e)
because patterns identical to those of the Papte6-5’UTR fragment were obtained (Fig.
5a and 5b). Hence, these mutations impaired the in vivo promoter activity, while they
had no effects on the in vitro binding of the cyAbrBs to the promoter region. We
conclude that the AT-rich region must operate independently from binding to cyAbrB1
or cyAbrB2.

The binding capacities of the two cyAbrBs were also tested under different pH
and redox conditions that mimic different in vivo conditions. The cytosolic pH of the
cyanobacterium Synechococcus elongatus PCC 7942 under light and dark conditions
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was reported to be 8.4 and 7.3, respectively (Mangan et al., 2016). Here, a higher pH
of 8.2 and a lower pH of 5 were tested. The binding capacity of cyAbrB1 to both the
Papte6-5’'UTR and 5’UTR fragments was substantially decreased at pH 5. Only a slight
shift was observed for Papres-5’UTR, and no shift was observed for the 5’UTR DNA
fragment alone when high protein concentrations (16 pug) were added (Fig. 4c). The
presence of DTT decreased the binding capacity of cyAbrB1 as well, while H202
exerted no discernible effect. In contrast, the binding of cyAbrB2 was not significantly

altered by any of these conditions (Fig. S6).

Induction kinetics of atpT mMRNA accumulation and stability are altered by the

absence of cyAbrB2 in vivo

The interaction of the two cyAbrB proteins with the Paptes promoter was verified,;
however, convincing evidence for their involvement in atpT expression in vivo remains
to be shown. Therefore, we studied deletion mutants. While cyAbrB1 is essential in
Synechocystis 6803 (Ishii & Hihara, 2008), the accumulation of the atpT transcript in a
cyAbrB2 knockout mutant can be investigated (Asll0822; (Ishii & Hihara, 2008)). The
accumulation of the atpT transcript in both wild-type and Asll0822 cells was monitored
for 6 hours after transfer to darkness, and the relative transcript levels were normalized
to the respective 5S rRNA controls (Fig. 5a&b). Different kinetics were observed for
atpT mRNA accumulation in Asll0822 compared to wild type. In both strains, mRNA
accumulation started within 10 min after transfer to the dark. However, the atpT
transcript initially accumulated faster in wild-type cells than in Asll0822, while the atpT
MRNA level gradually increased in Asll0822, finally reaching a higher level than in the
wild type strain. This observation indicates that cyAbrB2 might be involved in the initial

phase of atpT transcription or transcript accumulation after transfer to the dark.

Because we measured substantial differences in atpT mRNA stability under
different conditions (Fig. 3), we tested the stability of the atpT transcript in Asll0822
under both light and dark conditions (Fig. 5c&d). Compared with the atpT transcript
stability in wild-type cells (Fig. 3), similar decay kinetics were observed in the ight but
a different pattern was observed under dark conditions in the Asll0822 mutant. After
transfer to darkness, the atpT transcript was degraded more slowly in Asll0822 than in
the wild type strain (half-lives of 103.9 min and 33.2 min, 95% CI of 60.9-354.4 and
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22.9-59.8, respectively). Therefore, cyAbrB2 plays some, possibly circumstantial, role
in the degradation of the atpT mMRNA in the dark.

Discussion
atpT promoter architecture and interacting proteins

AtpO is a recently reported ATP synthase inhibitor in cyanobacteria that accumulates
under low-energy conditions and inhibits the futile ATP hydrolysis activity of ATP
synthase (Song et al., 2022). In the current study, the regulation of the atpT gene was
studied in Synechocystis 6803, leading to the proposed model shown in Fig. 6. The
activity of the atpT promoter was characterized in GFP-based reporter assays, which
revealed that the combination of the atpT promoter and 5’UTR was necessary for
maximum expression and activation under dark conditions (Fig. 1). Two AT-rich
regions located between -45 and -60 relative to the TSS were essential for promoter
activity, suggesting that this element is a potential transcription factor binding site. We
noticed that this region is similar to the HLR1 motif, the binding site for the redox-
responsive OmpR-type transcription factor RpaB (Riediger et al., 2019). HLR1 motifs
consist of two direct repeats, (G/T)TTACA(T/A)(T/A), separated by 2 nt. Its location
relative to the TSS is compatible with an activating function of RpaB under low light
conditions (Riediger et al., 2019), which would be consistent with the observed
regulation. However, RpaB was not enriched in the DNA immunoprecipitation

experiment in the present study.

