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Conditional proteolytic degradation is an irreversible and
highly regulated process that fulfills crucial regulatory func-
tions in all organisms. As proteolytic targets tend to be critical
metabolic or regulatory proteins, substrates are targeted for
degradation only under appropriate conditions through the
recognition of an amino acid sequence referred to as a
“degron”. DEAD-box RNA helicases mediate all aspects of RNA
metabolism, contributing to cellular fitness. However, the
mechanism by which abiotic-stress modulation of protein sta-
bility regulates bacterial helicase abundance has not been
extensively characterized. Here, we provide in vivo evidence
that proteolytic degradation of the cyanobacterial DEAD-box
RNA helicase CrhR is conditional, being initiated by a tem-
perature upshift from 20 to 30 °C in the model cyanobacterium,
Synechocystis sp. PCC 6803. We show degradation requires a
unique, highly conserved, inherently bipartite degron located in
the C-terminal extension found only in CrhR-related RNA
helicases in the phylum Cyanobacteria. However, although
necessary, the degron is not sufficient for proteolysis, as
disruption of RNA helicase activity and/or translation inhibits
degradation. These results suggest a positive feedback mecha-
nism involving a role for CrhR in expression of a crucial factor
required for degradation. Furthermore, AlphaFold structural
prediction indicated the C-terminal extension is a homodime-
rization domain with homology to other bacterial RNA heli-
cases, and mass photometry data confirmed that CrhR exists as
a dimer in solution at 22 °C. These structural data suggest a
model wherein the CrhR degron is occluded at the dimerization
interface but could be exposed if dimerization was disrupted by
nonpermissive conditions.

Although energetically costly and irreversible, proteolytic
degradation offers a rapid mechanism for adjusting the pro-
teome under specific conditions when the continued presence
of select proteins would be deleterious (1-3). Such conditional
proteolytic pathways are catalyzed by ATP-dependent AAA+
proteases and represent a crucial component of post-
translational regulation of gene expression in all organisms (4).
For free living bacteria, AAA+ protease activity serves a critical

* For correspondence: George W. Owttrim, gowttrim@ualberta.ca.

SASBMB

role in cellular adaptation in response to the numerous and
rapidly fluctuating conditions experienced in their natural
environments. Accordingly, bacterial proteases contribute to
the regulation of several crucial pathways including the cell
cycle, induction of virulence, circadian clock synchronization,
and biofilm formation (5-7). Recognition of specific protein
targets in conditional proteolytic pathways is often achieved
through amino acid motifs termed “degrons” that direct pro-
teins to one or more bacterial AAA+ proteases under
nonpermissive conditions (3). In the simplest scenario, bac-
terial degrons are necessary for direct binding to the protease;
however, degrons may also bind adaptor proteins that mediate
protease interaction (8).

A variety of degrons have been identified in bacteria
including the ubiquitous N-degron pathway (9), the tmRNA
ribosome rescue system (10), and a limited repertoire of rela-
tively protein-specific degrons (11-15). Although proteomic
and genetic approaches have expanded the catalog of bacterial
proteins regulated by proteolytic degradation, the amino acid
composition which constitute protein-specific degrons have
rarely been experimentally verified. Detailed analysis of bacte-
rial degrons has been hampered by their extended nature and
general lack of conservation across bacteria, either in sequence
or functionality (16-18). Similarly, the associated proteases
frequently do not exhibit a high degree of degron or protein-
class conservation (19-21). Degron sequences have been
observed to vary considerably in the pathways targeted and also
their length, composition, and location within a protein, indi-
cating that our understanding of how protein degradation is
regulated in bacteria is not complete. Examples illustrating
bacterial degron diversity include an N-terminal 21 amino acid
sequence containing a core region of hydrophobic residues
surrounded by polar residues in the oxidative stress response
regulator SoxS and, in contrast, a single histidine at the C
terminus of the SOS response protein SulA required for tar-
geting Lon-mediated turnover in Escherichia coli (22, 23).

Cyanobacteria are Gram-negative bacteria that constitute
the only bacterial phylum that perform oxygenic photosyn-
thesis, thereby representing a valuable platform for autotro-
phic production of bioproducts (24, 25). While evidence for
N-degron—mediated degradation has been presented in cya-
nobacteria (26, 27), only three examples of sequence-specific
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degron-mediated proteolytic degradation have been reported.
UmuD possesses a dual N-terminal degron consisting of an
extended 19 amino acid sequence that targets proteolytic
degradation by both N-degron and ClpX/P-associated path-
ways in Synechocystis sp. PCC 6803 (hereafter Synechocystis)
(26). Second, the proteolytic adaptor NblA targets components
of the light-harvesting phycobilisome complex during nitrogen
starvation (28). Recently, the Synechococcus elongatus UTEX
2973 NbIA was shown to bind a degron (F-D-A-F-T) at the N
terminus of B-phycocyanin to initiate degradation (29). Finally,
a C-terminal motif conserved in bacterial aldehyde decar-
bonylases, RMSAYGLAAA, governs degradation of Pro-
chlorococcus marinus aldehyde decarbonylase in response to
environmental stress (30). It can be deduced that degron-
mediated proteolytic degradation likely plays a significantly
expanded role in cyanobacteria, since they encode multiple
protease duplications with nonoverlapping and essential
physiological functions (31). However, these characteristics of
the cyanobacterial proteolytic complement make it difficult to
identify both degron sequences and the interacting proteases.
Thus, identification of degron-regulation of posttranslational
gene expression deserves further attention in cyanobacteria.

Previously, we reported that enhanced protein stability
contributed significantly to the constantly elevated abundance
of the cyanobacterial RNA helicase redox (CrhR), the only
DEAD (Asp-Glu-Ala-Asp)-box RNA helicase encoded in
Synechocystis, observed at low temperature (32). In response to
the permissive abiotic stress, cold shock at 20 °C, crhR mRNA
rapidly and transiently accumulates resulting in a 15-fold
enhancement in CrhR protein abundance. Furthermore,
CrhR continues to remain elevated at low temperature, despite
the absence of crhR transcript, resulting from a significant
increase in CrhR protein half-life. Repression of the low tem-
perature induction was initiated by a temperature upshift to 30
°C resulting in conditional destabilization of CrhR and rapid
degradation, leading to the basal levels observed at higher,
nonpermissive temperatures (33). This study also showed that
a truncated, biochemically inactive mutant of CrhR, CrhRrg,
was resistant to degradation during temperature upshift, sug-
gesting an autoregulatory mechanism. While the degradation
mechanism was not investigated further, the data suggested
that either a targeting sequence necessary for proteolytic
degradation had been deleted in CrhRyr and/or that CrhR
RNA helicase activity was a requirement to activate the pro-
teolysis machinery.

Physiologically, although initial transcript and proteomic
analysis of WT, crhRrr, and AcrhR strains of Symechocystis
have implicated CrhR in gene expression vital for supporting
phototrophic metabolism, particularly at low temperatures, it
remains unclear how dynamic regulation of CrhR at the
posttranslational level is achieved or ultimately why it is
necessary. The biochemical, genetic, and evolutionary princi-
ples governing control of CrhR abundance by the cell are
therefore of prime interest in contextualizing RNA helicases
within stress biology programming (34-36).

Here, we utilized an in vivo strategy to systematically
identify a degron within the unique C-terminal extension
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(CTE) of CrhR that is essential for temperature upshift-
mediated proteolytic degradation. Additionally, bioinformat-
ics analysis indicated evolutionary conservation of the identi-
fied degron sequence in RNA helicases that are only encoded
in the phylum Cyanobacteria. Proteolytic regulation of such
“CrhR-type” RNA helicases may share a common mechanism
and/or biological role, as they exhibited evolutionarily
conserved temperature regulated induction and degradation
kinetics in diverse cyanobacteria. Interestingly, although the
CrhR degron sequence is necessary, it is not sufficient for
proteolytic degradation as helicase function and de novo pro-
tein synthesis are also required. The results imply protease
degradation of CrhR is autoregulatory through a positive
feedback mechanism whereby CrhR enables translation of an
unknown degradation factor(s). Induction and repression of
proteolysis is also exquisitely sensitive to the magnitude of
temperature shift, resulting in fine-tuning of CrhR abundance.
Finally, mass photometry indicated CrhR exists as a dimer at
22 °C. AlphaFold 3D structural modeling predicted that the
CTE is responsible for this dimerization behavior resulting in
the degron being buried inside the interface, likely impeding
recognition and degradation. Identification of this
cyanobacterial-specific degron may provide a biotechnological
tool to fine-tune posttranslational gene expression across
multiple cyanobacterial genera.

