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Abstract

Prochlorococcus is a marine picocyanobacterium with a streamlined genome that is adapted to
different ecological niches in the oligotrophic oceans. There are currently >20 regulatory small
RNAs (sRNAs) that have been identified in the model strain Prochlorococcus MED4. While most
of these sRNAs are ecotype-specific, SRNA homologs of Yfr1 and of the Yfr2 family are widely
found throughout the cyanobacterial phylum. Although they were identified 13yrs ago, the
functions of Yfr1 and Yfr2 have remained unknown. We observed a strong induction of two
Yfr2 sRNA homologs of Prochlorococcus MED4 during high light stress and nitrogen starvation.
Several Prochlorococcus and marine Synechococcus yfr2 promoter regions contain a conserved
motif we named CGRE1 (cyanobacterial GntR family transcriptional regulator responsive ele-
ment 1). Using the conserved promoter region as bait in a DNA affinity pull-down assay we
identified the GntR family transcriptional regulator PMM1637 as a binding partner. Similar to
Yfr2, homologs of PMM1637 are universally and exclusively found in cyanobacteria. We sug-
gest that PMM1637 governs the induction of gene expression of Yfr2 homologs containing
CGRET1 in their promoters under nitrogen-depleted and high-light stress conditions.

Key words: GntR family transcriptional regulator, nitrogen and high light adaptation, picocyanobacteria, Prochlorococcus,
regulation of sSRNA Yfr2

1.Introduction cope with high or low light conditions.> Prochlorococcus MED4 is a

Consisting of only 1.65 Mbp the marine cyanobacterium laboratory model strain that belongs to the high-light (HL) adapted

Prochlorococcus marinus strain MED4 (Prochlorococcus MED4) pos-
sesses one of the smallest genomes of any photosynthetic organism.'
The reduced genome size, correlating with a small cell size, and low
GC content of 30.8% reflect adaptions to its extremely nutrient-poor
habitat.> Members of the genus Prochlorococcus can be classified into
different ecotypes, primarily driven by their distinct capabilities to

ecotype.® Other environmental factors such as temperature, nutrients,
and competitor abundance are driving forces of niche partitioning
within Prochlorococcus clades.** Nitrogen acquisition and regulation
of nitrogen consumption are one of the greatest challenges that HL
adapted Prochlorococcus ecotypes have to cope with® primarily
because the availability of nitrogen dictates the limits of biomass
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production.” In agreement with the importance of modulating nitro-
gen consumption is the presence of the nitrogen metabolism core regu-
latory proteins PII and NtcA in Prochlorococcus MED4.® In other
cyanobacteria such as Synechococcus elongatus PCC 7942, the func-
tion of both PII and NtcA is modulated by a third protein, PipX.
Inactive PipX interacts with PII and stabilizes the active form of NtcA
when 2-oxoglutarate levels increase as a consequence of nitrogen star-
vation.” The homologue of pipX, encoded by PMM0393, completes the
set of nitrogen regulatory proteins in Prochlorococcus MED4, though
it’s functional homology awaits experimental verification. The existence
of a complex protein-based interaction network of nitrogen regulation
in Prochlorococcus is in striking contrast to the general reduction in the
number of regulatory proteins in this genus that is thought to have oc-
curred by an intense genome streamlining process. For instance, only
four two-component regulatory systems exist in MED4, compared to 44
in the cyanobacterial model Synechocystis sp. PCC 6803.® However, the
of regulatory proteins in
Prochlorococcus MED4 appears to be offset by a relatively high number

of sSRNAs, which require much less coding capacity and might serve as
10

reduction in the relative number

versatile post-transcriptional regulators of gene expression.