Instead, we identified one and two proteins that were enriched by binding to the
atpT 5’UTR and promoter DNA fragments, respectively (Fig. 6). The protein SII1712,
interacting with the atpT 5’UTR fragment, is a conserved nucleoid-associated, or HU-
like, protein. These basic, histone-like proteins bind DNA strongly and have an
architectural role, but they have been implicated in transcriptional regulation via DNA
looping, a mechanism that was documented to be present in cyanobacteria (Camsund
et al., 2014). The two proteins enriched with the atpT promoter fragment, cyAbrB1 and
cyAbrB2, belong to the family of AbrB DNA-binding proteins that are strongly DNA-
binding as well (Chumsakul et al., 2011). All three proteins are small in size, abundant,
and positively charged transcriptional regulators (the pl and molecular weight in kDa
of cyAbrB1, cyAbrB2 and Sl11712 is 9.18/17.2; 8.63/13.9 and 8.69/10.8, respectively).
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Thus, also cyAbrB1 and cyAbrB2 possess some similarities with nucleoid proteins.
AbrB-type DNA-binding proteins were characterized to bind to degenerate A/T-rich
sequence elements, and their binding may lead to DNA bending (Strauch & Ayazifar,
1995). These characteristics are compatible with the identification of cyAbrB1 and
cyAbrB2 here. Although cyAbrB2 was also reported to bind nonspecifically to DNA
(Ishii & Hihara, 2008), we found that both cyAbrBs showed stronger binding capacity
to the atpT promoter + 5’UTR than to the 5UTR alone when lower protein-to-DNA
ratios were used (Fig. 4a and 4b). Thus, the combination of the promoter and 5UTR
of atpT forms special structures that bind cyAbrBs. The DNA-binding activity of
cyAbrB1 was diminished in the presence of DTT or H202 and affected by pH (Fig. 4c),
suggesting that redox signals affect the atpT promoter to some extent in vivo. Although
the structure of AbrB regulators from Bacillus has been studied (Olson et al., 2014),

the pH-dependent regulation of their DNA binding capacity is still unclear.

The involvement of cyAbrBs in atpT expression is consistent with the previously
observed dysregulation of atpT in the transcriptome-wide analysis of cyAbrB2
functions in the acclimation to low carbon (Orf et al., 2016). In that study, atpT (called
norfl there) was assigned to the core set of upregulated protein-coding genes upon a
24 h shift from high (5% CO2) to low (24 h ambient air) inorganic carbon supply in the
wild type strain. An upregulation of atpT was also observed in Asll0822; however, the
MRNA levels were lower than those in the wild type strain in the presence of both high
and low carbon concentrations (Fig. S7). Consistent with this previous result, we
observed different kinetics for atpT mRNA accumulation in light/dark-shifted Aslli0822
cells compared to wild type cells (Fig. 5). These results clearly indicate a role for
cyAbrB2 in sustaining the correct regulation of atpT transcription and that further

regulators must be involved.

Conditionally different transcript stabilities are the major effector of atpT

expression

Because the rapid and strong regulation of atpT expression during light/dark shifts
cannot be explained by the promoter alone, the transcript stabilities under different
conditions were further investigated. Under dark conditions, the addition of glucose led

to the almost complete disappearance of the atpT transcript (Fig. 2a), consistent with
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previous analyses (Song et al., 2022). Because we observed the opposite regulation
of atpT promoter activity (Fig. 2c), we concluded that the reduced transcript stability
under dark + glucose conditions (Fig. 3c) led to the observed disappearance of the
atpT mRNA.

A similar observation was recorded under light conditions: the atpT promoter
was active at a substantial level (Fig. 1c), while rapid transcript degradation (Fig. 3b)
led to the observed low transcript accumulation (Fig. 2a). These posttranscriptional
effects were clearly transcript-specific: while the atpT mMRNA was rapidly degraded in
the dark in the presence of glucose and even more rapidly in the light (Fig. 2f), a similar
result was not observed for the gfp mRNA. Thus, a reasonable speculation is that the
presence of glucose stimulated respiratory ATP production, triggering a
posttranscriptional mechanism that prevented high Atp®© levels. Another major effector
was DCMU, which led to drastically prolonged atpT mRNA stabilities. DCMU interrupts
the photosynthetic electron transport chain by blocking the Qs plastoquinone binding
site of photosystem Il (PSIl) (Lavergne, 1982). Therefore, the associated effects
provide evidence that redox signaling is involved in this process. However, the effects
of DCMU observed in the dark are unlikely to be related to PSIl. DCMU was also shown
to bind the cytochrome besf complex in the binding site for plastoquinone in yeast (di
Rago et al., 1986). The cytochrome bsf complex in cyanobacteria is an integral part of
the photosynthetic and respiratory electron transfer chain and is therefore relevant for
dark respiratory electron transport. Instead, high DCMU concentrations, such those
used here, were indeed reported to lower the dark respiration rate of the
cyanobacterium Anabaena halophytica (Pansook et al., 2019). Therefore, the
application of DCMU in the dark certainly exerted a redox effect as well, probably by
inhibiting the cytochrome bsf complex. Again, the effect of DCMU under both light and
dark conditions was most pronounced on the atpT mMRNA level. We conclude that the
redox-mediated control of atpT mMRNA stability is a major factor regulating Atp®

expression.