Results

The CTE of CrhR-type RNA helicases contains an evolutionarily
conserved temperature-responsive degron in cyanobacteria

It was of interest to determine if CrhR-related proteins
were temperature regulated in other cyanobacteria. Align-
ment of the CrhR amino acid sequence downstream of the
conserved HRIGR box indicated the presence of an ~50
amino acid sequence spanning amino acids K386—W435 that
was highly conserved in 22 orthologous helicases (Fig. 1A).
The strength of this cross-species conservation is illustrated
by the sequence logo generated from this region using Mul-
tiple Em for Motif Elicitation (MEME) software (Fig. 1B),
produced using the cyanobacterial species listed in Table S1.
Similar cold-induced accumulation combined with tempera-
ture upshift repression of CrhR-related RNA helicases was
demonstrated in four representative cyanobacterial species
(Fig. 1C). Note that the temperature shift response observed
for CrhR in WT cells shown in Figure 1C Synechocystis ex-
hibits a linear pattern of degradation, as observed previously
(32). The kinetics of temperature downshift induced changes
in CrhR-related protein abundance are presented in
Figure 1D. Importantly, CrhR-like proteins in the four cya-
nobacterial species tested responded in a similar manner to
temperature shift, increasing at 20 °C or 10 °C and decreasing
at 30 °C. While the timelines and induction temperatures
differed slightly between the four strains, the kinetics of in-
duction and repression were consistent. The results suggest
that an evolutionarily conserved, temperature responsive
degradation motif is located in the CTE of CrhR-like cyano-
bacterial RNA helicases.
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Figure 1. Cyanobacterial CrhR orthologs are temperature regulated and share a conserved C-terminal motif. A, residues constituting the CTE of four
CrhR-like helicases from the indicated cyanobacteria were aligned using MUSCLE. The sequences were anchored by the helicase core HRIGR motif. Identical
residues are marked by an asterisk and conserved residues by a period. The Lyngbya aestuarii RNA helicase, annotated as deaD, was substituted for Lyngbya
sp. 696 based on close phylogenetic distance. B, an area of high CTE conservation representing the CrhR motif, as defined in this study, is visualized as a
MEME logo using 25 RNA helicases orthologous to CrhR (71). Amino acid prevalence at each of the 50 sites is indicated by the bit score. C, cyanobacterial
strains [Synechocystis (Synechocystis sp. PCC 6803); Synechococcus (Synechococcus sp. PCC 7002); Nostoc (Nostoc sp. PCC 7120); Lyngbya (Leptolyngbya sp.
696)] encoding a predicted CrhR-like helicase were subject to temperature shift to compare helicase degradation kinetics. Aliquots were harvested both
during cold shock at either 20 °C (Synechocystis, Synechococcus) or 10 °C (Lyngbya, Nostoc), and after a return to 30 °C. Lanes contain either 10 pg of soluble
protein extract (Synechocystis, Synechococcus) or 50 pg (Lyngbya, Nostoc). CrhR and CrhR-like helicases were detected using anti-CrhR antibody (1:5000) and
visualized by ECL detection. D, quantification. Quantification of the relative abundance of the four CrhR-like polypeptides during induction and degradation
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CrhR degradation depends on residues within the CTE

DEAD-box RNA helicases share a number of conserved
motifs, including the characteristic DEAD motif, which
comprise the highly conserved RNA helicase core (37)
(Fig. 2A). N-terminal extension (NTE) and CTE provide
specificity by facilitating protein-RNA and protein—protein
interactions (38). To explore the possibility that a degron
sequence within the CTE or NTE of CrhR is responsible for
temperature upshift-mediated degradation, a series of de-
letions were generated in the crhR gene (Fig. 2B). Since
deletion-induced alteration of protein folding could contribute
to mutant polypeptide degradation or aggregation, we pro-
duced a diverse range of five N- or C-deletion constructions to
examine. The most extensive C-terminal deletion,
CrhRaRr208-qagns corresponds to the CrhRyr mutation, which
produces a truncated polypeptide that can be detected readily
in purified membrane and soluble Synechocystis cell lysis
fractions (39), implying that even gross removal of the CTE
does not produce instability or insoluble precipitates. Exami-
nation of temperature upshift induced degradation of the
protein products expressed from the five constructs in WT
Synechocystis indicated that an amino acid sequence between
E393 and K449 was required for proteolytic degradation of the
mutant protein (Fig. 2, C—F). This domain is located within the
highly conserved C-terminal region identified in Figure 1, A
and B.

Insightfully, the presence of mutant, nondegradable versions
of CrhR did not affect degradation of WT CrhR nor did WT
CrhR rescue degradation of mutated CrhR (Fig. 2, C—F). Again,
a similar pattern of WT, genome-encoded CrhR degradation
as shown in Figure 1C Synechocystis was observed, irrespective
of the fate of the mutant form of CrhR present in each strain
(Fig. 2, C-F).

Overall, the results shown in Figure 2, C—F and Fig. S1
provide crucial insights since they indicated that WT, bio-
chemically active CrhR is required to activate degradation, but
only of polypeptides that contain the degron. In addition, they
demonstrate that plasmid-encoded CrhR polypeptides con-
taining the degron are actively degraded, indicating analysis of
the fate of CrhR polypeptides expressed from plasmids provide
valid observations.

To better facilitate comparisons across strains or growth
conditions, the linear nature of the decay curve for genome-
encoded CrhR from Synechocystis (Fig. 1D) prompted us to
assign linear degradation rates to all WT and mutant CrhR
polypeptides. This analysis was performed by fitting linear
regression models to abundance curves for either chromo-
somal expressed CrhR (Fig. S1A) or plasmid-encoded CrhR
C-terminal deletions (Fig. S1B) in WT cells expressing
functional CrhR. Linear regression models encompassing
each time point from the entire 30 °C time courses during
which degradation was occurring were found to closely

correlate with abundance in all circumstances (Fig. S1A).
Slopes of these regression lines, thus representing indepen-
dent measurements of WT or mutant CrhR change in relative
abundance over the entire time course, then enabled simul-
taneous visualization of pairwise comparisons in subsequent
western analysis.

Examination of these degradation rate results indicated that
the rate of change of chromosomal, WT CrhR does not vary
appreciably in the presence of the CrhR-deletion constructs
(Fig. 2G WT CrhR and Fig. S1A). In contrast, while degradation
of the CrhRAK449-Q492 mutant matched WT CrhR, abun-
dance changes of the CrhRAE393-Q492, CrhRAA347-Q492,
and the CrhRAR228-Q492 deletion polypeptides varied signif-
icantly from the WT rate, indicating the degron motif had been
deleted in these constructs (Fig. 2G Deletion CrhR constructs
and Fig. S1B). Overall, the data indicated that the CrhR degron
motif is located between E393 and K449 (Figs. 2, C—G and S1).

Delineation of a minimal core degron

A series of short, internal deletions were constructed within
the 50 amino acid conserved region within the C-terminal
motif to further delineate the location of the degron. Deletions
in this region included 26 amino acids from the N terminus of
this domain, CrhRaysss-sa11, 24 amino acids from the C-ter-
minal portion, CrhR apsiz-wass, and the entire domain,
CrhRaksse-wass- As a control, temperature-dependent CrhR
accumulation in WT cells revealed the expected low temper-
ature induction and subsequent temperature upshift repres-
sion (Fig. 3A), as observed in Figure 1C Symechocystis.
Expression of the deletion constructs in WT cells indicated
that while CrhR accumulation was relatively normal from the
CrhRagssesq11 construct (Fig. 3B), temperature regulation of
the CrhR apaio-wass (Fig. 3C) and CrhRagsse wass (Fig. 3D)
constructs was significantly diminished.