Cyanobacterial functional RNA (Yfr)2 is an abundant sSRNA dis-
covered in picocyanobacteria 13yrs ago.'" In most cyanobacteria,
small gene families with slightly divergent copies exist'> but their func-
tions and possible targets remained enigmatic. In Prochlorococcus
MEDA4, four yfr2 copies were identified, yfr2, yfr3, yfr4, and yfrS,
while in the low-light (LL) adapted Prochlorococcus strain MIT9313
only two copies exist.'' In contrast, nine copies were reported for
Synechococcus CC9311.1> Though it seems as if Prochlorococcus re-
duced the number of protein regulators relative to the number of
sRNAs,'? there is still the need to regulate the expression of these
sRNAs. The genome-wide identification of transcriptional start sites at
single-nucleotide resolution'® enables the systematic study of promoter
regions and the search for possible regulatory elements. Here, we
identified the conserved motif we call CGRE1 (cyanobacterial GntR
family transcriptional regulator responsive element 1). It is found
in the promoter regions of several, but not all, y/r2 homologs in
Prochlorococcus and marine Synechococcus. We used DNA affinity
pull-down chromatography to identify the binding of the GntR-like tran-
scriptional regulator PMM1637 to CGRE1 and confirmed this further
by in vitro and in vivo assays. Our results suggest that the induction of
the Prochlorococcus MED4 homologs Yfr2 and Yfr4 during high light
stress and nitrogen starvation is mediated by PMM1637.

2.Materials and methods

2.1.Culture growth conditions, RNA isolation, and
Northern blot analysis

Prochlorococcus MED4 cultures were grown at 22°C in AMP1 me-
dium"* under 30 pmol quanta m~2 s~ of continuous white cool light
to cell densities of 1-3 x 10% cells per ml. For HL stress experiments,
triplicate 11 cultures were shifted to 300 pmol quanta m™* s~ of con-
tinuous white cool light. For every collection time point (immediately
before the shift to HL, T0, and 15 min, 30 min, 1 h, 3 h, 6 h, 12h, and
24h after shift to HL) a 100 ml sample was withdrawn and collected
by filtration onto 0.45 pm Supor-450 membranes (Pall). Filters were
immersed in PGTX,'® snap frozen in liquid nitrogen and stored at
—80°C until further processing. Total RNA was extracted as de-
scribed.’® For nitrogen starvation experiments, triplicate 11 cultures
were grown to a cell density of 3 x 10% cells ml~" and the TO time
point was collected. Cells were washed twice in nitrogen-free AMP1

medium by centrifugation for 10 min at 15,000g at 20°C and the cell
pellet was resuspended in the same medium. Cultures were grown in
nitrogen-depleted AMP1 medium and samples were collected as de-
scribed above at 3, 6, 12, 24, 48, and 72 h. Northern blot analyses
were performed as described,!” and primers #82-87 (Supplementary
Table S1) were used for preparing probe templates. Cellular transcript
abundance was determined as previously described.'®

2.2.DNA-protein affinity chromatography

Protein pull-down assays using the yfr2 promoter or Ayfr2 promoter
(yfr2 promoter with randomly shuffled CGRE1 motif) were essen-
tially performed as previously described.'” In brief, 81 cultures of
Prochlorococcus MED4 cultures were pelleted by centrifugation at
15,000g for 10 min at 20°C and washed twice with nitrogen-free me-
dium. After 24 h of cultivation in nitrogen-free AMP1 medium, cells
were harvested by centrifugation at 15,000g for 10 min at 20°C and
washed with buffer 1 (1.3 M glycine betaine, 10 mM HEPES pH 8).
The cell pellet was resuspended in 4ml BS/THES buffer (22 mM
Tris-HCl, 4.4mM EDTA, 8.9% sucrose (m/v), 62mM NaCl,
10 mM HEPES, 5 mM CaCl,, 50 mM KCl, 12% glycerol, pH 7.5).""
BS/THES buffer was supplemented with proteinase inhibitor
(cOmplete proteinase inhibitor cocktail, Roche), 0.5 mM MgCl,,
50 uM ZnSOy4, 50 uM FeCl,, 50 uM MnCl,, and 50 uM EDTA. Cell
lysis was achieved with the One Shot constant cell disruption system
(Constant Systems Limited) at 1.4 kbar with one repetition. Cell de-
bris was pelleted by centrifugation at 13,000g for 30 min at 4°C.
The supernatant was incubated with 200 pl of uncharged Dynabeads
M-280 Streptavidin (ThermoFisher Scientific) for 20 min to minimize
the non-specific binding of contaminants to the beads before incubat-
ing with beads loaded with the bait yfr2 promoter or Ayfr2 promoter
for 1 h at room temperature. Before incubating with lysate,
Dynabeads were washed and prepared as described by the manufac-
turer. Y/r2 and Ayfr2 promoters were amplified by PCR using pri-
mers #1 and #2 or #3, respectively, with KAPA-HiFi polymerase
(Kapa Biosystems). For the biotinylated primer, a limiting amount
of 0.2uM was applied and the PCR products were loaded on
Dynabeads in 1x BW Buffer (5mM Tris-HCI pH 7.5, 0.5mM
EDTA, and 1M NaCl). After incubating with cell lysate, beads
charged with bait promoters and bound proteins were washed
with BS/THES buffer and proteins were eluted with elution buffer
(25 mM Tris=HCI, 100/250/500/750/2000 mM NaCl). Protein elu-
tion fractions were precipitated overnight at 4°C by adding trichloro-
acetic acid to a final concentration of 15%. Proteins were pelleted by
centrifugation at 13,000g for 30 min at 4°C. Protein pellets were
washed with 50% cold acetone, resuspended in water and supple-
mented with protein loading buffer. Samples were denatured at 95°C
for five min and treated with 10 mM iodoacetamide at room tempera-
ture in the dark for 30min. Elution fractions were analysed on
RunBlue SDS Protein Gels 4-20% (Expedeon) in a Tris-Tricine running
buffer system. Gels were stained with InstantBlue (Expedeon). Proteins
specific for the yfr2 promoter elution fraction were analysed by mass
spectrometry (Core Facility Proteomics, ZBSA, University of Freiburg).