Overall, our results show that the atpT promoter and atpT transcript accumulation
are affected by multiple factors in addition to light or energy availability (Fig. 6).
Because the native atpT 5’'UTR was fused to the sfgfp coding sequence, the effect on
MRNA stability must have been related to the atpT coding sequence or the 3'UTR. We

noticed that putative endoribonuclease sites were identified at the beginning of the
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atpT coding sequence in a recent transcriptome-wide mapping study (Hoffmann et al.,
2021). The two largest of these endoribonuclease sites were mapped 5 and 22 nt
downstream of the start codon; hence, cleavage at these sites would be consistent
with the immediate inactivation of the atpT mMRNA. Those sites were mapped in cells
cultivated in light (a condition where the atpT mRNA is very short-lived) and likely are
key sites for the destabilization of this mRNA. Following endoribonucleolytic cleavage,
the transcript is likely rapidly degraded further by exonucleases. This
endoribonuclease targeting the atpT mMRNA is likely not RNase E because those sites
became prominent upon the transient inactivation of RNase E by a temperature shift
(Hoffmann et al., 2021). A candidate is RNase J, especially since Synechocystis

RNase J exhibited similar processing activities in vitro (Cavaiuolo et al., 2020).

Collectively, our results present a striking parallel to observations of the regulation
of eukaryotic IF1 inhibitors, which are less controlled at transcriptional level as well,
although there the regulation appears to occur mainly at the level of IF1 translation or
protein stability and not mRNA stability (Garcia-Aguilar & Cuezva, 2018). The
elucidation of mechanisms involved in the function and regulation of putative homologs

and analogs in plants and in cyanobacteria is an interesting topic for further research.

Conflict of interest
The authors have no conflicts of interest to declare.
Acknowledgments

We are grateful for the gift of the Asll0822 mutant lacking cyAbrB2 by Y. Hihara,
Saitama University, Japan. This study was funded by the German Research
Foundation (DFG) priority program SPP2002 “Small Proteins in Prokaryotes, an
Unexplored World” (grant HE 2544/12-2 to WRH, grant HA 2002/22-2 to MH and grant
BE 3869/5-2 to DOB) by the DFG-funded research training group BiolnMe
322977937/GRK2344 to K.S. and W.R.H., and by a China Scholarship Council grant
to K.S.

Authors’ contributions

KS performed the molecular genetic and biochemical analyses in Synechocystis 6803,

and DB and SM performed mass spectrometry analyses. MH provided scientific input

20


https://doi.org/10.1101/2021.11.17.468837
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.17.468837; this version posted November 18, 2021. 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 4.0 International license.

for improving the experimental design and physiological interpretation. JG performed
statistical analyses of RNA stability. WRH designed the study, and all authors analyzed
the data. KS and WRH drafted the manuscript with input from all authors. All authors
read and approved the final manuscript.

Data availability
The datasets produced in this study are available in the following databases:

e Mass spectrometry raw data were deposited at the ProteomeXchange
Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE
partner repository (Perez-Riverol et al., 2019) under the identifier PXD027801.

21


https://doi.org/10.1101/2021.11.17.468837
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.17.468837; this version posted November 18, 2021. 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 4.0 International license.

References

Baumgartner D, Kopf M, Klahn S, Steglich C, Hess WR. 2016. Small proteins in
cyanobacteria provide a paradigm for the functional analysis of the bacterial micro-
proteome. BMC Microbiology 16: 285.

Beyer HM, Gonschorek P, Samodelov SL, Meier M, Weber W, Zurbriggen MD.
2015. AQUA cloning: a versatile and simple enzyme-free cloning approach. PLOS
ONE 10: e0137652.

Campanella M, Casswell E, Chong S, Farah Z, Wieckowski MR, Abramov AY,
Tinker A, Duchen MR. 2008. Regulation of mitochondrial structure and function by
the F1iFo-ATPase inhibitor protein, IF1. Cell Metabolism 8: 13-25.

Camsund D, Heidorn T, Lindblad P. 2014. Design and analysis of Lacl-repressed
promoters and DNA-looping in a cyanobacterium. Journal of Biological Engineering 8:
4.

Camsund D, Lindblad P. 2014. Engineered transcriptional systems for cyanobacterial
biotechnology. Frontiers in Bioengineering and Biotechnology 2.

Cavaiuolo M, Chagneau C, Laalami S, Putzer H. 2020. Impact of RNase E and
RNase J on global mRNA metabolism in the cyanobacterium Synechocystis PCC6803.
Frontiers in Microbiology 11: 1055.

Chen C, Meng Y, Shopan J, Whelan J, Hu Z, Yang J, Zhang M. 2020. Identification
and characterization of Arabidopsis thaliana mitochondrial F1FO-ATPase inhibitor
factor 1. Journal of Plant Physiology 254: 153264.

Chumsakul O, Takahashi H, Oshima T, Hishimoto T, Kanaya S, Ogasawara N,
Ishikawa S. 2011. Genome-wide binding profiles of the Bacillus subtilis transition state
regulator AbrB and its homolog Abh reveals their interactive role in transcriptional
regulation. Nucleic Acids Research 39: 414-428.

Edgar RC. 2004. MUSCLE: multiple sequence alignment with high accuracy and high
throughput. Nucleic Acids Research 32: 1792-1797.

Garcia-Aguilar A, Cuezva JM. 2018. A review of the inhibition of the mitochondrial
ATP synthase by IF1 in vivo: reprogramming energy metabolism and inducing
mitohormesis. Frontiers in Physiology 9.

