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Abstract 

 

RNA helicases function in all aspects of RNA metabolism, regulating a diverse range of 

cellular processes by rearranging RNA structures and mediating RNA-protein 

interactions. Prokaryotic RNA helicases have been shown to have roles in RNA 

degradation, ribosome biogenesis and translation, with their effects on these processes 

enhanced during abiotic stress. The model cyanobacterium Synechocystis sp. PCC 6803 

encodes a single DEAD-box RNA helicase, CrhR. CrhR expression is known to be 

regulated by a variety of abiotic stresses, sensed through the redox poise of the 

photosynthetic electron transport chain; however, the cellular role of CrhR is unknown.  

Evidence is presented that is consistent with CrhR performing roles in translation 

and RNA processing/degradation. CrhR co-precipitates with actively translating 

polysomes and components of the RNA degradosome, an interaction that is RNA-

dependent. CrhR was also found to localize to the thylakoid membrane space in 

Synechocystis. The helicase also enhances processing of its own dicistronic transcript, at 

a site with sequence and structural features sufficient for cleavage by recombinant RNase 

E in vitro. CrhR participation in translation and RNA processing/degradation, combined 

with prior transcriptomic and proteomic studies, suggest CrhR regulates expression of 

genes involved in photosynthesis, energy metabolism, carbon metabolism, and protein 

stability and turnover. Related to these crucial metabolic pathways, it is shown that CrhR 

is regulated in response to nitrogen availability. Similar to other abiotic stresses, crhR 

mutation affects growth rate and abundance of photosynthetic pigments differentially in 

response to various sources of fixed nitrogen. Cyanobacterial nitrogen metabolism is 

interconnected with photosynthetic energy transfer, enhanced reduction of which 
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regulates CrhR expression. This links the role of CrhR during nitrogen stress with the 

other characterized abiotic stresses that are sensed through the redox poise of the 

photosynthetic electron transport chain. 

Conservation of CrhR throughout the majority of cyanobacterial diversity was 

also shown. These CrhR-like helicases form a separate clade, defined by a characteristic 

highly conserved sequence motif in the C-terminus that is unique to cyanobacterial 

DEAD-box proteins. It is believed that this motif may function in substrate specificity or 

auto-regulation of CrhR abundance. 

In this thesis, a function for CrhR in regulating maintenance of photosynthesis 

and thylakoid membranes, particularly energy transfer, through the effects of CrhR on 

RNA maturation, stability and translation is proposed. This function, unique to 

cyanobacterial DEAD-box RNA helicases, appears to be conserved throughout 

cyanobacteria that encode CrhR-like helicases. 
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1.1 Cyanobacteria 

 

1.1.1 Phylum Cyanobacteria 

Cyanobacteria are oxygenic phototrophic prokaryotes found ubiquitously in aquatic 

environments across the planet. These organisms may have arisen as early as 3.5 billion 

years ago, and contributed significantly to the Great Oxidation Event (1). Cyanobacteria 

were originally classified under the botanical code of nomenclature as a class of algae, 

referred to as Cyanophyceae or blue-green algae. Cyanophytes were characterized as 

photosynthetic cells with a ‘primitive’ cell wall structure, lacking an organized nucleus, 

and containing chlorophyll a, carotenoids and phycobiliproteins as their photosynthetic 

pigments. While comparisons with bacterial cell structure were ongoing in the late 19th 

century, particularly in the writings of Ferdinand Cohn, cyanophytes continued to be seen 

as distinct from bacteria due to the universal and unique nature of photosynthesis in 

cyanophytes compared to the organisms recognized as bacteria. 

 Recognition of cyanobacteria as bacteria, and thus prokaryotes, developed in the 

middle of the 20th century as researchers used advances in the understanding of 

physiological and biochemical properties of the cell to differentiate eukaryotic protists 

from prokaryotic bacteria (2). The murein cell wall of cyanobacteria, which stains 

negative by the Gram method due to the presence of an outer membrane, was one key 

characteristic used to identify these organisms as bacteria; however, differences exist 

between cyanobacterial and typical Gram negative cell walls, including a thickened 

peptidoglycan, increased cross-linking, a chemical composition intermediate between 

Gram negative and Gram positive cell walls, and the presence of external sheath layers 

(3). Another characteristic that defined cyanobacteria as bacteria rather than protists was 

the distribution of the cellular metabolism within the cytoplasm (2). While two key 

metabolic processes in cyanobacteria, respiration and chlorophyll a-dependent 

photosynthesis, only occur in the presence of the lamellae membranes, the lamellae are 

distributed throughout the cytoplasm in cyanobacteria cells, in contrast to chloroplasts, 

the membrane-enclosed photosynthetic organelles of true algae and plants. 

 While cyanobacteria are now commonly accepted as prokaryotic organisms, the 

taxonomy of cyanobacteria has become a significant issue for researchers. Inclusion of 
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cyanobacteria under the bacterial code of nomenclature was formally proposed in 1978, 

and discussions on harmonization of cyanobacterial nomenclature under the bacterial and 

botanical codes continue today (4, 5). Presently, taxonomic names used by researchers 

may be described following either of these systems; however, many of the names in 

common use are not accepted under either the bacterial or botanical code (5). Molecular 

phylogeny methods that have been applied to cyanobacteria also indicate that many of the 

traditional taxa, defined on the basis of morphology and physiology, are polyphyletic (6, 

7), requiring reclassification of many species once an acceptable system of nomenclature 

has been developed. 

 Cyanobacterial phylogeny has been further complicated by the discovery of 

species possessing divergent characteristics, including chlorophyll b (8), photosynthesis 

in the absence of structured thylakoid membranes (9), and nitrogen fixation in unicellular 

cyanobacteria (10). Recently, cyanobacteria that lack the genes required for oxygenic 

photosynthesis have been discovered (11). Beginning in 2005, cyanobacterial-related 

sequences were reported in metagenomic projects examining aphotic environments, such 

as the intestinal microbiota (12). When the genomes of non-photosynthetic organisms 

closely related to cyanobacteria were reconstructed from a study of subsurface 

groundwater aquifers and human fecal samples in 2013, a new candidate phylum, 

‘Melainabacteria’, was proposed (11). Based on further analyses of genomes from non-

photosynthetic cyanobacteria (13-15), classification into three classes within the phylum 

Cyanobacteria was proposed: ‘Melainabacteria’ and ‘Sericytochromatia’ for the non-

photosynthetic cyanobacteria, and ‘Oxyphotobacteria’ for the photosynthetic 

cyanobacteria (15). The taxonomical classifications that will be used in this thesis is 

indicated in Figure 1.1. Note that unless otherwise indicated, use of the term 

‘cyanobacteria’ in this thesis is in reference to the cyanobacteria capable of oxygenic 

photosynthesis. 