2.3.Generation of expression vectors

The gene PMM 1637 was amplified from genomic DNA with primers
#13 and #14 (Supplementary Table S1), digested with Sphl and
BamHI and introduced into the expression vector pQE-70. Primers
#20-67 (Supplementary Table S1) were used to generate point muta-
tion variants of PMM1637 using the QS Site-Directed Mutagenesis
Kit (NEB) or AQUA cloning.?® The construct pQE-70_PMM1637
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encoding the wild-type protein served as a template for codon
optimization of the first 59 and last 75 amino acids using QS
Site-Directed Mutagenesis Kit (NEB) and primers #15-19
(Supplementary Table S1). The PMM1637_R50A mutant was de-
rived from the codon-optimized construct pPQE_PMM1637 by PCR
using primers #16 and #19 (Supplementary Table S1) and trans-
formed into E. coli Top10 F> using AQUA cloning.*® For recombi-
nant protein expression, the constructs pQE_PMM1637 and
PMM1637_RS0A were transformed into E. coli M15.

The backbone pXG10SF*' was amplified using primers #72 and
#73 (Supplementary Table S1). Wild-type and mutant yfr2 promoters
were generated by annealing phosphorylated complementary primers
#68 and #69 or #70 and #71 (Supplementary Table S1) followed by li-
gation of annealed primers into the pXG10SF backbone. The resulting
vectors were templates for PCR amplification of vectors containing
yfr3, yfrd, yfrS, or PMM1637 promoter regions (for primers see
Supplementary Table S1 #74-81). Plasmids containing promoter
regions of yfr3, yfr4, yfrS, or PMM1637 were generated using the Q5
Site-Directed Mutagenesis Kit (NEB) or by AQUA cloning.*’

2.4.E. coli GFP in vivo assay

pXG10SF vectors containing yfr2, yfr3, yfr4, yfr5, and yfr2 mutant
or PMM1637 promoter constructs were co-transformed with either
pQE_PMM1637 or pQE_PMM1637_RS50A into E. coli TOP10.
Colonies were inoculated into 200 pl of lysogeny broth medium sup-
plemented with chloramphenicol and ampicillin in a 96-well plate
and incubated overnight at 37°C with gentle agitation at 150 rpm in
an air humidity-saturated environment to prevent evaporation. Cells
were diluted 1: 10, fixed with 1% Roti Histofix (Roth) and analysed
on an Accuri C6 flow cytometer (Beckman-Coulter) monitoring GFP
fluorescence at an excitation wavelength of 488 nm and emission
wavelength at 533/30 nm. The mean fluorescence per plasmid combi-
nation was calculated from 50,000 events (cells) of six individual
clones. Fold changes were calculated by dividing the average of the
mean fluorescence from six clones for the respective combinations.
For the verification of promoter functionality, 5 RACE experiments
were performed as described.'” Western blot analysis for the detec-
tion of GFP was performed with anti-GFP antibody (Sigma) accord-
ing to the manufacturer’s description. Western blot membranes were
stained with Pierce Reversible Protein Stain Kit (Thermo Scientific)
according to the manufacturer’s description. PMM1637 WT and
PMM1637 R50A recombinant proteins were detected with anti-
Penta-His antibody conjugated to horseradish peroxidase (Qiagen)
according to the manufacturer’s description.