Quantification of CrhR abundance changes in response to
temperature upshift is provided in Figure 3E. As observed in
Figures 1 and 2, C-F, the rate of change of genomic, WT CrhR
did not vary appreciably in the presence of the fine CrhR-
deletion constructs (Fig. 3E WT CrhR). In contrast, while
degradation of the CrhRaksse sa11 polypeptide did not differ
from the plasmid-encoded CrhR, abundance change trends of
the CrhRapg12-wa3s and CrhRaksse wass deletion polypeptides
were abnormal, and degradation was significantly impaired
(Fig. 3E mutant CrhR). These results suggested unequal con-
tributions of the two segments of the 50 amino acid motif to
CrhR regulation and that the CrhRap412.w435 motif contains a
sequence that, when absent, results in muted polypeptide
turnover at 30 °C. Interestingly, the CrhR deletion mutants
resistant to proteolytic degradation, CrhR apsiowass and
CrhRaksse-wass, unexpectedly limited cold-induced induction
of genomic-encoded CrhR at 20 °C but had no effect on
temperature upshift degradation (Fig. 3, B—-D).

was determined by measuring Western blot signals in C using Image Studio Lite (LI-COR Biosciences) software. Abundance ratios reflecting the relative
intensity of CrhR at each time point as compared to the point of maximum induction at 30 °C (T = 0) were plotted. The red line in the left panel represents
the linear regression of CrhR abundance in Synechocystis cells, indicating a constant rate of degradation. Results represent the average of three biological
replicates, with error bars displaying the standard deviation (SD). CrhR, cyanobacterial RNA helicase redox; CTE, C-terminal extension.
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Figure 2. Residues in the C-terminal extension of CrhR enable temperature upshift-mediated degradation. A, structural depiction of conserved CrhR
sequences. Conserved domains responsible for the biochemical activities of DEAD-box RNA helicases are labeled as per Linder and Jankowsky (37). Diagram
drawn to scale. B, representation of the plasmid-encoded N- and C-deletion mutants used in this study. C-F, stability of the indicated truncated CrhR
variants (CTE, C-terminal extension; -#, number of residues deleted from specified terminus) analyzed in WT Synechocystis during a temperature upshift from
20 to 30 °C. Samples were harvested at the indicated times after cells were cold shocked at 20 °C for 3 h to induce maximal CrhR accumulation (30 °C T =0).
Lanes contain 10 ug of soluble protein extract. G, quantification. Abundance ratios were derived as described in the Experimental procedures and Fig. S1
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Figure 3. Internal deletions reveal the CrhR motif is comprised of two functional distinct domains. A schematic representation of the plasmid-
encoded targeted deletions in the conserved 50 amino acid C-terminal motif is included adjacent to the corresponding western analysis. All analyses
were performed in WT Synechocystis cells. A, WT. WT cells containing empty plasmid show normal 20 °C induction and 30 °C repression of CrhR. Rps1 was
used as a protein loading control. B-D, abundance of deletion mutant polypeptides. Analysis of the effect of deletion of the indicated internal amino acid
regions from the CrhR motif on abundance in WT cells. Expression of CrhR motif deletion mutants was characterized during induction at 20 °C and
repression at 30 °C. Both WT 55 kDa CrhR and the deletion polypeptides expressed from a plasmid were detected. Lanes contain 25 pg of protein extract.
Detection of CrhR and the deletion mutant polypeptides CrhRakssges-sa11, CrhR apa12-wass, and CrhRakzge-wass was performed by western analysis as described
in Figure 2. E, quantification. Quantification graphs only depict degradation rates observed at 30 °C and not induction rates at 20 °C, for both chromosomal
CrhR and mutant CrhR polypeptides. The ratio of plasmid-encoded CrhR to chromosomal-encoded CrhR polypeptides was quantified using signal from
20 °C T = 3 h extracts (Ratio plasmid:genomic CrhR) from Western blots performed on triplicate biological replicates. CrhR, cyanobacterial RNA helicase
redox.

While deletion mutant suppression of WT CrhR accumu- accumulation of plasmid-encoded mutant CrhR polypeptides
lation was observed at all time points, we selected the point of to the abundance of the genomic-encoded WT polypeptide
maximum induction, 3 h at 20 °C, to quantitate the relative (Fig. 3E Ratio plasmid:genomic CrhR). As the functionality of

and converted into linear regression models by GraphPad Prism. Colored bars show the mean slope for each construct or control; error bars represent the
SD. Significance values resulting from a Dunnett’'s multiple comparisons test to the control are given. Data were obtained from at least three biological
replicates. The relative rate of change of WT CrhR (WT CrhR) abundance and deletion mutant polypeptides (Deletion mutant CrhR) are shown separately.
CrhR, cyanobacterial RNA helicase redox.
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the degradation domain decreased from CrhRaksgs.sai1 to
CrhRppaia-wass and CrhRaxsge-wass, the ratio of mutant to
WT CrhR increased significantly (Fig. 3E Ratio plasmid:ge-
nomic CrhR). Insightfully, this observation indicated that
chromosomal CrhR abundance is proportionately reduced in
response to the presence of increasing nondegradable CrhR.
These results are the inverse of the stability seen for the
respective mutations and suggested that the deletion poly-
peptides negatively feedback on WT, genome-encoded CrhR
expression through an unknown mechanism. Overall, the re-
sults indicate that the primary degron motif was located be-
tween D412 and W435.

These intriguing observations prompted further examination
of temperature regulation of the internal deletion constructs in
a complete criR deletion mutant, AcrhR, to determine if pro-
teolytic profiles differed in the absence of WT, genome-
encoded RNA helicase activity. Similar to the pattern
observed in Figure 1C Synechocystis, normal temperature-shift
induction and repression were observed when the sole source
of WT CrhR was expressed from a plasmid (Fig. 4A4). In
comparison to degradation observed in Figure 1C Synechocystis
and Figure 2, C-F, for WT, genome-encoded CrhR, while
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essentially identical temperature regulation was observed for
the CrhRagsge-s411 mutant (Fig. 4B), both temperature down-
shift and upshift induction and repression of the system were
absent in the CrhRapaiswass (Fig. 4C) and CrhRaxsss wass
(Fig. 4D) strains. Given the high degree of conservation and
location within the essential C-terminal portion of the CrhR
motif, a further deletion encompassing the region between
Q417 and Qga5 (CrhRaqa17-qQaz5) Was generated in an attempt to
define a minimal degron. The importance of the Q417-Q425
region for the functional degron was emphasized by the partial
loss of temperature regulation (Fig. 4E). The NTE was not
significantly associated with degradation since absence of the
NTE,_56 had no effect on induction or repression in AcriR
cells (Fig. 4F). Quantification indicated that while the
CrhRaxsge.sa11 and NTE; 56 polypeptides degraded at a rate
similar to WT CrhR, the rate of CrhRaqa17-qaps degradation
was intermediate and CrhRapgio-wass and CrhRaxsss wass
degraded at a significantly reduced rate (Fig. 4G).

Taken together, the data indicated the presence of an
extended degron within the CrhR CTE, CrhRapaio wass, with
residues spanning Q417 and Qg5 specifically performing a
major role in the degradation mechanism.