 

1.1.2 Cyanobacteria in the environment 

Cyanobacteria are the primary photoautotrophs of the prokaryotic domain of life, 

commonly found in both fresh- and salt-water environments where they frequently 

constitute the basis of the food web (16, 17). The diversity of cyanobacterial habitats is 
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not limited to aquatic environments (see Figure 1.2); terrestrial cyanobacteria can be 

found in surface-exposed layers of soils (typically alkaline), rocks, ice, vegetation and 

even in the hair of animals (18). In these environments, cyanobacteria influence the 

cycling of major nutrients, serving as a key biological source of oxygen and fixed carbon 

via oxygenic photosynthesis, and, in the case of diazotrophic cyanobacteria, fixed 

nitrogen. Cyanobacteria can also form a symbiotic association with a fungus, which 

directly relies on the cyanobacterial symbiont for key nutrients (19). These 

cyanobacteria-containing lichens can be found on the bark of trees, but also as key 

primary producers in biological soil crusts of arid environments (20). Through influences 

on biogeochemical cycling and direct interactions with other organisms, cyanobacteria 

have a profound influence on the biological diversity of their environments. 

Cyanobacteria are not the only significant oxygenic photosynthetic organisms. 

Photosynthetic eukaryotes, such as higher plants and algae, utilize a unique organelle, the 

chloroplast, which contains all the pigments and electron transport proteins required for 

photosynthesis (21). The structural and functional similarities between the chloroplast of 

photosynthetic eukaryotes and cyanobacterial cells, as well as the presence of numerous 

cyanobacterial gene homologs in nuclear chromosomes of photosynthetic eukaryotes led 

to the development of an endosymbiotic theory for chloroplast acquisition in eukaryotic 

photosynthetic organisms (22, 23). The conservation of the proteins and processes in 

oxygenic photosynthesis between these organisms also supports the endosymbiotic 

theory, making cyanobacteria an ideal model organism for the study of oxygenic 

photosynthesis. 

Unfortunately, cyanobacteria do not always have beneficial impacts on their 

environment. Blooms of cyanobacteria often cause a decrease in water quality in their 

vicinity by producing compounds that alter the taste and odour of the water, as well as a 

range of hepatotoxins, neurotoxins and dermatoxins (24, 25). Human uses of 

contaminated water, including for consumption and recreational activities, can be 

significantly impacted by these harmful cyanobacterial blooms. The toxins and other 

compounds released by the blooms also pose a major threat to the environment, with 

effects on the populations of zooplankton, invertebrates, fish and mammals, including 

humans (25, 26). Harmful effects in the immediate environment also continue following   

5



 

 

 

 

Figure 1.2: Cyanobacteria in the environment.1 

(A) A heavy bloom of cyanobacteria that occurred off in the Baltic sea in July 2018. (B) 

The cyanolichen Dictyonema glabratum. (C) A toxic Microcystis bloom in Lake Erie in 

September 2013. (D) Cyanobacteria growing in the hair of a polar bear. (E) A 

stromatolite, a rock formation created by the deposit of sediment onto cyanobacterial 

mats. (F) Thermophilic organisms, including cyanobacteria, inhabit the hot springs at 

Yellowstone National Park. 

  

1 Images in panels A and C were obtained from the NASA Earth Observatory, and are used in accordance 
with the NASA image use policy. Images in panels B, D, and E were obtained from http;//www flicker.com 
users Dick Culbert, Asten, and James St. John, respectively. Panels B and E were used under a CC BY 2.0 
licence and panel D was used under a CC BY-NC 2.0 licence.  
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the collapse of the bloom, when the toxins are released and the increasing metabolic 

activity of heterotrophic bacteria degrading the biomass of the bloom reduces localized 

oxygen concentrations, resulting in hypoxic zones (27).  

Recently, researchers have been working to develop engineered cyanobacteria 

that will benefit human life, for example, as platforms for bioproduction of fuels and 

plastics. Introduction of the synthetic pathways for production of fuels, such as ethanol 

and isobutanol (28), and plastics, such as polyhydroxyalkanoates (29), into cyanobacteria 

has been successful, although further development of optimized carbon-fixing and 

regulatory elements is necessary to enhance product yields (30, 31). Cyanobacteria are an 

appealing platform for bioproduction due to the ability to fix carbon and, in some strains, 

nitrogen, reducing ongoing costs for input nutrients. They also provide industrial CO2 

emitters with a potential method to utilize waste gases, as CO2 from flue gases can be 

used to supply carbon to cyanobacterial bioreactors; however, before cyanobacterial 

bioreactors become practical, further design work to overcome challenges with light 

accessibility and maintenance of a sterile environment is necessary (29). Another 

challenge is controlling expression of the synthetic pathways for bioproduction, with 

various native gene expression pathways being explored as methods to control expression 

of the target genes in response changes in the cyanobacterial metabolism, such as a 

temperature-regulated element linking product production to diurnal cycling (30). 

 

1.1.3 Synechocystis sp. PCC 6803 as a model cyanobacterium 

Synechocystis sp. PCC 6803 (hereafter Synechocystis) was first isolated from a freshwater 

source near Berkeley, California by R. Kunisawa in 1968 and was initially identified as 

Aphanocapsa sp. str. N-1 (32). The cell morphology (see Figure 1.3) consists of 

unicellular coccoid cells with division occurring along 2 or more planes (32, 33). The 

genome of Synechocystis consists of a 3.57 Mb circular chromosome (34), four large 

plasmids: pSYSA (103 kbp), pSYSG (44 kb), pSYSM (120 kb) and pSYSX (106 kb) 

(35), and 3 small cryptic plasmids: pCA (2.4 kb), pCB (2.4 kb) and pCC (5.2 kb) (36-38). 

This cyanobacterium is non-diazotrophic, and was initially characterized as an obligate 

photoautotroph with sporadic gliding motility (32). Variations in glucose-sensitivity and 

motility, as well as other phenotypes, have been reported for Synechocystis, leading to the   
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Figure 1.3: Synechocystis sp. PCC 6803. 

(A) Confocal micrograph of Synechocystis sp. PCC 6803 at 63× magnification. (B) 

Synechocystis cultured in liquid BG-11 media. Cultures are supplied with sterile air and 

agitated to support optimal growth. 
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development of various sub-strain designations based on strain history and phenotype, 

and supported by sequence variations (39, 40). The sub-strain of Synechocystis used in 

this thesis is non-motile and capable of facultative photoheterotrophic growth on glucose 

(41).  

Synechocystis has been widely used as a model organism for unicellular 

cyanobacterial research for many years due to its relative ease of genetic manipulation. It 

was the first photosynthetic organism to have its complete genome sequenced, which was 

made available online through the now defunct cyanobacteria-specific sequence database, 

CyanoBase (42, 43), in addition to more general databases, such as NCBI’s GenBank. 