2.5.Recombinant protein expression and purification

The codon-optimized vectors pQE_PMM1637 and pQE_
PMM1637_RS50A were transformed in E. coli M15 for overexpres-
sion of recombinant proteins PMM1637 and PMM1637_R50A.
Overnight cultures were diluted 1: 100 in fresh terrific broth medium
supplemented with ampicillin and kanamycin, and grown to ODggg
0.5. Protein expression was induced by adding isopropyl-B-D-thioga-
lactopyranoside (IPTG, 2mM final concentration) and cells were
harvested by centrifugation at 6,000g for 10 min at 4°C 5 h after in-
duction. Cell pellets were resuspended in lysis buffer (50 mM
NaH,PO,4 pH 8, 1M NaCl, 10% glycerol, 0.5% Tween20, 7.5 mM
imidazole, complete proteinase inhibitor cocktail, Roche) and lysed
using the One Shot constant cell disruption system (Constant
Systems Limited, United Kingdom) at 2.4 kbar in two consecutive
cycles. Cell debris was pelleted by centrifugation at 13,000g for

30 min at 4°C and the lysate was filtered through 0.45 pm Supor-450
filters (Pall). Recombinant proteins were immobilized on a HiTrap
Talon crude column (GE Healthcare) and eluted with elution buffer
(50mM NaH,PO,; pH 7,400mM imidazole, 100 mM NaCl).
Elution fractions were combined and supplemented with 5mM
dithiothreitol (DTT). Combined immobilized metal ion chromatog-
raphy elution fractions were loaded on HiTrap SP HP columns equil-
ibrated with buffer A (50 mM NaH,PO, pH 7.6, 25 mM NaCl). The
column was washed with 17.5% buffer B (50 mM NaH,PO, pH
7.2, 1M NaCl) and protein was eluted with 33% buffer B. Elution
factions were again supplemented with SmM DTT, and the buffer
was changed to TBS including 5SmM DTT using Amicon Ultra
Centrifugal Filters 10K (Merck). Protein concentration was calcu-
lated by measuring the absorption at 280 nm.

2.6.Electrophoretic mobility shift assay (EMSA)

Cy3 end-labelled probes for EMSA were generated using primers
#4-12 (Supplementary Table S1). Reaction conditions for binding
protein to DNA were 12 mM HEPES, 15.7mM Tris, 1 mM EDTA,
1mM EGTA, 40.16% glycerol, 1 ug LightShift Poly (dIdC) (Thermo
Fischer Scientific)y 60 mM KCl, 64.2mM NaCl, and 15.625nM
DNA probe. The concentration of proteins used for shift experiments
were 595.4, 426.5, 297.3, 193.4, and 128.4nM. Samples were run
on 1.5% agarose gels in 0.5 x TAE.