D 20°C 30°C
ho 1 2 3 1 2 3
AK386-W435 _ ) kDa
CthAK:!BS-wASS -
E
AQ417-Q425
F -50
AT2-G26
cthATZ—GZG
-50

Figure 4. The CrhR motif influences stability during temperature shift in the absence of CrhR RNA helicase activity. All analyses were performed in
the complete crhR ORF mutant, AcrhR, in the absence of WT CrhR RNA helicase activity in response to temperature downshift and upshift. A, AcrhR. WT CrhR
was expressed in AcrhR cells from the B1 plasmid containing the complete native promoter and crhR ORF. B-D, expression profiles of the indicated plasmid-
encoded motif deletion mutants in AcrhR. E, minimal degron. A finer deletion, encompassing Q417 to Q425, a region within the CrhR ap412-wa3s portion of
the CrhR motif, was characterized in relation to previous motif deletions. F, N-terminal deletion. Expression of the CrhRat,.g26 N-terminal deletion mutant
was analyzed in the AcrhR strain. Lanes contain 15 pg of protein extract. CrhRaqa17-q425, CrhRat2-626, @and the motif mutants shown in Figure 3A were
detected by Western blotting as described in Figure 1. G, quantification. Quantification was only performed to evaluate degradation rates observed at 30 °C,
and not induction rates at 20 °C, for the indicated CrhR polypeptides, as described in Figure 2. CrhR, cyanobacterial RNA helicase redox.
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RNA helicase activity is required for degradation

We then asked if CrhR RNA helicase activity was required
to initiate a robust proteolytic response. The location of three
point mutations, K57A (Walker ATPase box A), E156Q
(DEAD box II), or R335A (HRIGR box VI), known to inhibit
RNA helicase biochemical activity (40-42) are depicted in
Figures 2, A and B and 5A. Addition of an N-terminal 6X-His
tag was utilized to differentiate the biochemical mutants from
full-length CrhR in WT cells. Fusion of an N-terminal 6X-His
tag is known to have no discernable effect on CrhR RNA
helicase activity (43). None of the biochemical mutants
affected temperature induction or repression of either mutant
or WT CrhR expression in WT cells expressing native, func-
tionally active CrhR (Fig. 5B). In sharp contrast, all three
biochemical mutants abolished both induction and repression
in AcrhR cells (Fig. 5C). These results suggest an autor-
egulatory mechanism whereby RNA helicase activity is a co-
requisite for degradation in addition to the presence of the
degron. Separate quantification of the abundance of WT,
genome-encoded CrhR and the plasmid-expressed 6X-His-
CrhR point mutants is shown in Figure 5D. As shown in
analysis presented above, WT CrhR abundance was again not
altered in the presence of the CrhR point mutant polypeptides
(Fig. 5D WT CrhR). Similarly, abundance of the point mutants
decreased in the presence of WT CrhR although at a slower
rate (Fig. 5D MT CrhR). In comparison, temperature shift
induction and repression of the three-point mutants was
abolished in the absence of WT CrhR (Fig. 5D AcrhR cells MT
CrhR).

CrhR repression can be activated by removal of CrhR inducing
abiotic stresses

Previous evidence from our lab indicated that CrhR induc-
tion occurs in response to a variety of abiotic stresses that
regulate induction via a common effect on the redox potential
of the electron transport chain, independent of temperature
shift (44). As a result, it was of interest to determine if
temperature-independent degradation of CrhR, similar to that
observed during temperature upshift, occurred in response to
removal of these abiotic stresses. CrhR abundance was
assessed following removal of NaCl and sorbitol stress at
30 °C, in the absence of low temperature stress (Fig. 6).

A similar rate of degradation as that observed in control WT
cells expressing genome encoded in response to a 20 to 30 °C
upshift (Fig. 6A) was observed upon removal of both NaCl and
sorbitol stress in the absence of temperature stress (Fig. 6B
NaCl and Fig. 6C sorbitol), as quantified in Figure 6D Quan-
tification. Overall, the results agree with and extend previous
work suggesting that the sensor for CrhR turnover can
respond to a range of abiotic stress conditions in addition to
temperature fluctuation.

CrhR proteolysis is adaptive and relies on sustained
translation elongation

We have previously shown that antibiotics blocking either
translation initiation or elongation have divergent effects on
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the in vivo degradation of CrhR (33). Here, it was explored
whether translational interference could influence proteolytic
degradation once cold shocked cells had already initiated
degradation in response to an upshift to 30 °C (Fig. 7). First, in
the absence of antibiotics, the expected pattern of rapid
temperature-downshift induction and temperature-upshift
induced degradation was observed (Fig. 7A). Based on the
decrease in CrhR abundance after 30 min observed in
Figure 7A, translational inhibitors were added at this time
point for all subsequent treatments. Looking initially at the
temperature upshift effects under these conditions, it was
observed that further degradation of CrhR could be effectively
blocked by chloramphenicol but not by kanamycin treatment
(compare Fig. 7, A-C). Therefore, continued translation
elongation but not initiation was essential for maintaining
CrhR degradation. Furthermore, addition of the transcriptional
inhibitor rifampicin failed to prevent CrhR turnover, signifying
de novo transcription is not required to maintain proteolysis
but was required for subsequent temperature downshift in-
duction (Fig. 7D). These interpretations were confirmed by
quantification of the relative rate of degradation that indicated
a similar rate to WT CrhR in cells treated with kanamycin and
rifampicin, but a rate that was significantly reduced in
chloramphenicol-treated cells (Fig. 7E).

These cultures were also used to extend this analysis where
the interplay between CrhR degradation and induction was
examined for translational inhibitor treated and untreated cells
in response to subsequent temperature downshift to 20 °C.
Interestingly, proteolysis was rapidly reversed in response to
temperature downshift in control cells in the absence of in-
hibitors with normal CrhR induction recovering within 15 min
after temperature downshift to 20 °C (Fig. 7A). Kanamycin
permitted a minimal level of low temperature induction, sug-
gesting protein synthesis was incompletely blocked at the in-
hibitor concentration used (Fig. 7B), indicating that translation
was not completely inactivated. In contrast, chloramphenicol
and rifampicin abolished low temperature induction (Fig. 7,
C and D). The rate of decline in rifampicin matches the
degradation rate observed in WT cells at 30 °C (Fig. 7E). This
illustrates that de novo transcription and proteolysis act in
concert to produce growth condition appropriate levels of
CrhR.

These observations crucially indicated that proteolytic
degradation was not an all or none process and is susceptible
to rapid inactivation at the permissive temperature, 20 °C.
Overall, CrhR degradation is a dynamic process contingent on
continued transcription and protein synthesis coordinated by a
signal propagated by incubation at the higher, nonpermissive
temperature.

The rate of CrhR degradation is temperature dependent

Further insights into the temperature dependence of CrhR
proteolysis were obtained by determining the rate of degra-
dation in response to increasing magnitude of temperature
upshift as shown in Figure 8. Although CrhR performs a vital
physiological role in the cell at 20 °C, CrhR also functions at
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Figure 5. Biochemical inactivation of CrhR abolishes temperature regulation. A, location of the three point mutations used in the stability analysis, in
relation to the helicase core and within defined motifs known to impact RNA helicase activity. Abundance of the 6X-His-tagged mutants, K57A (Walker box
A, motif 1), E156Q (DEAD box, motif Il), or R335A (HRIGR box, motif VI), were assessed in WT (B) or AcrhR (C) cells at the indicated times following maximal
CrhR induction for 3 h at 20 °C (T = 0) and subsequent upshift to 30 °C. Lanes contain 10 pg of protein. CrhR and His-CrhR mutant abundance were detected
by Western blotting and ECL detection and (D) the degradation rate of CrhR polypeptides quantified as described in Figure 2. CrhR, cyanobacterial RNA
helicase redox.
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Figure 6. Removal of abiotic stress induces temperature-independent
CrhR degradation. A WT Synechocystis culture was grown to mid-log
phase at 30 °C before subjection to the following stresses at 30 °C for
3 h: A, temperature downshift (20 °C); B, NaCl (600 mM); C, sorbitol
(600 mM). Induction under these conditions is shown as T = 0 30 °C. The
stresses were removed by harvesting cells by vacuum filtration and sus-
pension in fresh BG-11 at 30 °C, and cultures sampled each hour for 3 h at
30 °C. Lanes contain 15 pg of protein extract. Protein extracts were probed
for CrhR abundance using Western blotting and ECL detection. D, quanti-
fication of the degradation rate of CrhR polypeptides, as described in
Figure 2, using abundances observed immediately after stress removal
normalized to 1.0 at T = 0. CrhR, cyanobacterial RNA helicase redox.