The original isolate, termed the Berkeley sub-strain (44), is naturally transformable, and 

can integrate exogenous DNA into the chromosome by homologous recombination to 

form genetic knockouts (45, 46). A significant challenge in working with recombinant 

strains of Synechocystis has been controlling product yield, both at the levels of DNA 

copy number and expression. Synechocystis is a polyploid organism, with genome copy 

number ranging from 9 to 218 under normal growth conditions (47, 48). As a result, 

segregation of chromosomal mutations can be time-consuming, while optimizing the 

copy number of replicative vectors to yield a biologically relevant quantity of product is 

challenging as replicative vectors used in Synechocystis have generally been restricted to 

RSF1010-based shuttle vectors (49). Expression-level control of recombinant DNA 

expression has also been a challenge, as commonly-used prokaryotic expression 

promoters exhibit unregulated expression in Synechocystis (50), possibly due to the 

differences in the composition of the cyanobacterial RNA polymerase (51). Deficiencies 

in current knowledge about other key points of expression regulation in cyanobacteria, 

such as transcription termination, transcript processing and degradation and translation 

initiation also contribute to challenges in regulating recombinant expression in 

Synechocystis (52). Recent advances have been made in methods for Synechocystis 

genetic manipulation, including a marker-less method for chromosomal mutation (53), 

CRISPR-based genome editing and knockdowns (54, 55), and development of a modular 

cloning system, CyanoGate (56); however, research into regulation of gene expression in 

cyanobacterial systems continues to be of great importance, particularly for 

bioproduction applications. 
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1.2 DEAD-box RNA Helicases 

 

1.2.1 RNA helicases 

Structured RNAs play important roles in the regulation of RNA processes, such as 

translation and degradation, thereby affecting expression of the products they regulate 

and encode. Proteins that alter the secondary structure of RNA, such as RNA helicases, 

are important for regulating the structure of those RNAs and their influence on cellular 

processes. RNA helicases are classified within the context of a larger group of proteins, 

the nucleic acid helicases and translocases. These proteins all share similarities in the 

structure and biochemical function of their core domains, containing a recombinase A- 

(RecA) like protein fold with ATPase activity and a binding pocket for polynucleotide 

duplexes (57, 58). Helicases are generally classified into six superfamilies (SFs) on the 

basis of conserved sequence motifs and structure, with SF1 and SF2 generally consisting 

of monomeric and dimeric proteins with two RecA-like domains, while SF3-6 and the 

translocases function as hexameric or dodecameric toroidal rings of proteins with a single 

RecA-like domain (57, 58). Most known helicases that act on RNA-RNA duplex 

substrates are found in SF2. 

The SF2 helicases are generally divided into 10 major families, as well as two 

smaller groups (59). The proteins in several of these families act on RNA substrates and 

are termed RNA helicases. The largest family of RNA helicases, the DEAD-box proteins, 

will be discussed in more detail later. The DEAH/RHA family of RNA helicases are 

characterized by two conserved C-terminal domains in addition to the RecA-like 

domains. DEAH/RHA proteins have roles in ribosome biogenesis, mRNA splicing and 

processing (60-64). The Ski2-like family of RNA helicases are 3’-5’ processive, with key 

roles in large protein complexes performing RNA processing and degradation in 

eukaryotes (65, 66). While Ski2-like helicases are encoded in several bacterial phyla, 

characterization in vivo has not yet occurred (67). RIG-I-like RNA helicases act as part of 

the innate immune system, detecting RNA ligands from viruses with ssRNA or DNA 

genomes (68). Viruses also encode helicases, the NS3/NPHII proteins, which aid in 

strand separation during replication and packaging of the viral RNA genome (69). These 
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proteins require a loading strand, generally consisting of a 3’ ssRNA overhang,  and 

translocate along the RNA or DNA substrate in the 3’ to 5’ direction (70, 71).  

DEAD-box helicases are the largest family of SF2 helicases, and the only family 

that act solely on RNA substrates (59). They are conserved across all three domains of 

life. In eukaryotes, they are essential for survival and growth of the organism, with key 

functions in all aspects of RNA metabolism (72). In prokaryotes, DEAD-box proteins are 

not required for survival under optimal conditions, instead allowing the organism to adapt 

to a variety of changing environments and their associated stresses (73-75).  

 

1.2.2 Structure and biochemistry of DEAD-box RNA helicases 

DEAD-box helicases have a structurally conserved helicase core region, composed of 

two RecA-like core domains with twelve highly conserved sequence motifs (59, 72), as 

well as non-conserved auxiliary domains in the N- and C-termini of the protein (Figure 

1.4). The name of this helicase family comes from one of its characteristic ATP-binding 

motifs, motif II, with the highly conserved Asp-Glu-Ala-Asp motif in the DEAD-box 

family of helicases (76, 77). ATP-binding and hydrolysis occur in a pocket near the linker 

of the two RecA-like domains of the helicase and require motifs I and II (Walker A & B), 

similar to other ATPases (76, 78), as well as the Q motif and motifs V and VI. The Q 

motif is specific to DEAD-box proteins and localized near the N-terminus of the protein 

(79, 80). Motif V binds with the 3’ hydroxyl of the ribose, while Motif VI interacts with 

the tri-phosphate residue (81). 

RNA interacts with the helicase in a binding cleft formed by motifs Ia, Ib and Ic 

on the N-terminal RecA domain and motifs IV and V on the C-terminal RecA-like 

domain (82). This interaction is non-specific, involving the 2’ hydroxyl of the ribose 

group or the phosphodiester backbone (81, 83). Binding of the nucleic acid is mediated 

by the state of the nucleotide triphosphate, with ATP-binding causing permissive 

rearrangements of the RNA-binding site and hydrolysis catalysing the RNA unwinding 

and release (82). There are also two motifs, III and Va, which are required for 

coordinating the activity of the ATPase and the RNA binding motifs in DEAD-box 

proteins (84). Motif III interacts with motifs Ia, II, V and VI of the ATPase to couple   
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Figure 1.4: Characteristic sequence motifs of  SF2 and DEAD-box RNA helicases. 

(A) A representation of the major domains of SF2 helicases, including the DEAD-box 

protein family. The helicase core region consists of twelve conserved sequence motifs 

distributed within two recombinase A (RecA)-like domains. Accessory domains, which 

can confer additional function or sequence specificity, can be found at the N- or C-

terminus of the helicase core, or inserted within the first RecA-like domain (see black 

triangle). Locations of the twelve sequence motifs are colour-coded with the primary 

function of the motif: red for ATP binding and hydrolysis, green for RNA binding, and 

blue for coordination between ATP and RNA binding. (B) Sequence logos of the twelve 

conserved motifs from the DEAD-box protein family and the larger SF2 helicase 

superfamily. This figure is modified from Fairman-Williams et al. (59) and Linder and 

Jankowsky (72). 

  

12



conformational changes in the RNA binding site with ATP-binding and hydrolysis, 

regulating the RNA-dependent ATPase function of the helicase (84). 

The biochemical activity of the helicase core region is very similar between 

various DEAD-box helicases, with binding of ATP initiating structural changes that 

permit RNA binding by the protein, and RNA-stimulated ATP hydrolysis triggering RNA 

release and turnover of the complex (82, 84, 85). DEAD-box proteins cause localized 

unwinding of the dsRNA structure (86), shown in crystal structures of the core domains 

of the Drosophila helicase, Vasa, as a result of bending of the RNA backbone (81). 