3.Results

The degree of conservation and wide distribution of the yfr2 family
within the cyanobacterial phylum prompted us to determine whether
the regulation of yfr2 itself is conserved. Bioinformatic analysis led
to the identification of a highly conserved sequence starting 55-57
nucleotides upstream of the yfr2 transcriptional start site, which is
present in Prochlorococcus and marine Synechococcus. The highly
conserved motif was further analysed by multiple sequence align-
ments of yfr2 promoters (Supplementary Fig. S1) utilizing primary
transcriptome data for the strains MED4 and MIT91313"% or
inferring the first transcribed nucleotide based on sequence compari-
son.'? The highly conserved motif is 22 nucleotides long in HL
Prochlorococcus  strains  (Fig. 1B); however, in LL-adapted
Prochlorococcus and marine Synechococcus strains, it is one nucleo-
tide shorter (Fig. 1A). The promoter sequence of yfr2c in
Prochlorococcus SS120 contains a completely conserved inverted
repeat (Supplementary Fig. S1). In the yfr2a promoter of
Prochlorococcus MIT9313, the start of the conserved motif is
not found at the usual —55 to —57 position, but at —20. In
Prochlorococcus MEDA4, the highly conserved motif shows the high-
est conservation in the yfr2 and yfr4 promoters, while it is entirely
degenerated in the yfr3 promoter (Supplementary Fig. S1A). One
half of the motif is highly conserved in the yfr5 promoter, while the
other half is disrupted by the terminator of the upstream yfr18 gene.
Yfr3 is also the least abundant yfr2 homolog in Prochlorococcus
MED4 (Supplementary Fig. S2 and Table S2) indicating that the dis-
rupted motif in yfrS might still be sufficient for some transcription.
To identify possible binding proteins of the highly conserved mo-
tif, we utilized DNA affinity pull-down.'® As bait we used a 155 nt
Prochlorococcus MED#4 yfr2 promoter fragment and a mutated ver-
sion (Ayfr2) with a randomly shuffled motif (Fig. 2B). Captured pro-
teins were analysed by SDS-PAGE and subsequently by mass
spectrometry. A protein band at approximately 45 kDa was present
in the 500 mM NaCl elution fraction of the yfr2 promoter bait that
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Figure 1. Consensus motif of the highly conserved sequence element. (A) Sequence logo of aligned promoter regions of yfr2 homologs of the Prochlorococcus
LL type consisting of LL-adapted Prochlorococcus and of marine Synechococcus strains. (B) Sequence logo of aligned promoter regions of yfr2 homologs of
the Prochlorococcus HL type, exclusively found in HL-adapted Prochlorococcus strains. Logos were created based on sequences of the sequence alignment in

Supplementary Figure S1 using the sequence logo generator WebLogo.®'
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Figure 2. DNA-binding properties of purified recombinant PMM1637 protein. (A) PMM1637 DNA binding was tested by EMSA assays using Cy3-labelled yfr2,
Ayfr2, yfr3, yfrd, yfr5 and PMM1637 promoter fragments. Binding reactions contained 128.4, 193.4, 297.3, 426.5, or 595.4nM recombinant PMM1637 or
PMM 1637 R50A protein in the presence of 15.625 nM labelled promoter fragment and 1 ug poly (dI-dC) as a non-specific competitor. (B) Sequences found in the
respective promoter regions starting 55-57 bp upstream of the transcriptional start site. Nucleotides that are in agreement with the consensus sequence are

underlined.

was not visible in any of the other elution fractions loaded onto the
gel (Supplementary Fig. S3). Among the proteins that were identified
by mass spectrometry from a gel slice of the specific protein band
was PMM1637, which was enriched 28-fold compared to the gel
sample of the equivalent area of the Ayfr2 promoter 500 mM
NaCl elution fraction (Supplementary Table S3). PMM1637 is a

323 amino acid protein that is annotated as a possible transcriptional
regulator. Indeed, searches against the pfam, STRING and EggNOG
databases showed an N-terminal Winged helix-turn-helix (WHTH)
DNA-binding domain, characteristic of the GntR family of transcrip-
tional regulators. Hence, we considered PMM1637 as a promising
candidate for a transcription factor governing Yfr2 transcription via
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binding to the highly conserved motif. We named the palindromic se-
quence CGRE1 for cyanobacterial GntR family transcriptional regu-
lator responsive element 1.

Next, we purified the recombinant PMM 1637 wild-type protein
(PMM1637 WT from here on), overexpressed in E. coli, by immobi-
lized metal ion chromatography followed by ion exchange chroma-
tography (Supplementary Fig. S4) and performed electrophoretic
mobility shift assay (EMSA). Promoters of yfr2 and yfr4 were shifted
whereas yfr3 and yfr5 promoters were not (Fig. 2A). This result cor-
relates with the presence of CGRE1 in the yfr2 and yfr4 promoter
regions and the degeneration and partial loss in yfr3 and yfr5 pro-
moter regions, respectively. Furthermore, PMM1637 WT did not
bind to its own promoter, indicating that it does not autoregulate its
own expression. For verification, we mutated an ultraconserved argi-
nine residue at position 50 to alanine in PMM1637 (PMM1637
RS50A from here on) (Supplementary Fig. S5A). According to the
NCBI conserved domains database, residue R50 is involved in nu-
cleic acid binding in the GntR transcriptional regulator family.**
RS50 is located within the WHTH DNA-binding domain (accession
number ¢d07377) of PMM1637 spanning amino acids 12-77.
EMSA analysis showed that the PMM1637 R50A mutant was not
able to shift the yfr2 or yfr4 promoter (Fig. 2A), hence, confirming
that the DNA binding ability of the PMM1637 R50A mutant was
greatly reduced.