30 °C as evidenced by the growth defect in AcriR cells
observed at 30 °C (45). Previous data have illustrated that a
basal, low level of CrhR persisted at higher temperatures,
indicating that proteolytic degradation is transient and not
intended to completely eliminate CrhR (33). The kinetics of
CrhR turnover have only been exhaustively characterized for
the 20 to 30 °C transition. Here, aliquots of a 10 °C cold
shocked culture were subjected to a time course analysis after
temperature upshift directly to either 20 °C, 30 °C, or 40 °C to
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Figure 7. Translation inhibition effect on CrhR expression. A, a WT
Synechocystis culture was grown to mid-log phase at 30 °C (20 °C T =0) and
induced for maximal CrhR induction by incubation at 20 °C for 3 h
(20 °C T = 180). The culture was divided into four aliquots and incubated at
30 °C for 30 min prior to addition of nothing (4), kanamycin (B8, 200 pug/ml),
chloroamphenicol (C, 250 pug/ml), or rifampicin (D, 400 pg/ml). Incubation
was continued at 30 °C for 1 h followed by transfer to 20 °C for 1 h. Lanes
contain 15 pg of protein extract. CrhR protein was characterized by Western
blotting and ECL detection. E, quantification. The degradation rates of CrhR
polypeptide abundance were calculated to compare the relative rates of
change between the 0.5 and 1.5 h time points at 30 °C and the relative rate
at 20 °C over the four time points using the 30 °C 1.5 h abundance as 100%,
as described as in Figure 2.

evaluate degradation dynamics (Fig. 84). A shift from 10 to
20 °C did not elicit a significant proteolytic response (compare
Fig. 84 10 and 20 °C). Temperature upshift to 30 °C or 40 °C
were significant enough, however, to elicit degradation of
CrhR, suggesting that a threshold temperature exists between
20 °C and 30 °C that must be exceeded to elicit CrhR
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Figure 8. A threshold temperature triggers CrhR degradation. A, a WT
Synechocystis culture was grown to mid-log phase at 30 °C prior to cold
shock at 10 °C for 24 h. Aliquots were incubated at 20 °C, 30 °C, or 40 °C,
and samples harvested as indicated. B, quantification. Levels of CrhR were
standardized to the signal intensity at 10 °C using Image Studio Lite (LI-COR
Biosciences). Lanes contain 15 ug of protein extract. CrhR protein was
detected by Western blotting and ECL detection and the CrhR degradation
rate quantified as described in Figure 2, including all time points. CrhR,
cyanobacterial RNA helicase redox.

destabilization. Above this threshold, cells are sensitive to the
degree of upshift, permitting establishment of a higher basal
level of CrhR at 30 °C versus 40 °C (Fig. 84). How this basal
level is reached could be a product of either the amount of
time proteolysis is active or differential magnitude of the
degradation activity. Quantification of CrhR abundance for
cells shifted from 10 to 20 °C reveals a modest rate of decline,
while a 10 to 30 °C shift significantly enhances degradation
(Fig. 8B). This rate was further stimulated in response to a 10
to 40 °C shift, resulting in the enhanced basal level observed at
30 °C versus 40 °C (Fig. 8B). Thus, the mechanism responsible
for CrhR degradation must convey a detailed input regarding
the magnitude of temperature upshift into an appropriate level
of proteolytic activity to achieve the required CrhR abundance
at each temperature.

AlphaFold predicts the CrhR CTE is a dimerization domain

To better understand the CTE of CrhR, the structure of
residues 375 to 427 was predicted by the protein folding al-
gorithm AlphaFold2 using the ColabFold implementation
(46, 47). AlphaFold returned a dimeric model that consisted of
two bundles of three helices each, that fold against each other
(Fig. 94). Side and top depictions of the model structure are
shown in Figure 9, A and B with the interacting helices H1-H3
labeled from the N to C terminus.

AlphaFold predicts this model with high confidence by both
predicted local-distance difference test (Fig. S2A) and the
predicted alignment error (Fig. S2B). Indicating high local
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confidence around each amino acid and position/orientation
confidence between the monomers, respectively (46, 48, 49).
The model was also compared to known structures of DEAD-
box helicase dimerization domains from cold-shock DEAD-
box protein A (CsdA), cold shock helicase A, and heat resistant
RNA-dependent ATPase (Fig. 9, C and D) (50-52). And, in
spite of low sequence identity (Fig. S3), the model aligns well
with an average RMSD of 3.8 A (Fig. S2). To verify the pre-
diction that CrhR is a homodimer, the oligomeric state in
solution was determined by mass photometry. Mass photom-
etry estimates molecular weights of proteins by detecting light
scattering as single molecules interact with a glass coverslip.
The intensity of the light scattering is compared to known
molecular weight standards to obtain the estimates. Over time,
a population is generated, and gaussian curves are fit to the
population to identify individual species (53). The major spe-
cies observed accounted for 93% of the protein in solution and
had a MW of 107 kDa + 15 kDa (Fig. 9E). This is within ~9%
error of the deduced dimer molecular weight (111.88 kDa)
indicating that CrhR exists predominantly as a homodimer in
solution.

Finer AlphaFold modeling of residues 215 to 445, corre-
sponding to the second RecA domain (RecA2) and the entire
CTE, was performed to predict the level of occlusion of the
C-terminal degron sequence D412-W435. The degron is
shown in red and is more solvent exposed than the subse-
quence Q417-Q425, shown in orange (Fig. 9F). However,
despite extending past the end of H3, residues S431-W435 are
predicted to pack against the RecA2 domain with an average
predicted local-distance difference test score of 83.6 (Fig. S2, C
and D). This tight packing would pose a steric hindrance for
recognition of the degron.

Taken together, the AlphaFold predicted structure suggests
that the CrhR C-terminal degron forms a three-helix bundle
that homodimerizes to form a structure similar to the
dimerization domains observed in the bacterial DEAD-box
RNA helicases CsdA, cold shock helicase A, and Hera.

Discussion

Expression of CrhR, the sole DEAD-box RNA helicase
encoded in the Synechocystis genome, is induced by a variety of
abiotic stresses and repressed by proteolysis, a conditional
mechanism induced by removal of the stress (32, 33, 44, 54).
Proteolytic degradation represents a powerful yet flexible
method for shaping the proteome in all cells, not just through
routine protein turnover but also by way of targeted degra-
dation influencing crucial cellular pathways. Through the
remodeling of RNA secondary structure, RNA helicases act as
important regulators of all aspects of RNA metabolism,
impacting processes ranging from transcription to translation
and degradation (37). Here we show in vivo that conditional
degradation of CrhR requires an inherent 24 amino acid
sequence, CrhRp412.v43s, located in a conserved 50 amino acid
CrhR-specific motif, CrhRysge vwa3s within the CTE. AlphaFold
structural analysis predicted that access and thus activity of
this degron motif would be restricted by occlusion in a dimeric
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Figure 9. CrhR residues 375 to 427 are predicted to be responsible for CrhR homodimerization. A, side and top view of the AlphaFold model of CrhR
residues 375 to 427. Residues are colored by predicted Local Distance Difference Test (pLDDT) score. pLDDT scores >90 (dark blue) indicate high confidence
in both Ca and side chain position, while pLDDT scores between 70 and 90 (green-cyan) indicate high confidence in Ca position alone. B, cartoon depiction
of a top view of the model. C, alignment of dimerization domains from CsdA (5Gl4, pink), CshA (5IVL, green) and Hera (3EAS, orange) with the predicted
AlphaFold structure of CrhR (cyan). D, sequence alignment of CrhR, CsdA, CshA, and Hera in the CTE region comprising the dimerization domain. Blue
highlights indicate level of residue consensus. The region highlighted in red are residues D412-W435 which contains the entire degron while the subse-
quence of Q417-Q425 is highlighted in orange. E, mass photometric profiles obtained for 6xHis-CrhR. Theoretical MW for monomeric and dimeric species
are shown. F, AlphaFold model of CrhR residues 215 to 445. Regions highlighted in D are colored on the cyan monomer. CrhR, cyanobacterial RNA helicase
redox; CsdA, cold-shock DEAD-box protein A; CshA, cold shock helicase A; CTE, C-terminal extension; Hera, heat resistant RNA-dependent ATPase.
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species. In addition, CrhR was required for the translation of
an unknown degradation factor indicating that activity of the
degradation machinery was autoregulatory. Thus, from an
evolutionary perspective, the CrhR CTE is unique, encom-
passing the identified degron within a highly conserved 50
amino acid domain that defines a separate clade of DEAD-box
RNA helicases found only in cyanobacteria (55).