Garcia-Bermudez J, Cuezva JM. 2016. The ATPase Inhibitory Factor 1 (IF1): A
master regulator of energy metabolism and of cell survival. Biochimica Et Biophysica
Acta 1857: 1167-1182.

Gray MW. 2012. Mitochondrial evolution. Cold Spring Harbor Perspectives in Biology
4:a011403.

Hahn A, Vonck J, Mills DJ, Meier T, Kuhlbrandt W. 2018. Structure, mechanism,
and regulation of the chloroplast ATP synthase. Science (New York, N.Y.) 360.

22


https://doi.org/10.1101/2021.11.17.468837
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.17.468837; this version posted November 18, 2021. 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 4.0 International license.

Hanai M, Sato Y, Miyagi A, Kawai-Yamada M, Tanaka K, Kaneko Y, NishiyamaY,
Hihara Y. 2014. The effects of dark incubation on cellular metabolism of the wild type
cyanobacterium Synechocystis sp. PCC 6803 and a mutant lacking the transcriptional
regulator cyAbrB2. Life 4. 770-787.

Haselkorn R, Rouviére-Yaniv J. 1976. Cyanobacterial DNA-binding protein related
to Escherichia coli HU. Proceedings of the National Academy of Sciences USA 73:
1917-1920.

Hashimoto T, Yoshida Y, Tagawa K. 1990. Regulatory proteins of FiFo-ATPase: role
of ATPase inhibitor. Journal of Bioenergetics and Biomembranes 22: 27-38.

Hisabori T, Ueoka-Nakanishi H, Konno H, Koyama F. 2003. Molecular evolution of
the modulator of chloroplast ATP synthase: origin of the conformational change
dependent regulation. FEBS letters 545: 71-75.

Hoffmann UA, Heyl F, Rogh SN, Wallner T, Backofen R, Hess WR, Steglich C,
Wilde A. 2021. Transcriptome-wide in vivo mapping of cleavage sites for the compact
cyanobacterial ribonuclease E reveals insights into its function and substrate
recognition. Nucleic Acids Research: in press.

Hong S, Pedersen PL. 2002. ATP synthase of yeast: structural insight into the
different inhibitory potencies of two regulatory peptides and identification of a new
potential regulator. Archives of Biochemistry and Biophysics 405: 38—43.

Hong S, Pedersen PL. 2008. ATP synthase and the actions of inhibitors utilized to
study its roles in human health, disease, and other scientific areas. Microbiology and
molecular biology reviews: MMBR 72: 590-641.

Ishii A, Hihara Y. 2008. An AbrB-like transcriptional regulator, SII0822, is essential for
the activation of nitrogen-regulated genes in Synechocystis sp. PCC 6803. Plant
Physiology 148: 660—670.

Kaniya Y, Kizawa A, Miyagi A, Kawai-Yamada M, Uchimiya H, Kaneko Y,
Nishiyama Y, Hihara Y. 2013. Deletion of the transcriptional regulator cyAbrB2
deregulates primary carbon metabolism in Synechocystis sp. PCC 6803. Plant
Physiology 162: 1153-1163.

Kopf M, Klahn S, Scholz I, Hess WR, Vo3 B. 2015. Variations in the non-coding
transcriptome as a driver of inter-strain divergence and physiological adaptation in
bacteria. Scientific Reports 5: 9560.

Kopf M, Kldahn S, Scholz I, Matthiessen JKF, Hess WR, Vol B. 2014. Comparative
analysis of the primary transcriptome of Synechocystis sp. PCC 6803. DNA Research
21: 527-539.

Kuhlbrandt W. 2019. Structure and mechanisms of F-type ATP synthases. Annual
Review of Biochemistry 88: 515-549.

Lambrecht SJ, Wahlig JML, Steglich C. 2018. The GntR family transcriptional
regulator PMM1637 regulates the highly conserved cyanobacterial SRNA Yfr2 in

23


https://doi.org/10.1101/2021.11.17.468837
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.17.468837; this version posted November 18, 2021. 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 4.0 International license.

marine picocyanobacteria. DNA Research 25: 489-497.

Lavergne J. 1982. Mode of action of 3-(3,4-dichlorophenyl)-1,1-dimethylurea.
Evidence that the inhibitor competes with plastoquinone for binding to a common site
on the acceptor side of Photosystem II. Biochimica et Biophysica Acta (BBA) -
Bioenergetics 682: 345-353.

Lieman-Hurwitz J, Haimovich M, Shalev-Malul G, Ishii A, Hihara Y, Gaathon A,
Lebendiker M, Kaplan A. 2009. A cyanobacterial AbrB-like protein affects the
apparent photosynthetic affinity for CO2 by modulating low-CO2-induced gene
expression. Environmental Microbiology 11: 927-936.

Lou P-H, Hansen BS, Olsen PH, Tullin S, Murphy MP, Brand MD. 2007.
Mitochondrial uncouplers with an extraordinary dynamic range. The Biochemical
Journal 407: 129-140.