There is no genetic system for Prochlorococcus. Therefore, we
modified the heterologous GFP reporter system that is otherwise
used to identify sSRNA-mRNA interactions®' to further analyse
the influence of PMM1637 on yfr2 promoters. We co-expressed
the PMM1637 WT or PMM1637 R50A protein encoded on the
pQE-70 plasmid with the pXG10-SF plasmid that contains a 5’ UTR
conferring high expression of GFP in combination with various pro-
moters (Fig. 3A). The results confirmed that all promoters were
recognized in E. coli and consequently, GFP was produced
(Supplementary Fig. S6A). We can exclude the possibility of errone-
ous promoter usage, as 5’ RACE experiments showed transcription
initiation from the correct start point or in close proximity
(Supplementary Figs S7 and S8). Expression from the yfr2 or yfr4
promoter was higher in the presence of PM1637 WT in comparison
to PMM1637 RS50A, while the expression from the Ayfr2, yfr3, yfr5,
and PMM 1637 promoters, as well as the native pXG10-SF promoter
Prco was not altered regardless of the co-expressed protein
(Fig. 3B). We can exclude that differences in GFP fluorescence inten-
sities are caused by unequal protein expression levels of PMM1637
WT and PMM1637 R50A (Supplementary Fig. S6B and C). The pos-
itive influence of PMM1637 WT on the yfr2 promoter is also sup-
ported by the fact that the transcriptional regulator PMMO0637
(Fur), which is not related to Yfr2 expression, showed the same level
of expression as the inactive PMM1637 R50A (Fig. 3A-C). All find-
ings are in agreement with the i silico analysis and in vitro experi-
ments described above. Transcription factors of the GntR family
contain the small DNA-binding WHTH domain at their N-terminus
and a very diverse regulatory ligand-binding domain within the
C-terminal half,>> which provides the basis for the subfamily classifi-
cation. Because there is no information about the regulatory domain
of PMM 1637, we used this GFP system to further elucidate the func-
tion of several other highly conserved residues in the C-terminal ef-
fector domain (Supplementary Fig. S5B and C). Based on sequence
conservation among 20 PMM1637 homologs (Supplementary Fig.
S5A), highly conserved amino acids with putative reactive groups
such as carboxy-, guanidine-, or amine groups were chosen for point
mutations. Among the 24 investigated mutants, five others (D141A,

T182A, R200A, R236A, and D276A) showed a comparable average
fold change between the yfr2 and Ayfr2 promoter as PMM1637
R50A did (Supplementary Fig. S5C), suggesting that all these six
amino acids are important for protein activity. The mutants
K217M and S231A showed a slightly higher average fold change
than the PMM1637 WT (Supplementary Fig. S5C), hence, these
substitutions might possibly have locked the protein into an active
conformation.

Previous studies on PMM1637 homologs in Synechocystis sp.
PCC 6803 and Synechococcus elongatus PCC 7942 suggested that
this transcription factor is involved in regulation during HL adapta-
tion and nitrogen starvation, respectively.>*2® We, therefore, moni-
tored Prochlorococcus MED4 Yfr2, Yfr3, Yfr4, and YfrS expression
during these conditions. Nitrogen depletion caused the strongest in-
duction of gene expression for the Yfr2 and Yfr4 homolog, increas-
ing from approximately 100 to 1,000 copies per cell after 48 h and
from 20 to 144 copies per cell after 72 h of nitrogen starvation, re-
spectively (Fig. 4A and Supplementary Table S2). The response and
accumulation pattern observed here was delayed in comparison to
the induction of n#cA transcript accumulation that we used as an in-
dicator of nitrogen stress (Fig. 4C). Whereas ntcA was already
strongly induced after 3 h of nitrogen depletion, Yfr2 reached its
maximum only 48h and Yfr4 only 72h after nitrogen depletion
(Fig. 4A and C). Shifting Prochlorococcus MED4 cells from 30 to
300 pE resulted in a rapid increase of Yfr2 and Yfr4 transcript accu-
mulation already visible after 15 min of HL exposure (Fig. 4B and
Supplementary Table S2). The expression of Yfr2 began to decline
after 3045 min of HL exposure, while the induced expression of
Yfr4 plateaued and only dropped down to standard levels after 24 h
of HL treatment (Fig. 4B and Supplementary Table S2). Compared
to nitrogen depletion, the response of ntcA to HL stress was remark-
ably weaker. During the course of HL exposure only a slight increase
in ntcA transcript was visible, which might indicate the first signs of
an imbalanced C/N ratio in the cell (Fig. 4D).