Depending on the stability and persistence of the helicase on the RNA, the helicase may 

also serve as an RNA “clamp”, recruiting other proteins and factors that act together as a 

complex to function (87).  

 

1.2.3 DEAD-box RNA helicases in eukaryotes 

RNA helicases from the DEAD-box family are essential to the survival of eukaryotic 

organisms, as they have essential roles in many cellular processes that involve RNA 

metabolism, starting at transcription and including RNA splicing, translation, RNA 

degradation and even small RNA (sRNA) metabolism (72). For many eukaryotic RNA 

helicases, disruption of the helicase results in a lethal phenotype. It is also important to 

note that eukaryotic DEAD-box helicases typically cannot complement the deletion of 

another RNA helicase as each has specific domains in the N- and C-termini extending 

beyond the helicase core domains. These regions confer functional specificity and 

mediate interactions with other proteins in the cell, leading to substrate and pathway 

specificity. 

 One of the first characterized eukaryotic DEAD-box RNA helicases was the 

mammalian translation initiation factor, eIF4A-I, a constituent of the cap-binding 

complex that recruits the ribosome to the mRNA in preparation for translation. eIF4A-I 

was shown to have roles in translation initiation as both an ATPase, transferring energy 

from ATP into the catalytic energy required for translation initiation, and a helicase, 

facilitating localized unwinding of secondary structures in the 5’ cap region of the mRNA 

(88-90). Since eIF4A-I is required for the initiation of translation on essentially all 

mRNAs, the absence of eIF4A-I from the cap-binding complex results in reduced 
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translation initiation in the cell, particularly when inhibitory secondary structures are 

present in the 5’ UTR (91, 92). Biochemically, eIF4A-I, within the eIF4F complex, and a 

second eIF4A homolog are interesting as they cooperatively are capable of bidirectional 

RNA unwinding, while most DEAD-box helicases unwind RNA in only a 3’ to 5’ or 5’ 

to 3’ direction (90). 

 While it would not be possible to illustrate the extent of the roles RNA helicases 

perform in eukaryotes, a prime example is their involvement in RNA splicing, when 

introns are removed from the pre-mRNA sequence during maturation of the transcript. 

Eight RNA helicases, three of which are DEAD-box proteins, function at various steps in 

the splicing pathway (93). In addition, DEAD-box RNA helicases are found in 

mitochondria, a result of endosymbiosis. For example, a yeast helicase, Mss116, has been 

extensively characterized in vitro and is required for the splicing and maturation of many 

mitochondrial mRNAs (94-96). Mss116 catalyzes localized unwinding of non-permissive 

RNA structures that block the recognition of the mRNA and activity of the spliceosome 

proteins (94, 97). This DEAD-box helicase also exhibits an ATP-independent RNA 

chaperone activity as well as catalyzing RNA annealing, which is a rare secondary 

activity found in a limited number of RNA helicases (94, 96). 

 The potential for organelle RNA helicases to perform multiple functions, unlike 

eukaryotic helicases, is exemplified by DSS1 and SUV3. These helicases have roles in 

RNA splicing in yeast and are also components of the mitochondrial degradosome (98-

101). This degradosome is minimally formed from a DEAD-box helicase and a PNPase, 

and functions in both intron-dependent and intron-independent maturation and turnover 

of mitochondrial transcripts (99, 100). Although these roles for DEAD-box RNA 

helicases are just a sampling of the many roles RNA helicases perform in eukaryotic 

cells, it is important to highlight that there are both similarities and differences in the 

regulation and function of DEAD-box RNA helicases between eukaryotic and 

prokaryotic organisms. 

 

1.2.4 Prokaryotic DEAD-box RNA helicases 

Prokaryotic DEAD-box helicases, like in eukaryotes, can have roles in major cellular 

processes, such as translation, ribosome biogenesis and RNA degradation; however, the 
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DEAD-box RNA helicase composition in these multi-subunit protein complexes can vary 

in response to changing growth conditions, such as low temperature (102, 103). There is 

a strong relationship between low temperature stress and DEAD-box RNA helicases in 

prokaryotes, as many prokaryotic DEAD-box proteins are upregulated in response to cold 

stress and helicase deletion often results in cold-sensitive phenotypes (102, 104-106). 

Additionally, DEAD-box proteins are not found in all prokaryotic genomes, and their 

complement can vary in number from one to at least twelve in the organisms that do 

encode DEAD-box proteins (41, 107). In organisms with multiple DEAD-box helicases, 

each helicase has a defined role in the cell, but many are also capable of partially 

complementing the deletion of other members of the helicase complement. This is clearly 

demonstrated by the five DEAD-box helicases of Escherichia coli, as the degradosome-

associated helicases RhlE and RhlB contribute to ribosome biogenesis in the absence of 

CsdA, DbpA and SrmB (102, 108). 

  

1.2.4.1 Helicases and the bacterial ribosome 

DEAD-box proteins interact with components of the bacterial ribosome to aid in the 

maturation of precursor ribosomal RNAs (rRNAs) that assemble into the 30S and 50S 

ribosomal subunits. In E. coli, four of the five DEAD-box helicases, CsdA, SrmB, DbpA 

and possibly RhlE, have roles in maturation of the 50S ribosomal subunit, particularly 

during cold temperature stress (109-112). For example, CsdA aids in processing of the 5’ 

terminus of the 23S rRNA, with 40S intermediate particles accumulating in a csdA 

mutant (109). In addition, many of the free 50S subunits that form in csdA mutants are 

functionally inactive (113). srmB mutants also accumulate a 40S intermediate, containing 

precursors of both the 23S and 16S rRNAs, suggesting a role in rRNA processing (110). 

The ATPase activity of DpbA is stimulated by specific binding to hairpin 92 of the 23S 

rRNA transcript; however, only overexpression of the protein, rather than deletion, has a 

measurable effect on ribosome biogenesis (112, 114, 115). The function of RhlE is less 

characterized than the other E. coli helicases, but deletion of rhlE has been shown to 

differentially alter the cold sensitive effects of ΔcsdA and ΔsrmB on ribosome profiles 

(111).  SrmB also has a role in expression of ribosomal proteins, as it has been shown to 
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enhance expression of the ribosomal proteins L13 and S9 by suppressing premature 

transcription termination (116).  

 A role for DEAD-box RNA helicases in bacterial ribosome biogenesis has also 

been demonstrated in several other organisms. The helicase Lmo1722 of Listeria 

monocytogenes, a CshA homolog, is important for the processing of the 23S rRNA 

precursor at low temperatures (117). Similar to its homolog, DpbA, the ATPase activity 

of YxiN from Bacillus subtilis is stimulated by interaction with hairpin 92 of the 23S 

rRNA precursor (118). Two other helicases in B. subtilis, CshA and YfmL also affect 

biogenesis of the 50S subunit, and the fourth, CshB, has a role in assembly of the active, 

70S ribosome from the 30S and 50S subunits (119). CshA and CshB homologs in 

Staphylococcus aureus copurify with ribosomal proteins, potentially indicating a similar 

role in ribosome biogenesis (120).  