Mangan NM, Flamholz A, Hood RD, Milo R, Savage DF. 2016. pH determines the
energetic efficiency of the cyanobacterial CO2 concentrating mechanism. Proceedings
of the National Academy of Sciences 113: E5354—-E5362.

Maréchal E. 2018. Primary endosymbiosis: emergence of the primary chloroplast and
the chromatophore, two independent events. Methods in Molecular Biology (Clifton,
N.J.) 1829: 3-16.

Martijn J, Vosseberg J, Guy L, Offre P, Ettema TJG. 2018. Deep mitochondrial origin
outside the sampled alphaproteobacteria. Nature 557: 101-105.

Mereschkowsky C. 1905. Uber natur und ursprung der chromatophoren im
pflanzenreiche. Biol. Centralbl. 25: 593—-604.

Mitschke J, Georg J, Scholz I, Sharma CM, Dienst D, Bantscheff J, Vo3 B,
Steglich C, Wilde A, Vogel J, et al. 2011. An experimentally anchored map of
transcriptional start sites in the model cyanobacterium Synechocystis sp. PCC6803.
Proceedings of the National Academy of Sciences USA 108: 2124-2129.

Mullineaux CW. 2014. Co-existence of photosynthetic and respiratory activities in
cyanobacterial thylakoid membranes. Biochimica et Biophysica Acta (BBA) -
Bioenergetics 1837: 503-511.

Mullineaux CW, Liu L-N. 2020. Membrane Dynamics in Phototrophic Bacteria. Annual
Review of Microbiology 74: 633—654.

Muzzopappa F, Kirilovsky D. 2020. Changing color for photoprotection: The Orange
Carotenoid Protein. Trends in Plant Science 25: 92—-104.

Nakazono M, Imamura T, Tsutsumi N, Sasaki T, Hirai A. 2000. Characterization of
two cDNA clones encoding isozymes of the F(1)F(0)-ATPase inhibitor protein of rice
mitochondria. Planta 210: 188—194.

Norling B, Tourikas C, Hamasur B, Glaser E. 1990. Evidence for an endogenous
ATPase inhibitor protein in plant mitochondria. European Journal of Biochemistry 188:

24


https://doi.org/10.1101/2021.11.17.468837
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.17.468837; this version posted November 18, 2021. 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 4.0 International license.

247-252.

Nowakowski AB, Wobig WJ, Petering DH. 2014. Native SDS-PAGE: High resolution
electrophoretic separation of proteins with retention of native properties including
bound metal ions. Metallomics: Integrated Biometal Science 6: 1068-1078.

Olson AL, Tucker AT, Bobay BG, Soderblom EJ, Moseley MA, Thompson RJ,
Cavanagh J. 2014. Structure and DNA-binding traits of the transition state regulator
AbrB. Structure (London, England: 1993) 22: 1650-1656.

Orf I, Schwarz D, Kaplan A, Kopka J, Hess WR, Hagemann M, Klahn S. 2016.
CyAbrB2 contributes to the transcriptional regulation of low CO2 acclimation in
Synechocystis sp. PCC 6803. Plant & Cell Physiology 57: 2232—-2243.

Orosz A, Boros |, Venetianer P. 1991. Analysis of the complex transcription
termination region of the Escherichia coli rrnB gene. European Journal of Biochemistry
201: 653-659.

Pansook S, Incharoensakdi A, Phunpruch S. 2019. Effects of the photosystem I
inhibitors CCCP and DCMU on hydrogen production by the unicellular halotolerant
cyanobacterium Aphanothece halophytica. The Scientific World Journal 2019.

Perez-Riverol Y, Csordas A, Bai J, Bernal-Llinares M, Hewapathirana S, Kundu
DJ, Inuganti A, Griss J, Mayer G, Eisenacher M, et al. 2019. The PRIDE database
and related tools and resources in 2019: improving support for quantification data.
Nucleic Acids Research 47: D442—-D450.

Polgreen KE, Featherstone J, Willis AC, Harris DA. 1995. Primary structure and
properties of the inhibitory protein of the mitochondrial ATPase (H(+)-ATP synthase)
from potato. Biochimica Et Biophysica Acta 1229: 175-180.

Ponce-Toledo RI, Deschamps P, Lépez-Garcia P, Zivanovic Y, Benzerara K,
Moreira D. 2017. An early-branching freshwater cyanobacterium at the origin of
plastids. Current Biology 27: 386—391.

Possmayer FE, Gréaber P. 1994. The pHin and pHout dependence of the rate of ATP
synthesis catalyzed by the chloroplast H(+)-ATPase, CFOF1, in proteoliposomes. The
Journal of Biological Chemistry 269: 1896—1904.

Pullman ME, Monroy GC. 1963. A naturally occurring inhibitor of mitochondrial
adenosine triphosphatase. Journal of Biological Chemistry 238: 3762—3769.

di Rago JP, Perea X, Colson AM. 1986. DNA sequence analysis of diuron-resistant
mutations in the mitochondrial cytochrome b gene of Saccharomyces cerevisiae.
FEBS Letters 208: 208-210.