CrhR degron structure

Using a phylogenetically guided deletion approach, we show
that the CrhR degron is composed of an inherent, bipartite
structure whose regions do not contribute equally to degra-
dation. CrhRysg6.w411 appears to function in a supportive role,
possibly as a regulatory or structural element while CrhRpy;o-
wass contains the degron sequence. The presence of both
domains was required for WT levels of degradation.

The dual CrhR degron therefore appears to function in a
manner similar to the DnaA (14) and the SsrA (56) degrons,
composed of functionally independent regions. Additional
structure-function analysis, including fusion of the CrhR
degron regions identified here to reporter genes, will be
essential to further dissect the amino acid sequence partici-
pation in the proteolytic mechanism.

CrhR is a homodimer

AlphaFold in silico analysis predicted and mass photometry
in vitro at 22 °C confirmed that CrhR is a homodimer.
AlphaFold structural modeling also revealed significant
structural similarities between the CrhR CTE motif, CrhRy3g4.
wass, and the CsdA dimerization domain (50). In CsdA, dimer
stability is temperature dependent owing to differential activity
of the CsdA dimerization domain, with stable associations
observed at 24 °C that discourage monomer switching while
incubation at 37 °C resulted in rapid monomer switching. The
observed structural conservation between CsdA and CrhR is
expected to be indicative of the functionality of the CrhR CTE
motif as well and thereby suggests a regulatory mechanism by
which the CrhR degron could be exposed and thus active
under nonpermissive conditions. The dimer species was stable
over all conditions assayed, but we predict that temperature
upshift or salt concentration could result in protein unfolding,
revealing the degron sequence to initiate degradation.
Dimerization-mediated autoregulation of CrhR stability would
constitute an additional level of control, allowing rapid fine-
tuning of CrhR abundance and thus activity, enhancing cya-
nobacterial fitness in response to changing environmental
conditions. However, these are predictions, and further study
is required to elucidate the dynamics of CrhR structure under
these conditions.

Conditional degradation of CrhR involves an autoregulatory
mechanism

CrhR autoregulation of its own expression has previously
been reported at a number of levels (32, 33, 36, 57). Here, we
extend these observations by showing that autoregulation
performs crucial roles in the degradation mechanism.
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Physiologically, alteration of CrhR degradation by both anti-
biotic inhibition and biochemical inactivation of helicase ac-
tivity supports a scenario that implicates CrhR autoregulated
translation of a factor required for degradation.

Biochemically, translation autoregulation may involve
CrhR-mediated changes in gene expression initiated by RNA
secondary structure rearrangements catalyzed by dsRNA un-
winding, ssSRNA annealing, and strand exchange (43). Related,
it is also insightful that plasmid-based enhanced CrhR abun-
dance proportionately decreased WT CrhR expression from
the genome. Although the mechanism is unknown, it appears
to involve an autoregulatory, negative feedback system and
suggests that the cell can actively monitor levels of CrhR. This
unexpected outcome further emphasizes that CrhR abundance
is tightly regulated within an appropriate window as dictated
by environmental conditions. These predictions were sub-
stantiated by the observation that CrhR interacts with the crhR
transcript in pull-down experiments (36).

Indeed, similar autoregulatory loops mediate controlled
degradation of transcription factors through their direct
regulation of protease or adaptor abundance (58, 59). A
pathway that resembles the proposed thermal-induced struc-
tural regulation of CrhR is observed for the DNA binding
protein RovA that acts as a dimeric thermosensor to modulate
virulence in Yersinia pestis (60). RovA functions as a tran-
scription factor between 20 °C and 25 °C, enacting virulence
programming necessary for host invasion and infection. A
temperature increase to 37 °C, indicative of a mammalian host,
causes a conformational shift that impairs RovA DNA binding
and promotes proteolysis by Lon/Clp proteases. Dimerization
of RovA monomers is achieved through extensive interactions
between o helices, similar to the CsdA dimerization domain.
While a number of thermosensing proteins have been
described, the mechanisms generally do not involve degrada-
tion but are reversible and most frequently observed in path-
ogenic bacteria (61).

Role of temperature-regulated CrhR expression

Although their applicability to Synechocystis remains to be
fully elucidated, insights from other model systems reveal that
DEAD-box helicases are dynamic regulators that perform
fundamental roles in assembly and/or activity of duplex RNA
and/or RNP complexes thereby influencing all stages in the
lifecycle of an RNA (37, 38, 62). In examining the physiological
importance of CrhR, omics analysis has indicated that the
absence of functional CrhR RNA helicase activity disrupts the
expression of genes associated with photosynthetic and
translation competency, particularly during cold stress, leading
to a severe cold stress phenotype (34-36, 45). It is typically
hypothesized that helicase resolution of thermally trapped
RNA secondary structure is a prime mechanism regulating
these influences on gene expression at low temperature (63).
Such a role explains the necessity for CrhR induction, but not
necessarily degradation. Clearly however, our data reveal that
Synechocystis is highly sensitive to CrhR abundance, and
modulation of genomic CrhR expression can occur in response
to stable, persistent forms of CrhR.
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Functionally, recent reports indicating that deletion of crhR
decreased clpP and clpR transcript accumulation at 30 °C (35)
combined with the co-immunoprecipitation of the protease
transcript ftsH2 with CrhR (36) potentially implicate these
subunits as components of the proteolytic machinery. The
known localization of CrhR and Clp/FtsH proteases on the
thylakoid membrane could then catalyze degradation at the
site of CrhR activity (39).

From an evolutionary perspective, the CrhR degron and the
associated degradation machinery define a unique regulatory
mechanism specific to cyanobacteria. Characterization of this
inherent degron, controlling the autoregulatory proteolytic
degradation of CrhR-like RNA helicases, identifies a novel
mechanism of conditional proteolysis in bacteria. In addition,
RNA helicase activity has not previously been implicated in
proteolytic pathways, nor has degron-mediated degradation
been identified as a regulator of DEAD-box RNA helicase
abundance in other systems. In conjunction, and from an
evolutionary perspective, low-resolution small angle X-ray
scattering data have recently identified that the eukaryotic
RNA helicase DDX21 contains an AAXL motif and displays
dimerization in solution (64). Thus, similar domains exist in
other Kingdoms and the potential for thermal regulation of
oligomer state and polypeptide stability in these RNA helicases
remain to be elucidated.

Since CrhR turnover exhibits considerable flexibility in both
the environmental inducing signal and magnitude of the
response, the CrhR degron represents a promising biotech-
nological module for fine-tuning heterologous protein stability
in cyanobacteria containing CrhR-related proteins. Although
our data connect temperature shift-induced changes in CrhR
helicase abundance to the sequence and structure of the CTE,
future work will be required to further clarify how the CrhR
degron is connected to the physiological function of CrhR type
helicases and why the intracellular concentration of these
proteins is so tightly regulated.