 A role in protein translation is also posited for prokaryotic DEAD-box RNA 

helicases, likely by resolving inhibitory secondary structures surrounding the translation 

initiation site to enhance translation, particularly at the colder, less kinetically favourable 

temperatures where increased abundance of DEAD-box proteins is often observed. While 

there is evidence that the ribosome itself is capable of resolving some inhibitory mRNA 

secondary structures within the protein coding sequence during translation (121, 122), 

this ribosomal activity would not be sufficient to resolve structures in the 5’ UTR, such as 

an occluded Shine-Dalgarno sequence. There is some evidence that DEAD-box RNA 

helicases in E. coli may perform this function. Circumstantial evidence for prokaryotic 

RNA helicase involvement in translation initiation comes from a variety of observations. 

For example, when cells experience low temperature stress, expression of heat shock 

proteins is initially repressed, then gradually resumes; however, in a csdA deletion 

mutant, expression of the heat shock proteins remains low (106). This effect was 

interpreted to be independent of the role of CsdA in ribosome maturation, as the 

abundance of other proteins, such as EF-Tu, were unaffected (106). In another study, 

translation of chloramphenicol acetyltransferase (cat) mRNA with a synthetic structured 

stem-loop inserted to occlude the translation initiation region was enhanced by 

overexpression of CsdA (123). CsdA was also shown to enhance the translation of the E. 

coli response regulator UvrY (124). The CsdA homolog in Pseudomonas aeruginosa is 
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also believed to function in translation, as it stimulates translation of the T3SS regulator 

ExsA in a manner dependent on the sequences of the 5’UTR and coding region of the 

mRNA (125). These observations involving CsdA intimate a role for DEAD-box RNA 

helicases in prokaryotic translation, specifically translation initiation; however, there is 

currently no direct, mechanistic evidence available. DEAD-box proteins may also 

facilitate translation by binding to and protecting ribosome-free regions of the mRNA, 

thus stabilizing the transcript (126).  

 

1.2.4.2 Helicases in the bacterial RNA degradosome 

The bacterial RNA degradosome has roles in both RNA processing and turnover, both of 

which are essential for normal RNA metabolism in cells. The degradosome of E. coli has 

been the most extensively characterized, with studies of its components, assembly, 

activity and localization contributing to the understanding of RNA degradation in 

prokaryotes. The E. coli multi-subunit degradosome core is composed of an RNase E, 

possessing 5’ endonuclease activity, a PNPase, with 3’ to 5’ exonuclease activity, and 

RhlB, a DEAD-box helicase (127, 128). Other proteins, such as the enolase, also form 

part of the RNA degradosome, regulating the degradation of specific mRNAs in response 

to cellular conditions, but are not essential for the basic function of the degradosome 

(127, 129). 

 The E. coli degradosome core requires RNase E for assembly, as the C-terminal 

domain of RNase E is a scaffolding domain with several RNA-binding and protein 

interaction motifs (130-133). From purified RNase E, RhlB, PNPase and, optionally, 

enolase, a functional degradosome can be assembled in vitro (128, 134). The 

ribonucleases that form the degradosome, RNase E and PNPase, were shown to be 

capable of RNA degradation independent of the complete degradosome complex, but 

only for RNA molecules with simple secondary structures (135, 136). The DEAD-box 

helicase that associates with the degradosome, RhlB, aids in degradation of mRNAs with 

complex secondary structures by unwinding the RNA, exposing it for cleavage by RNase 

E and PNPase (108, 127, 128, 137). 

 The structure and function of the E. coli degradosome is conserved in other 

prokaryotes that also encode an RNase E endonuclease. In the gammaproteobacterium 
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Pseudoalteromonas haloplanktis, the degradosome is also composed of RNase E, PNPase 

and a RhlB-like DEAD-box helicase, and it functions much like the E. coli degradosome 

(138). The alpha proteobacterium Caulobacter crescentus also has a degradosome 

composed of RNase E, PNPase and a DEAD-box helicase, either RhlB or RhlE, but has 

an aconitase as the fourth component in place of enolase (139, 140). Degradosome 

composition can vary more widely, as shown by the purple bacterium Rhodobacter 

capsulatus, which is composed of two DEAD-box helicases and the Rho terminator in 

addition to RNase E (141).  

Recently, it has been discovered that degradosomes containing both a RNase and 

a DEAD-box helicase are not restricted to organisms encoding RNase E. The Gram 

positive bacterium B. subtilis has a degradosome composed of the endonucleases RNase 

J1, RNase J2 and RNase Y, as well as PNPase, enolase, phosphofructokinase and the 

DEAD-box helicase CshA (142). CshA interacts directly with the PNPase and RNase Y, 

forming a core degradosome similar to that in E. coli (119, 142). In association with a 

DEAD-box helicase, RNase J is also capable of forming an active degradosome, as has 

been shown in Helicobacter pylori, where the activity of each protein is stimulated by 

interaction with the other (143). 

 Recent evidence suggests DEAD-box RNA helicases may link translation and 

degradation in prokaryotes. The E. coli helicase RhlB has been shown to complement the 

activity of helicases involved in the maturation of 23S rRNA in addition to its role in the 

degradosome core (102, 127). Recently, a simultaneous role for RhlB in both the 

degradosome and active polysomes has been suggested (144). RhlB mediates interactions 

between the 50S ribosomal subunit and two RNA binding sites on the RNase E 

scaffolding domain (144). This interaction brings the degradosome into close proximity 

with mRNAs that are being actively translated, possibly to aid in rescue of stalled 

ribosomes on damaged transcripts or to catalyze mRNA processing reactions. 

Interactions between degradosomes and polysomes has also been observed in H. pylori, 

in which the degradosome endonuclease, RNase J, and the helicase, RhpA, are found 

colocalized with the H. pylori ribosome (143). Similarly, copurification of ribosomal 

proteins with both the degradosome helicase, CshA, and the endonuclease, RNase J1, was 

also observed in S. aureus (120). 
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1.2.4.3 ncRNA metabolism in prokaryotes may also involve DEAD-box helicases 

Bacterial non-coding RNAs (ncRNAs) regulate expression of genes through interactions 

with mRNAs and other ncRNAs, and can also modify protein activity. In E. coli, ncRNA 

function often involves the RNA chaperone Hfq. Two of the five DEAD-box helicases of 

E. coli, CsdA and RhlB, have been shown to interact with Hfq-mediated ncRNA 

metabolism (145, 146). For CsdA, interaction with Hfq and the ncRNA DsrA, activates 

translation of the sigma factor rpoS mRNA at low temperature by resolving an inhibitory 

stem-loop structure that sequesters the ribosome binding site (146). Conversely, RhlB 

competes with the ncRNA-Hfq complex to bind to the RNase E C-terminal scaffold, 

preventing degradation of the mRNA target of the ncRNA (145). Similarly, a role for 

RNA helicase involvement in ncRNA metabolism in the cyanobacterium Synechocystis 

was demonstrated by CrhR helicase-dependent transcriptome changes involving a subset 

of both the cellular mRNAs and ncRNAs (147). These changes in ncRNA abundance 

could not be fully explained by altered transcript stability, indicating a possible role for 

the helicase in regulating ncRNA biogenesis. This could occur in a similar manner to the 

indirect transcriptional regulation of the E. coli ncRNA CsrB by the helicase CsdA (124). 