Riediger M, Kadowaki T, Nagayama R, Georg J, Hihara Y, Hess WR. 2019.
Biocomputational analyses and experimental validation identify the regulon controlled
by the redox-responsive transcription factor RpaB. iScience 15: 316—-331.

Rippka R, Deruelles J, Waterbury JB, Herdman M, Stanier RY. 1979. Generic

25


https://doi.org/10.1101/2021.11.17.468837
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.17.468837; this version posted November 18, 2021. 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 4.0 International license.

assignments, strain histories and properties of pure cultures of cyanobacteria.
Microbiology 111: 1-61.

Sagan L. 1967. On the origin of mitosing cells. Journal of Theoretical Biology 14: 255—
274.

Schagger H. 2006. Tricine—SDS-PAGE. Nature Protocols 1: 16—-22.

Song K, Baumgartner D, Hagemann M, Muro-Pastor AM, Maass S, Becher D,
Hess WR. 2022. AtpO is an inhibitor of FOF1 ATP synthase to arrest ATP hydrolysis
during low-energy conditions in cyanobacteria. Current Biology 32,: 1-14.

Strauch MA, Ayazifar M. 1995. Bent DNA is found in some, but not all, regions
recognized by the Bacillus subtilis AbrB protein. Molecular & General Genetics: MGG
246: 756—760.

Sunamura E-l, Konno H, Imashimizu-Kobayashi M, Sugano Y, Hisabori T. 2010.
Physiological Impact of Intrinsic ADP Inhibition of cyanobacterial FOF1 conferred by
the inherent sequence inserted into the y subunit. Plant and Cell Physiology 51: 855—
865.

Walker JE. 1998. ATP synthesis by rotary catalysis (Nobel lecture). Angewandte
Chemie International Edition 37: 2308-2319.

Walker JE. 2013. The ATP synthase: the understood, the uncertain and the unknown.
Biochemical Society Transactions 41: 1-16.

Yamauchi Y, Kaniya Y, Kaneko Y, Hihara Y. 2011. Physiological roles of the cyAbrB
transcriptional regulator pair SII0822 and SIl0359 in Synechocystis sp. strain PCC 6803.
Journal of Bacteriology 193: 3702-3709.

26


https://doi.org/10.1101/2021.11.17.468837
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.11.17.468837; this version posted November 18, 2021. 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 4.0 International license.

Figures

(a) Promoter

5’UTR

pVZ322 backbone

(b)

—
0
'

GFPconstruct_1: P r35tatp T _5'UTR+sfGFP+rmB T1 terminator
GFPconstruct_2: P, +afpT_5UTR+s{GFP+rmB T1 terminator
GFPconstruct_3: P, rgetalpT 5 UTR+sfGFP+rmB T1 terminator
GFPconstruct_4: P, r355+5/10639_5'UTR+sfGFP+rmB T1 terminator
GFPconstruct_5: Pgy, jp310r+alpT_5'UTR+sfGFP+rmB T1 terminator
GFPconstruct_6: Pgy, j53107+5//0639_5'UTR+sfGFP+rrnB T1 terminator

(d) Before incubation

Il After 6 h darkness incubation

-e- GFPconstruct_1 -~ GFPconstruct_5 -

© 12075 GFPconstruct 4 -~ GFPconstruct_6
x
5
s, 90
@
2
g 60
: I
5 30 5 &
‘E g
s
o
6 0 i
0 10 20 30
Hours
Patprss ITTTGC

Patpres_mutl
Patprss_mut2
Patprss_mut3
Patpres_mutd
Patprss_mut5

()

GFP fluorescence [a.u., x103]

(L1 ER—

1004 |

[TTTGC
I TTTGC!
[TTTGC!
[TTTGC
[TTTGC

--

o

o
I

1004

bl
o
1

[ E

N/
9
S
RS
&

QO
&

40 50 N q: )

GFP fluorescence [a.u., x10°%]
. @
._{
_|
._i

e e = e e e de e e e = e e o= K

—_— —— i
CCAATTTGACAATATATTAAGAAATCCTCATCTAACCTGTTTTTCATTGGATAATTAAAAC| NS
CCAATTTGACAATATATTAAGAAASIEYECATCTAACCTGTTTTTCATTGGATAAT TAAAAC S
CCASS JEGACAATATATTAAGAAATCCTCATCTAACCTGTTTTTCATTGGATAAT TAAAAC|JE
CCAATTTGAC, EATTAAGAAATCCTCATCTAACCTGTTTTTCATTGGATAAT TAAAAC| KIS
cCASS T8GAC] CATTAAGAAATCCTCATCTAACCTGTTTTTCATTGGATAATTAAAAC NS
CCAATTTGACAATATATTAAGAAATCCTCATCTAACCTGESSSSCATTCGATAAT TAAAAC NI

ek Before incubation
Hl After 6 h darkness incubation

&7 &7 & & &7
¥ g?