4.Discussion

In this study, we identified CGRE1, a conserved motif in the pro-
moter of several genes of the SRNA yfr2 family that is recognized by
the Prochlorococcus MED4 GntR family transcriptional regulator
PMM1637. CGRE1 motifs observed in HL- and LL-adapted eco-
types differ in length and nucleotide composition. The LL motif is
flanked by ‘GTTG’ and the HL motif by ‘GTTA’ (Supplementary
Fig. S1). The G to A transition is consistent with the low GC content
in HL Prochlorococcus. The identified CGRE1 motif recognized by
PMM1637 contains sequence elements that have been described be-
fore for other motifs of GntR family transcriptional regulators. The
flanking ‘GTTG’ of the LL type and the ‘GTTA’ of the HL type re-
semble parts of what has been found for CceR from Rhodobacter
sphaeroides.”” However, unlike in CGRE1 described here, the se-
quence and its inverted repeat are separated by only four nucleotides
instead of 13-14. In the same study, EMSA assays showed that the T
positions are crucial for binding.?” AkgR from Rhodobacter sphaer-
oides binds to the direct repeat of ‘GTGATCAC’ separated by 13
nucleotides.”” We find almost the same sequence in the middle of
CGRE1 except that ‘AT’ in the center is inverted in the HL CGRE1
and one position is deleted in the LL CGRE1. There is also no repeti-
tion of ‘GTGATCAC’ in yfr2 promoters within a distance of 13
nucleotides.

PMM1637 has a homolog in all cyanobacterial genomes. The first
functional characterization of a cyanobacterial GntR family
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Figure 3. Influence of the GntR family transcriptional regulator PMM1637 on yfr2 family promoter activity. (A) GFP expression driven by Prochlorococcus MED4
yfr2, Ayfr2, yfr3, yfrd, yfr5, and PMM1637 promoters, or from the P io promoter. Pieio:: Luc (pXG-0%?) codes for luciferase instead of GFP (P iei0:: GFP) and
serves as a control for the background fluorescence of E. coli cells. GFP expression was carried out in the presence of PMM1637 WT, PMM1637 R50A, or
PMMO0637 (Fur) encoded on pQE-70. (B) Fold change differences between PMM1637 WT and PMM1637 R50A for each promoter were calculated from the results
shown in A). (C) Fold change differences between Prochlorococcus MED4 yfr2 and Ayfr2 promoter in the presence of either PMM1637 WT, PMM1637 R50A, or

PMMO0637 (Fur) were calculated from results shown in A).
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Figure 4. Temporal gene expression kinetics of Yfr2, Yfr3, Yfr4, and Yfr5 during HL acclimation or nitrogen starvation. (A) Yfr2-5 expression of Prochlorococcus
MED4 samples after 0, 3, 6, 12, 24, 48, and 72 h of nitrogen starvation and of (C) ntcA expression. (B) Prochlorococcus MED4 cells were shifted from 30 to 300 pE
and samples were taken at 0, 0.25, 0.5, 1, 3, 6, 12, and 24 h after stress application and probed against Yfr2-5 or (D) ntcA. Transcripts per cell were calculated for

Yfr2-5 and relative amounts of transcript for ntcA.