CsdA activates translation of a response regulator, UvrB, which then regulates the 

transcription of the ncRNA CsrB and other targets. At this time, the examples of bacterial 

DEAD-box RNA helicases interacting with ncRNAs are limited, and do not involve 

interaction of the ncRNA with the RNA-binding site present in the DEAD-box proteins. 

 

1.2.5 Cyanobacterial RNA helicases 

In cyanobacteria, the only DEAD-box proteins that have been characterized are from 

Anabaena variabilis UTCC 387 (hereafter Anabaena), Nostoc sp. PCC 7120 (formerly 

Anabaena, hereafter Nostoc) and Synechocystis sp. PCC 6803. The CrhA (cyanobacterial 

RNA helicase A) protein of Anabaena is a DEAD-box protein with a relatively rare 

amino acid substitution in the highly conserved SAT motif, motif III (see Figure 1.4), in 

which a phenylalanine replaces the highly conserved serine, producing an FAT box 

(148). Inactivation of crhA results in truncation of the Anabaena filaments (148). Nostoc 

encodes two DEAD-box RNA helicases, crhB and crhC (105). Expression of crhB is 
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sensitive to several abiotic stresses, including temperature, salt, and light, while crhC 

expression is limited to cold temperature conditions in a light dependent manner (105, 

149). Temperature-responsive control of crhC expression occurs at several levels. At 

normal growth temperature, 30°C, when CrhC is undetectable, an unidentified 

transcriptional repressor binds in close proximity to the AT-rich and -10 elements of the 

crhC promoter (150). crhC expression is also controlled at the post-transcriptional level, 

involving a pair of temperature-responsive stem-loop structures in the 5’UTR that 

resemble an RNA thermometer (150). Biochemically, the CrhC protein exhibits 

unidirectional RNA unwinding activity in the 5’ to 3’ direction, with enhanced 

stimulation of its activity when rRNA or polysome preparations are used as substrate 

(151). Similar to CrhA, CrhC has a phenylalanine in motif III (105). In Nostoc cells, 

CrhC localizes to the cytoplasmic face of the plasma membrane with a bias toward the 

cell poles (152). It has been proposed that CrhC may facilitate coordinated translation and 

transertion of protein products into the septal junctions of the filaments at low 

temperatures, allowing for rapid adaptation of the composition of the plasma membrane 

or cell-to-cell communication during cold temperature stress (152).  

Synechocystis encodes a single DEAD-box RNA helicase, cyanobacterial RNA 

helicase redox, termed crhR (41), which will be the focus of this thesis. In vitro, CrhR is 

an RNA-dependent ATPase, with ATP-dependent unwinding activity in both the 5’-3’ 

and 3’-5’ directions (153). Similar to other DEAD-box proteins, CrhR has a low 

processivity of approximately 25 bp (153). Unusually, CrhR is also capable of annealing 

complementary RNA strands in an ATP-dependent reaction (153). Both unwinding and 

annealing activities of CrhR have been shown to occur concurrently in vitro, indicating a 

possible ATP-dependent strand exchange activity (153). Helicase-catalyzed annealing 

and strand exchange, consistent with CrhR activities, has only been observed in a small 

subset of DEAD-box RNA helicases (154-156). CrhR has also been demonstrated to 

form a homodimer through the N-terminal RecA-like domain (157). While CrhR has 

been shown to possess several biochemical activities that alter RNA secondary structure 

in vitro, the physiological role of this and many other RNA helicases in vivo is unknown. 

Thus, a major challenge in understanding the role of the CrhR RNA helicase in 
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Synechocystis is linking the biochemical activity of the helicase with its physiological 

role. 

 Mutation of crhR (see Figure 1.5) has significant effects on the morphology and 

physiology of Synechocystis, particularly during low temperature stress (104, 158). 

Synechocystis deficient in CrhR exhibit a reduced growth rate, with a doubling time of 37 

h for the crhR mutant at 30°C, compared to 30 h for wild type. At 20℃, while the growth 

rate of wild type does decrease, the crhR mutant exhibits a severe cold sensitive 

phenotype with essentially no growth (104). At 30°C, wild type Synechocystis and crhR 

mutants have a very similar ultrastructure as seen in both SEM and TEM images; 

however, at 20°C, crhR mutants show pronounced changes in that ultrastructure (104). 

These include a reduced size, loss of the cell surface structure, disordered thylakoid 

membranes, and enlargement of the carboxysomes (104). The crhR mutant also has a 

reduced quantity of the photosynthetic pigments chlorophyll a and phycocyanin, even at 

the normal growth temperature (104, 158). The photosynthetic rate is also depressed in 

the crhR mutant, as shown by significantly reduced evolution of oxygen from water 

splitting, and these cells exhibit problems with state transitions of photosystem II (PSII), 

reduction of the plastoquinone pool, and expression of the reaction center proteins for 

photosystem I (PSI) (158). A large intracellular pool of inorganic carbon (Ci) 

accumulates in crhR mutants, likely due to the reduced utilization of the pool for 

photosynthetic carbon fixation (104). 

As DEAD-box helicases act at the level of RNA metabolism, the pronounced 

effects of crhR mutation at low temperature reflect an essential role for CrhR in 

regulating the expression of a subset of stress-responsive genes. A microarray study 

focused on mRNAs demonstrated an effect by CrhR on low temperature expression of 

protein chaperones, glutamine synthetase regulators, a fatty acid desaturase and the gene 

immediately upstream of crhR, slr0082 (159). Additional mRNAs, as well as ncRNAs, 

whose expression is sensitive to crhR mutation, representing approximately 10% of 

annotated Synechocystis mRNAs and ncRNAs, were identified in an expanded 

microarray transcriptome, demonstrating a role for CrhR in regulating the expression of 

this subset of stress-responsive genes (147). Importantly, changes in general RNA half-

life in the crhR mutant was not sufficient to account for the changes in abundance of the   
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Figure 1.5: Genomic mutants of crhR. 

Scale diagram of the wildtype slr0083 (crhR) gene and CrhR protein, as well as the 

crhRTR and ΔcrhR mutants. crhRTR was created by insertion of a spectinomycin cassette 

at the PmlI site between the two conserved RecA-like domains, resulting in expression of 

a truncated, 27 kDa protein lacking the second RecA-like domain and C-terminal 

extension (104). The crhR ORF was replaced with a neomycin cassette to create ΔcrhR, 

resulting in a strain that does not express CrhR protein (160). Protein motif colours are as 

described in Figure 1.4.  
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mRNAs and ncRNAs observed in these microarrays (147). Thus, while CrhR may 

directly interact with some of the transcripts it regulates, it is also likely that changes in 

some of the transcripts are indirect, occurring further downstream in a signalling cascade 

that includes the activity of CrhR. 