Figure 1

Fig. 1 Reporter gene assay to monitor transcription driven by different promoter

variants. (a) General design of the plasmids used for the GFP assay. Using pVZ322

as the backbone, the coding sequence of sfgfp together with the rrnB T1 terminator

sequence (Orosz et al., 1991) was fused to various 5’UTR (blue) and promoter (gray)
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sequences. (b) The design of different constructs used for the GFP assays. In
constructs 1, 4, 5 and 6, two different 5’UTRs were combined with the full-length atpT
promoter PatpT32s Or the Peba_s23101 promoter ((IGEM Registry parts.igem.org (Camsund
& Lindblad, 2014)). Constructs 2 and 3 contain truncated versions of the atpT promoter.
The 5'UTRs originated from atpT or the sll0639 gene encoding the
oligoribonuclease/PAP phosphatase NrnA. (c) Analysis of the GFP intensity in
dark/light shift experiments. Different strains cultured under continuous light were first
transferred to darkness for 24 h (black bar) and then transferred to light (yellow bar).
Signals measured from a simultaneously cultivated Synechocystis 6803 without any
genetic modification were subtracted from the measured fluorescence values
(background correction). (d) GFP assay comparing the activities of atpT promoters of
three different lengths before (gray bars) and after 6 h of dark incubation (black bars).
(e) Mutations introduced into the Paptes promoter to test the relevance of conserved
sequence elements. The mutated nucleotides, putative -35 and -10 elements and the
region with similarity to the HLR1 element (two direct repeats (G/T)TTACA(T/A)(T/A)
separated by 2 nt (Riediger et al., 2019)) is boxed and asterisks indicate matching
positions. (f) GFP assay comparing the activities of Paptes-5’'UTR and the five of its
mutated variants as depicted in Panel (e) before (gray bars) and after 6 hours of dark
incubation (black bars). The differences between groups were analyzed using t tests
(Panels (c) and (d); Tables S5 and S6) with GraphPad software. Significance was
established at P < 0.05 = ** and P < 0.01 = ***. For details of the statistical analysis
see Tables S5 and S6.
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Fig. 2 atpT transcript accumulation and reporter gene assays under different
conditions. (a) Northern blot analysis of atpT mRNA accumulation in the wild type strain.
Total RNA samples were isolated from exponential phase cultures incubated under the
indicated conditions for 6 h each. 5S rRNA was used as a loading control. One
representative blot is shown (n=2). (b) Quantification of atpT transcript levels shown in
Panel (a) after normalization to 5S rRNA levels. (c) GFP reporter gene assay
comparing atpT promoter activity before (gray bars) and after 6 hours of incubation
under the indicated conditions (black bars). Exponential phase cultures were first
adjusted to the same OD750 value and cultured overnight, and then the GFP intensity
was measured to acquire the intensities before incubation and after 6 h of treatment.
(d) Representative immunoblot analysis of the expression of GFP in strains cultivated
under the same conditions as described in Panel (c) (h=2). The same amounts of total
protein (20 ug) isolated from Synechocystis 6803 cells before treatment (light) or after
6 hours of the indicated treatment were loaded. Signals were detected with a rabbit
anti-sfGFP antibody (1:2000 dilution) followed by anti-rabbit IgG secondary antibody
(1:5000 dilution). PageRuler Prestained Protein Ladder (10—-170 kDa, Fermentas) was

used as a molecular mass marker.
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Fig. 3 Stability of atpT transcripts under different conditions. (a-e) Levels of atpT
MRNA detected in wild-type Synechocystis 6803 using Northern blot hybridization. The
cultures were incubated in the dark overnight to induce high atpT mRNA levels,
rifampicin was added, and the cultivation continued under the indicated conditions for
60 min. 5S rRNA was used as a loading control. Note that different exposure times
were used for the different experiments. (f) Signal intensities of atpT from Panels (a-e)
normalized for the respective 5S rRNA intensity plotted against the time after rifampicin
addition. Quantity One software was used to quantify transcript signal intensities. The
fitted decay curves are plotted as lines colored according to the respective conditions.
Numerical values for half-lives in minutes and 95% confidence intervals (95% CI) are

also provided. All stability analyses were repeated at least twice.
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Fig. 4 Electrophoretic mobility shift assays. (a) Binding of cyAbrB2 to three different
DNA fragments. An increasing amount of purified His-tagged SIl0822 was incubated
with 3.85 pmol of Pagptes-5’UTR, Patpreemuta-5’'UTR or atpT 5’'UTR fragments labeled
with Cy3 and then loaded onto 3% agarose gels for separation. The difference between
Paptesmuta-5’UTR and the native sequence is shown in Fig. 1e. (b) Binding of cyAbrB1
to the same DNA fragments as in Panel (a) but using only 0.385 pmol of each fragment.
(c) Interaction of cyAbrB1 with the Papres-5’UTR DNA fragment at different pH values
in the presence of DTT or H202. (d) Interaction of cyAbrB1 with the atpT 5’UTR
fragment under the same conditions as described in Panel (c). The sequences of DNA