transcription regulator was provided by Lee et al., who found evi-
dence that in Anabaena sp. PCC 7120 the homolog acts as a plasmid
maintenance factor and therefore called it PImA.?® The same study
defined a new subfamily of GntR family transcriptional regulators
based on the divergence in the C-terminal effector domain that
includes PMM1637 (formerly annotated as Pmar1604) and PlmA.*®
In a recent yeast three-hybrid screening of genomic libraries from
Synechococcus elongatus PCC7942, PlmA was found to bind to the
complex of PII-PipX.>® This interaction seems to be facilitated by
PII-bound PipX and occurs only during low levels of the nitrogen sta-
tus reporter molecule 2-oxoglutarate.”> However, the activation of
PMM1637 does not appear to directly depend on 2-oxoglutarate be-
cause the accumulation kinetics of its targets Yfr2 and Yfr4 differ
from that of ntcA, which is activated at high 2-oxoglutarate concen-
trations.”” Accumulation of Yfr2 and Yfr4 during early HL adapta-
tion and virtually no changes in 72cA gene expression emphasize that
2-oxoglutarate is not involved in PMM1637-dependent regulation.
It is therefore likely that PMM1637 is regulated by another cofactor
that signals during late nitrogen depletion stress and early HL
adaptation, possibly connecting C- and N-regulatory circuits.

In Synechocystis sp. PCC 6803, the PImA homolog SII1961 is
involved in phycobilisome degradation during nitrogen starvation.
The disruption of sll1961 leads to a non-bleaching phenotype of the
sll1961 mutant, despite elevated levels of the phycobilisome degrada-
tion protein NbIA during nitrogen starvation.’® Another study
showed that the s//1961 mutant strain retained a constant PSII/PSI
ratio throughout all tested light conditions while the wild-type ratio
increased during acclimation to high light,>* which could be
explained by a weaker decline in the number of PSI reaction center
subunits PsaA and PsaB in the mutant compared to the wild-type.**
The regulation of PsaAB seems to occur at the translational or post-
translational level because the decrease in psaAB mRNA accumula-
tion was comparable in wild-type and mutant.** In Prochlorococcus
the inverse relationship in the levels of Yfr2 and psaAB mRNA under
high light'® and nitrogen starvation®” suggests that the psaAB
mRNA might be a target of Yfr2. The latter reports are consistent
with our findings of increased Yfr2 levels during nitrogen starvation
and HL stress, though the functional orthology between the GntR-
like factors of different cyanobacteria certainly requires more de-
tailed investigation.
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Pairs of transcription factors and sRNAs are building blocks in
the regulatory network, including the response to nitrogen starvation
in cyanobacteria, as exemplified by the NtcA-NsiR4 regulatory sys-
tem in Synechocystis sp. PCC 6803.> However, the architecture of
the regulatory machinery mediating this response was postulated to
differ in marine picocyanobacteria. While NtcA is also conserved in
Prochlorococcus, NsiR4 is not, which exemplarily shows that stress-
related sSRNAs are mostly restricted to certain groups within cyano-
bacteria but protein regulators are not, depending on the function. In
contrast, the GntR family transcriptional regulator, as well as the
yfr2 family, are globally distributed among cyanobacteria. However,
CGRE1 appears to be restricted to marine Symnechococcus and
Prochlorococcus. Therefore, regulation of Yfr2 by PMM1637 could
be a result of the streamlined regulatory network that is found within
the picocyanobacteria. Thus, this finding provides another example
how widely conserved genes are differentially used in closely related
taxa. Future studies will certainly help to answer the question of
whether the homologs of PMM1637 also regulate members of the
Yfr2 family in other cyanobacteria or if the targets of Yfr2 in
Prochlorococcus are elsewhere regulated by the PMM1637 homo-
log. A study on the global response of gene expression during nitro-
gen starvation in Prochlorococcus MED4 identified the differential
gene expression of 16% of the entire genome.”” However, only a
small subset of these genes possesses an NtcA binding site and there-
fore, many must be controlled by other factors such as PMM1637
and Yfr2. The occurrence of at least two nitrogen stress-related regu-
lons in marine picocyanobacteria might be connected to their
nitrogen-poor habitat, leading to the requirement of more regulatory
circuits for a fine-tuned acclimation. The results of previous studies
and of this work underline the importance of the cyanobacterial
GntR family in the regulation of gene expression during nitrogen
starvation and hint to an important role of this transcription factor
family in maintaining the homeostasis of nitrogen and carbon metab-
olism. The future identification of targets of the Yfr2-PMM1637 reg-
ulon will shed light on their functional role in this complex network
and may uncover hidden layers of bacterial gene regulation.
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