Experimental procedures
Bacterial strains and culturing

Cyanobacterial and E. coli strains used in this study are
listed in Table 1. The freshwater photoautotrophic cyano-
bacterial strains used in this study, Synechocystis sp. strain PCC
6803, Nostoc sp. strain PCC 7120, and Leptolyngbya sp. 696
were maintained on BG-11, while the marine Synechococcus
sp. strain PCC 7002 was maintained on A+ medium supple-
mented with Vitamin B12 (65). A Synechocystis AcrhR mutant
in which the entire crhR ORF was replaced with a kanamycin
resistance cassette was grown as described previously (33).
Cells were grown in liquid BG-11 or A+ media at 30 °C with
continuous shaking (150 rpm) coupled with bubbling with
humidified air at an illumination of 50 pmol photons m™2 s™*,
Transformed Synechocystis cultures were supplemented with
either gentamycin (10 pg/ml) or with a combination of gen-
tamycin and kanamycin (50 pg/ml) for AcrhR strains. Plasmids
were propagated in either DH5a or XL-1 Blue strains of E. coli
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using gentamycin (10 pg/ml) supplemented Luria-Bertani
broth.

crhR constructs

Plasmids and primers used in this study are listed in Table 1.
A cold inducible plasmid construct was assembled using the
PMON 36456 plasmid as a template (66). To remove the
constitutive nirA promoter, pMON 36456 was digested with
Ndel and Stul, overhangs filled in with Klenow DNA pol and
self-ligated to create APpMON. A region containing the entire
crhR OREF, including the native 5’ and 3’ UTRs, was cloned into
APpMON from ¢s0096-9 using EcoRI and Xbal to create
APpMON-CrhR (54). The 316 base pair operon promoter
from upstream of slr0082 was amplified using dcsr30f and
dcsr30r (Table 1), digested with Notl and EcoRI and ligated
into APpMON-CrhR using the same restriction sites to create
plasmid B1.

The B1 plasmid was used as a template to generate the N-
and C-terminal crhR deletions by inverse PCR. For the N-
terminal deletion, the initiator Met was left intact and T2-G26
were deleted, leaving a phenylalanine as the second amino acid
that did not destabilize the mutant protein. For inactivation of
RNA helicase core motifs, pMON-His-CrhR was used as a
template in QuikChange PCR to introduce point mutations
(33). Constructs were verified by sequencing prior to trans-
formation of WT or AcrhR Synechocystis by triparental mating.

Cyanobacterial triparental mating

Synechocystis cells were transformed by using a modified
triparental mating protocol (67, 68). Plasmids were first
transformed into E. coli DH5a carrying the helper plasmid
pRL623 prior to transfer to Synechocystis using E. coli DH5«
cells containing the conjugative plasmid RP4. The trans-
formation mixture was spread on BG-11 agar plates supple-
mented with 5% LB and incubated under low light for 2 to
3 days. Bacteria were washed off these plates with BG-11 and
spread on selective BG-11 plates supplemented with increasing
gentamycin concentration (2, 5, and 10 pg/ml).

Bioinformatics analysis

Sequences of 22 cyanobacterial DEAD-box RNA helicases
with homology to CrhR (Table S1) were identified by a
BLASTYp search of the NCBI nonredundant protein sequences
database, restricted to cyanobacteria (taxid:1117), with Syn-
echocystis CrhR (BAA10556.1) as the query sequence. These
sequences were aligned in MEGA 7 (version 7.0.21) (69) using
the MUSCLE algorithm (70) with default parameters. The 50
amino acid conserved motif was identified in the alignments
using the MEME program (71) available in the MEME Suite
(version 4.11.3) (72).

Time course evaluation of CrhR stability

To examine the degradation characteristics of CrhR mu-
tants within Synechocystis, WT or AcrhR transformants were
grown at 30 °C to mid-log phase (4,50 ~ 0.4), transferred to
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Table 1
Oligonucleotide, plasmid, and bacterial strain information
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Strains, oligonucleotides,
or plasmids utilized

Sequence or defining characteristic

Source, reference, or application

Cyanobacteria
Synechocystis sp. PCC 6803
AcrhR

Nostoc sp. PCC 7120

Leptolyngbya sp. 696

Synechococcus sp. PCC 7002
E. coli

DH5a

DH5a pRL623

DH5a RP4
Plasmids
pMON 36546
B1
Bl-crhR AK449-Q492
Bl-crhR AE393-Q492
Bl-crhR AA347-Q492
Bl-crhR AR228-Q492
Bl-crhR AT2-G26
Bl-crhR AK386-S411
Bl-crhR AD412-W435
Bl-crhR AK386-W435
Bl-crhR AQ417-Q425
pMON-His-CrhR
pMON-His-K57A
pMON-His-E156Q
pMON-His-R335A
Oligonucleotides
desr30f
desr30r
DSW6

DSW8
DSW4
DSW7
DSW12
BW23
BW24
BW25

HG1
HG2
BW26

BW30
BW31
DSW1
DSW2
GWO88
GWO89
DSW13

DSW14

WT
Replacement of the entire crhR ORF with a kanamycin
resistance cassette

Plasmid propagation
Proper methylation of plasmid DNA prior
to cyanobacterial transformation
Transfer of plasmid constructs to cyanobacteria

E. coli and Synechocystis shuttle vector, Gm®
PMON-criR with the sir0082 promoter
C-terminal cutback, —45

C-terminal cutback, —100

C-terminal cutback, —147

C-terminal cutback, -265

N-terminal cutback, ANTE

CrhR motif, AFront

CrhR motif, ABack

CrhR motif, AWhole

CrhR motif, AQ-Q

6His-crhR fusion in pMon 36546
PMON-His-CrhR point mutant
PMON-His-CrhR point mutant
pMON-His-CrhR point mutant

ATATCCGCGGCCGCCCGGGAAAAG
CAGACCCTTTGAATTCGTAAAGACATTG
TAGTTCTAGATGATCAGGGC

TTAGTTGAAATCAACTTCCG
ATTGTGTCTAGACTTACTTGAGTTGTTCGTGCAG
TTAGATCGCCTTACCAGTCTTAC
TAGCTCGAGTTAGGGCACGTGATAAAGC
CATGGAAAAGTTAAATAATTTCG
TTTGAGGCTCCCACC

TTCAATCCGCTTGGCTTC

GATGAGTACGATGCCCAG
GCTCAATTCCCGCACTAAAGG
ATGAAATCCGATTGGGAAGTG

GGCATCGTACTCATCGC
ATGATCTATGACCAGAGCTG
AAACCGGCACGGGGGCAACCGCCGCCTTTG
CAAAGGCGGCGGTTGCCCCCGTGCCGGTTT
CAATGGGTGGTGCTGGATCAAGCGGACG
AAATGCTGAGC
GCTCAGCATTTCGTCCGCTTGATCCAGCA
CCACCCATTG
CATTCACCGCATTGGCGCCACCGGTCGGG
CTGG
CCAGCCCGACCGGTGGCGCCAATGCGGTG
AATG

(54)
(33)

Canadian Phycological Culture Collection
Canadian Phycological Culture Collection

Dr Donald Bryant

Laboratory collection
Dr Jeff Elhai

Dr Jeff Elhai

(65)

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
(33)

This study
This study
This study

Amplification of slr0082 promoter
Amplification of slr0082 promoter

Binds pMON 36546 backbone, used for all

C-terminal cutbacks
Bl-crhR AK449-Q492 generation
Bl-crhR AE393-Q492 generation
Bl-crhR AA347-Q492 generation
Bl-crhR AR228-Q492 generation
Bl-crhR AT2-G26 generation
Bl-crhR AT2-G26 generation
Bl-crhR AK386-S411 generation,
Bl-crhR AK386-W435 generation
Bl-crhR AK386-S411 generation
Bl-crhR AD412-W435 generation
Bl-crhR AD412-W435 generation,
Bl-crhR AK386-W435 generation
Bl-crhR AQ417-Q425 generation
Bl-crhR AQ417-Q425 generation
K57A FWD
K57A REV
E156Q FWD

E156Q REV
R335A FWD

R335A REV

20 °C for 3 h to induce maximal CrhR accumulation and then
returned to 30 °C to initiate CrhR degradation. For analysis of
CrhR ortholog stability, Synechocystis, Nostoc, Lyngbya, and
Synechococcus were grown to mid-log phase at 30 °C and
transferred either to 20 °C for 3 h (Symechocystis, Synecho-
coccus) or 10 °C for 24 h (Nostoc, Lyngbya) to induce helicase
protein accumulation. Cultures were returned to 30 °C and
sampled at the indicated times. Cells were harvested by
centrifugation at the growth temperature, and cell pellets
stored at —80 °C prior to Western blot analysis.