Understanding the stresses that affect the expression of crhR is also useful to 

identify a cellular function for CrhR. Three stresses were initially reported to induce 

expression from crhR: high salt/osmotic stress, light, and low temperature (41, 161, 162). 

An additional stress that induces CrhR expression, heavy metal stress, was recently 

reported (163). All four of these conditions affect the flow of electrons through the 

photosynthetic electron transport chain in Synechocystis, and their regulatory effects on 

induction of CrhR expression is dependent on their effects on the redox poise of quinones 

between QB in photosystem II and the plastoquinone pool (41, 163). Regulation occurs at 

several points in CrhR expression, with effects that can be attributed to transcriptional, 

post-transcriptional, and even post-translational stages of expression (41, 164). The 

LexA-related transcription factor encoded by sll1626 represses expression of crhR in 

conditions favouring LexA accumulation by binding immediately downstream of the 

transcription start site (165). Low temperature stress causes a transient accumulation of 

crhR transcript, accompanied by an accumulation of CrhR protein to a maximal level that 

persists for the duration of the stress (164). Upon relief of the stress, CrhR protein 

undergoes a relatively rapid proteolysis by a currently unknown mechanism (160). 

Interestingly, some of these points of regulation are dependent on the activity of CrhR, 

such as the transient nature of crhR accumulation, indicative of auto-regulation (164). 

The patterns of CrhR expression indicate that it is likely involved in more general 

responses to abiotic stresses that affect photosynthesis in Synechocystis, a model that is 

supported by CrhR-dependent expression changes in photosynthetic genes, as well as 

genes encoding proteins related to cellular changes in response to the various abiotic 

stresses discussed above; however, the mechanism by which CrhR affects expression of 

these genes is still unknown. 
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1.3 Thesis objectives 

The primary objective of this thesis is to further explore the functional role of DEAD-box 

RNA helicases in photosynthetic bacteria, with a focus on the protein CrhR encoded in 

the cyanobacterium Synechocystis. The research presented in this thesis is organized into 

four sections, with the first three providing additional insights into the function of CrhR 

in Synechocystis, and the final section demonstrating that proteins homologous to CrhR 

are evolutionarily conserved within and distributed widely through cyanobacterial 

diversity. 

 The first objective is to investigate the subcellular localization of CrhR and its 

association with protein complexes. In Chapter 2, CrhR is shown to cosediment with 

polysomes and RNA degradosome components during ultacentrifugation. Discontinuous 

sucrose gradient ultracentrifugation of Synechocystis membranes indicates that CrhR 

localizes to the thylakoid membrane. Requirements for active translation and functional 

CrhR in maintaining these interactions is also examined. 

 In Chapter 3, the genetic context of crhR is studied to provide insights into 

regulation of CrhR expression. Northern blotting and RT-PCR demonstrate that crhR is 

transcribed as the second cistron in a discistronic operon with slr0082 (rimO). Transcript 

accumulation and half-lives in wild type Synechocystis and a crhR truncation mutant 

show that the slr0082-crhR transcript is rapidly processed after transcription, resulting in 

destabilization of the slr0082 transcript. A model for cleavage of the slr0082-crhR 

transcript by RNase E is suggested by RNA secondary structure modeling and in vitro 

cleavage of the dicistronic transcript by RNase E. Two stable transcripts, likely ncRNAs, 

are also shown to originate from the 5’ UTR and ORF of slr0082. 

 Chapter 4 involves identification of a fifth abiotic stress reponse, nitrogen, that is 

associated with CrhR expression. Effects on growth rate and pigmentation of 

Synechocystis cultured with several sources of fixed nitrogen are shown to be altered by 

crhR truncation. Transcript and protein abundance demonstrates that accumulation of 

transcripts and protein from crhR is induced when the molecular form of exogenous fixed 

nitrogen is altered. Proteolysis of CrhR upon depletion of fixed nitrogen is demonstrated. 

Treatment with the glutamine synthetase inhibitor MSX shows that the proteins involved 

in CrhR proteolysis are likely regulated by the global nitrogen transcription factor NtcA. 
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Based on binding of NtcA immediately upstream of the slr0082 transcription start site, 

the slr0082-crhR operon is also shown to be within the NtcA regulon. 

 The fourth objective demonstrates a broader role for CrhR across cyanobacterial 

diversity. A preliminary phylogenetic analysis by Jens Georg (University of Freiburg) 

showed that cyanobacterial DEAD-box helicases can be classified into three clades, one 

with homology to CsdA and a second with homology to RhlE from E. coli (166). Here, 

the analysis is extended to include amino acid sequences for 461 cyanobacterial DEAD-

box helicases, representing all the complete sequences that are currently available from 

the publicly accessible NCBI database. Helicases homologous to CrhR are found in 

examples from almost all cyanobacterial orders but are not found in other bacteria. 

Synteny of crhR with the methyltransferase rimO is also frequently observed, comprising 

a rimO-crhR operon in many species. Sequence features characteristic of each clade are 

also identified. 

 Overall, these results indicate that the likely physiological function of CrhR, the 

sole DEAD-box RNA helicase encoded in Synechocystis, is to regulate expression of 

proteins involved in the maintenance of oxygenic photosynthesis and electron transfer in 

the thylakoid membrane, particularly during abiotic stress. CrhR interacts with large 

complexes, such as polysomes and potentially the RNA degradosome to affect expression 

of these proteins. Diverse cyanobacteria encode DEAD-box RNA helicases of the CrhR-

like clade, and this unique function for a DEAD-box protein may be conserved across 

that diversity. 
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Chapter 2: CrhR co-sediments with polysomes and RNA 

degradosomes, and localizes to the thylakoid membrane 
 

 

 

 

 

 

 

 

 

 

 

 

 

A version of this chapter has been previously published as Rosana, A.R.R.*, Whitford, 

D.S.*, Fahlman, R.P., and Owttrim, G.W. (2016). Cyanobacterial RNA helicase CrhR 

localizes to the thylakoid membrane region and cosediments with degradosome and 

polysome complexes in Synechocystis sp. strain PCC 6803. Journal of Bacteriology. 

198(15): 2089-2099.  
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2.1 Summary 

The interaction between mRNA translation and degradation is a major determinant 

controlling gene expression. Regulation of RNA function through alteration of secondary 

structure by RNA helicases performs crucial roles, not only in both of these processes but 

in all aspects of RNA metabolism. The model cyanobacterium Synechocystis sp. strain 

PCC 6803 encodes a single DEAD-box RNA helicase, crhR, whose expression is tightly 

auto-regulated in response to low temperature (cold) stress. Subcellular localization and 

proteomic analysis indicate that CrhR localizes to both the cytoplasmic and thylakoid 

membrane regions, and cosediments with polysome and RNA degradosome components. 

Evidence is presented that either functional RNA helicase activity or a C-terminal 

localization signal is required for polysome but not thylakoid membrane localization. 