fragments used for gel shift assays are given in Table S4.
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Fig. 5 Accumulation and stability of the atpT transcript in the Asll0822 mutant. (a)
Northern blot analysis of the accumulation of the atpT transcript in both the wild type
(WT) and Asll0822 mutant. Cells with similar OD750 values were cultured under
continuous light and then transferred to the dark. Samples were collected at the
indicated time points. 5S rRNA was used as a loading control. (b) Levels of the atpT
transcript in Panel (a) normalized to the respective 5S rRNA intensity plotted versus
the time after rifampicin addition. (c) Northern blot analysis of the stability of the atpT
transcript in the Asll0822 mutant cultivated under either light or dark conditions. (d)
Quantification of atpT transcript levels in Panel (c) and calculation of the decay curves
as described in Fig. 3f.
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Fig. 6 Proposed scenario for the regulation of atpT expression. Both the regulation of

transcription and mRNA stability contribute to the atpT expression level. Two cyAbrBs
bind to the promoter and 5’UTR of atpT, while the histone-like protein HU interacted
mainly with the 5’UTR. Two AT-rich regions were identified in the atpT promoter that
are relevant for regulation. Multiple factors affect atpT expression, most prominently
light/dark conditions or inhibition of electron transport by DCMU. The addition of
glucose exerted two divergent effects: (i) a likely nonspecific stimulation of transcription
and (ii) a substantially reduced atpT mRNA stability. The atpT gene product Atp©®
ultimately inhibits the ATP hydrolysis activity (reverse reaction) of FoF1 ATP synthase.
As a third level of regulation, Atp© protein stability is dramatically reduced if cultures
are transferred from the dark to light (Song et al., 2022). The figure was drawn using

BioRender (https://biorender.com/).
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Supplementary figures

Fig. S1 The correlation between GFP intensity and OD750. The exponential phase
culture of the strain containing GFPconstruct_1 (OD750 approximately 1.2) was diluted

as indicated, and the GFP intensities were measured immediately afterward.

Fig. S2 Structure of the atpT gene and transcript in Synechocystis 6803. (a) The atpT
transcript consists of a 143 nt 5’UTR, 147 nt coding sequence, and 85 nt 3’'UTR. Three
atpT promoter fragments encompassing 66 nt, 94 nt or 328 nt upstream of the TSS
were investigated, called Pawptes, Patptos and Patprazs, as indicated. (b) Predicted RNA

secondary structure of the 3'UTR.

Fig. S3 Alignment of the promoter and 5’UTR regions of atpT homologs in three
Synechocystis strains. Dark blue shading indicates identical residues in all three
compared strains, and light blue shading indicates identity in the sequences of any two
strains. Red arrows mark the TSSs identified previously for Synechocystis 6803 and
Synechocystis 6714 (Kopf et al., 2014, 2015). The positions -66 and -94 relative to the
TSS in Synechocystis 6803 are indicated. These fragments were chosen to define
fragments for experimental analyses (compare Fig. S2a). The -10 element according
to the mapped TSSs in strains 6803 and 6714 is boxed. For the alignment, 300 nt
upstream of the respective atpT start codon was selected using MUSCLE (Edgar,
2004). Notably, the coding sequence in all three strains starts with two consecutive
ATG codons. Here, we considered the second codon as the authentic start codon,
while the first was considered the last codon of the 5’UTR. The sequence data were
derived from GenBank files NC_000911.1 (Synechocystis 6803), CP007542.1
(Synechocystis 6714), and CP054306.1 (Synechocystis 7338).

Fig. S4 Tricine SDS-PAGE gel showing the sample pulled down using different
biotinylated DNA fragments. Two DNA fragments containing the 66 nt-long promoter
variant and the 5’UTR (PapTes-5’'UTR) or the atpT 5-UTR were used. These two
fragments were incubated with total protein samples isolated from wild type
Synechocystis 6803 cultured under continuous light or after 12 hours in the dark. The
arrows indicate bands of significantly enriched proteins interacting with the Pagptes-
5UTR or the atpT 5-UTR DNA fragment. The same samples were subsequently
subjected to mass spectrometry analysis. PageRuler™ Prestained Protein Ladder

(Thermo Scientific, 10 to 180 kDa) was used as a molecular mass marker.
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Fig. S5 PAGE analysis of the purified SII0822 and SIl0359 proteins. The recombinant
6*His-tagged SI10822 and SII0359 proteins were purified from E. coli BL21 (DE3) cells,
and 5 ug of each purified protein were loaded on (a) SDS—PAGE or (b) native SDS—
PAGE gels for analysis.

Fig. S6 Electrophoretic mobility shift assay. The binding of cyAbrB2 to the Patpres-
5UTR or atpT SUTR DNA fragments under different conditions was tested by

performing gel shift assays.

Fig. S7 Genomic locus of atpT in Orf et al. (2016)(called norfl there) with mapped
array probes (note that the gene is located on the reverse strand, the direction of
transcription is indicated by the horizontal arrow). Synechocystis 6803 WT and the
AcyabrB2 mutant were compared in the presence of high (HC, 5% CO3) and low (LC,
24 h ambient air) inorganic carbon supplies. The array signal intensities are presented
as logz values and color-coded as indicated. The gray graphs represent RNA
sequencing data presented as logz read numbers, which were extracted from Mitschke
et al. (2011).
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