To assess the effect of a temperature gradient on CrhR
degradation kinetics, a WT Synechocystis culture grown at 30
°C to mid-log phase was placed at 10 °C for 24 h. The culture
was aliquoted, and the flasks transferred immediately to either

U
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20 °C, 30 °C, or 40 °C for 6 h. Cells were collected by
centrifugation at the indicated times at the stated growth
temperature, and cell pellets were stored at —-80 °C.

Influence of additional stresses on CrhR repression

Aliquots of a mid-log phase, WT Synechocystis culture
grown at 30 °C were subjected to salt (600 mM) or sorbitol
(600 mM) (38) stress in the absence of temperature stress at 30
°C for 3 h. A single aliquot was transferred to 20 °C to act as a
control. Cells were collected on Durapore 0.22 pyM GV
membrane filters by vacuum using an EMD Millipore filter
apparatus connected to a Trivac D4A pump. Cells were
extensively washed with and suspended in fresh BG-11 media
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and incubation continued at 30 °C for 3 h to observe CrhR
degradation in the absence of stress.

Effect of translational and transcriptional inhibitors on CrhR
degradation

Synechocystis WT cells were grown to mid-log phase at 30
°C and transferred to 20 °C for 3 h to induce maximal CrhR
protein accumulation. Aliquots were transferred to 30 °C for
30 min, at which time chloramphenicol (250 pg/ml), kana-
mycin (200 pg/ml), rifampicin (400 pg/ml) or nothing (con-
trol) was added. Cultures were subsequently incubated for an
additional hour at 30 °C prior to transfer to 20 °C for 1 h.
Aliquots for protein isolation were harvested at the indicated
times before and after either cold induction or antibiotic
treatment, and the cell pellets were stored at —80 °C.

Protein extraction and western detection

Soluble protein extraction and western analysis were per-
formed as described previously (32, 73). After Bradford stan-
dardization, aliquots of the clarified soluble fraction
corresponding to the masses indicated were separated by SDS—
10% PAGE and immunoblot detection of CrhR performed
using anti-CrhR antisera (1:5000) and secondary antibody
(anti-rabbit IgG at 1:20,000 dilution; Sigma-Aldrich) using
enhanced chemiluminescence (ECL) (32). When indicated,
Rps1 was used as a protein loading control. Representative data
are shown from a minimum of three biological replicates.

Imaging of CrhR protein levels was conducted using either
X-ray film (Fujifilm) or a ChemiDoc MP Imaging system (Bio-
Rad). Quantification was performed using Image Studio Lite
software (LI-COR), with Coomassie stained gels to correct for
protein loading. A ratio representing the relative intensity of
CrhR in each lane was obtained by dividing the corrected
signal in that lane by the signal in the lane corresponding to
the maximum induction, typically 3 h at 20 °C. Maximum
induction required 24 h at 10 °C in the case of Leptolyngbya
and Nostoc.

Statistical assessment of degradation

GraphPad Prism, version 9.1.1, for Windows (GraphPad
Software) was used to visualize and then statistically analyze
CrhR abundance data. Relative degradation rates were derived
from averaging linear regression model slopes produced for all
biological replicates from the corrected abundance values
corresponding to the downregulation portion of each time
course observed at 30 °C and using the level observed at 20 °C
for 3 h or 24 h at 10 °C, as the maximum induction (T = 0 set
to 1.0). Mean degradation rates were assessed for difference
from the control condition using one-way ANOVA followed
by a Dunnett’s multiple comparisons test.

Protein structure modeling

CrhR structural modeling was performed using the Colab-
Fold implementation of AlphaFold (https://github.com/
sokrypton/ColabFold) (46, 47). The sequence of either resi-
dues 375 to 427 or 215 to 445 was input along with the input
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parameters listed in Table S2 into the AlphaFold2_MMseqs2
Google Colab notebook. Multiple sequence alignments were
found using the MMseqs2 algorithm and were input along
with the protein sequence to generate five models. The models
were ranked by pTM score, and the highest scoring model was
used for analysis.

Pymol (Version 2.4.0, Schrodinger, LLC) was used to
compare known RNA helicase structures (PDB codes: 5IVL,
3EAS, 5GI4) with the AlphaFold models and for creating im-
ages. Confidence metrics were analyzed using python3 scripts
and plotted with Gnuplot (Version 5.4, http://www.gnuplot.
info/).

Model 375 to 427: This region was selected based on initial
homology models to encompass the rigid core of the CTE.
Colabfold, version 1.0, was used.

Model 215 to 445: This region was selected to encompass
the environment around the CTE, through the relationships
between the dimerization domain, the RecA2 domain, and the
degron sequence. Colabfold, version 1.2, was used.

Purification of full-length CrhR

The crhR ORF cloned as a 6XHis tag in pRSET-A was
overexpressed in BL21 DE3 cells using ampicilin (100 pg/ml)
and 1 mM IPTG and grown for 18 h at 18 °C (43). The 2 1 cell
pellet was suspended in 100 ml of lysis buffer (50 mM Borate
pH 9, 550 mM KCl, 1 mM EDTA, 1 mM DTT, cOmplete
Protease Inhibitor Cocktail [Sigma-Aldrich Canada]) and dis-
rupted by sonication and clarified by centrifugation. PEI (final
concentration 0.5%) was added to the cleared lysate followed
by centrifugation to remove DNA. The supernatant was sub-
jected to a 60% ammonium sulphate precipitation followed by
centrifugation. The pellets were suspended in a buffer con-
sisting of 5 ml Hic A (50 mM Tris pH 8, 1 mM EDTA, 1 mM
DTT) and 5 ml Hic B (50 mM Tris pH 8, 1.5 M ammonium
sulphate, 1 mM EDTA, 1 mM DTT) and diluted to 135 ml
with equal parts Hic A and Hic B. The protein was applied to a
25 ml butyl-sepharose reverse phase column (Amersham
Biosciences, Inc). The column was washed with 20 ml of Hic B,
and the protein eluted with a 100 ml linear gradient of Hic B to
Hic A. CrhR containing fractions were pooled and diluted to
135 ml with a 2:1 ratio of Cat A buffer (50 mM Hepes pH 7.3,
1 mM EDTA, 1 mM DTT) and Cat B buffer (50 mM Hepes pH
7.3, 750 mM KCl, 1 mM EDTA, 1 mM DTT). Protein was
loaded onto a 25 ml SP-Sepharose fast flow cation exchange
column (Amersham Biosciences, Inc). The column was
washed with 20 ml of Cat A, and the protein eluted with a
100 ml linear gradient from Cat A to Cat B. CrhR containing
fractions were pooled and loaded onto a Superdex 200 16/60
size exclusion column (Amersham Biosciences, Inc) where the
protein was eluted and stored in 10 mM Hepes pH 7.3,
500 mM KCI, 1 mM DTT.

Mass photometry

Commercial mass photometer (Refeyn Ltd) was used to
determine the oligomeric state of purified 6xHis CrhR (53, 74).
Protein (5.5 uM) in SEC buffer (10 mM Hepes pH 7.3, 500 mM
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KCl, 1 mM DTT) was kept on ice, then diluted 90 times in the
PBS buffer at 22 °C just before the experiment, and 15 pl of the
mixture was placed on the well created by clean gaskets on top
of clean microscope coverslip. Six thousand frames of data
containing the contrast from different oligomeric state of the
protein binding at the liquid glass interface were recorded by
Refeyn Acquire™” and analyzed by Discover™® softwares.
Mass of different oligomeric states of protein was determined
from the calibration curve obtained from the known masses of
BSA and Apoferritin. Data were plotted using a 5.2 kDa bin
size in gnuplot. Gaussian curves were used to fit the data.

Data availability

All data described are included within the article or sup-
porting information. All raw data from figures have been
included as a single pdf file for reference.

Supporting information—This article contains supporting informa-
tion (46, 48).
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