Polysome fractionation and runoff translation analysis results indicate that CrhR 

associates with actively translating polysomes. The data indicate a role for CrhR in 

translation or RNA degradation in the thylakoid region related to thylakoid biogenesis or 

stability, a role that is enhanced at low temperature. Furthermore, CrhR cosedimentation 

with polysome and RNA degradosome complexes links alteration of RNA secondary 

structure with a potential translation-RNA degradation complex in Synechocystis. 

 

2.2 Introduction 

Compartmentalization of metabolic processes is crucial for cells to avoid futile cycles. 

While this is efficiently achieved by lipid bilayers in eukaryotic cells, this solution does 

not generally apply in prokaryotes. Although prokaryotes have the ability to 

compartmentalize using invagination of the inner cell membrane, these compartments 

(e.g. magnetosomes) tend to perform one specific function and are not widely used (167). 

Prokaryotes can also form proteinaceous microcompartments in which specific reactions 

occur, the primary cyanobacterial example being that of carboxysomes (168). 

Prokaryotes do not compartmentalize essential, everyday anabolic and catabolic 

processes such as transcription and translation, or protein and RNA decay; however, there 

is a growing body of evidence indicating that prokaryotes spatially confine these cellular 

processes (169). A prime example is the localization of the RNA degradation complex, 
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the degradosome, to the cytoplasmic membrane (CM) in E. coli (170) and B. subtilis 

(171). 

The E. coli degradosome consists of RNase E, polynucleotide phosphorylase 

(PNPase), enolase, and the DEAD-box RNA helicase RhlB (127). DEAD-box RNA 

helicases are ubiquitous enzymes that participate in all aspects of RNA metabolism (72). 

While eukaryotes generally encode numerous DEAD-box RNA helicases, 25 in yeast 

(59) and over 50 in Arabidopsis (172), prokaryotic genomes encode fewer members, 5 in 

E. coli (173) and 4 in B. subtilis (119). Structurally, RNA helicases consist of two tandem 

RecA-like helicase domains with N-terminal and/or C-terminal extensions that provide 

substrate and protein interaction domains (72). Functionally, in all organisms, RNA 

helicases are associated with ribonucleoprotein (RNP) complexes frequently involved in 

RNA degradation (120, 139, 174), translation initiation (175), and ribosome biogenesis 

(109, 110). While the majority of RNA helicases perform specific functions, some 

bacterial enzymes, including CsdA in E. coli (176) and CshA in Bacillus cereus (177), 

are associated with a variety of pathways. In some systems, the multifunctionality of 

these helicases originates from their association with different RNP complexes in 

response to environmental stress. For example, the degradosome-associated RNA 

helicase RhlB in E. coli can be functionally replaced by another DEAD-box helicase, 

either CsdA or RhlE, during low-temperature stress, forming a cold-specific 

degradosome (170, 178). Recently, RhlE and an uncharacterized DEAD-box helicase, 

CCNA_01546, have also been shown to form part of the C. crescentus degradosome, in 

addition to RhlB (140). In B. cereus, the four DEAD-box RNA helicases have divergent 

functions in response to a variety of stresses, including low temperature for three of the 

DEAD-box proteins (177). Thus, the reduced RNA helicase repertoire present in bacteria 

can perform the essential RNA metabolic processes by some helicase proteins performing 

multiple functions. 

Divergent RNA helicase functions are also associated with specific subcellular 

localization. For example, four of the five E. coli DEAD-box RNA helicases localize 

with respect to their physiological function. RhlB is RNA degradosome-associated at the 

cytoplasmic membrane, and SrmB and DbpA are soluble and ribosome-associated, while 

the multifunctional helicase CsdA is associated with all three cellular compartments 
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(176). Although RNA helicases do not contain canonical membrane-spanning domains, 

they are membrane-associated in some bacteria (152, 174, 179) but not all (139, 180). For 

example, RNA helicases associated with RNA degradosomes localize to the cytoplasmic 

membrane via RNase E in E. coli (170, 174) and RNase Y in B. subtilis (171) whereas 

CshA and CshB colocalize with CspB and ribosomes in areas surrounding the B. subtilis 

nucleoid, the localization being dependent on active transcription (181). Localization of 

these RNA helicase-containing complexes to specific cellular sites therefore confines the 

associated processes to restricted cellular regions. Thus, understanding RNA helicase 

localization provides insight into how the spatial separation of synthesis and degradation 

contributes to an integrated mechanism regulating cellular pathways in bacteria. 

The Gram-negative, photosynthetic cyanobacteria also encode limited numbers of 

DEAD-box RNA helicases, for example, one in Synechocystis (41, 153, 164) and two in 

Nostoc (105, 149, 151). In Nostoc, crhB is expressed in response to a range of 

environmental conditions whereas crhC is exclusively expressed in response to 

temperature downshift (105, 149). In contrast, expression of the Synechocystis DEAD-

box RNA helicase encoded by crhR is regulated by abiotic stresses that alter the redox 

status of the electron transport chain in the thylakoid membrane (41), including 

temperature stress (162, 164) and salt stress (161). crhR expression is regulated at a 

number of CrhR-independent and CrhR-dependent checkpoints in response to 

temperature, associated with both the induction and repression of the system (164). The 

auto-regulatory, CrhR-dependent checkpoints include temperature regulation of crhR 

transcript and protein half-life (164). CrhR protein half-life is controlled by conditional, 

temperature-upshift-induced proteolysis that generates the reduction in CrhR abundance 

observed at the optimal growth temperature, 30°C (160, 164). A truncated mutant of 

crhR, crhRTR, causes severe morphological and physiological aberrations in 

Synechocystis, including decreased photosynthetic electron transport, carbon fixation, and 

oxygen evolution, as well as significant disorganization of internal cell structures, 

including the thylakoid membrane (104). 

Although subcellular localization is a crucial aspect required to decipher the 

physiological role performed by prokaryotic RNA helicases, RNA helicase localization in 

cyanobacteria has been reported only for CrhC in Nostoc, where it localizes to the 
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cytoplasmic membrane, primarily at the cell poles (152). In an attempt to identify the 

physiological pathway(s) associated with CrhR activity, we investigated the subcellular 

localization of this stress-induced RNA helicase and identified protein complexes with 

which it interacts. Here, we provide evidence that CrhR localizes to both the thylakoid 

membrane and cytoplasmic region, from which it cosediments with both polysome and 

RNA degradosome components. The results suggest that Synechocystis possesses a 

polysome-RNA degradosome complex to which CrhR localizes, linking alteration of 

RNA secondary structure with a translation-RNA turnover macromolecular complex in 

prokaryotic systems. 
 

2.3 Experimental procedures 

 

2.3.1 Culture conditions and strains 

Wild type Synechocystis sp. strain PCC 6803, a truncated crhR mutant strain, crhRTR, and 

a complete crhR deletion, ΔcrhR, (see Table 2.1) were cultivated photoautotrophically on 

BG-11 medium as described previously (164). The crhRTR mutant was created by 

insertion of a spectinomycin resistance cassette at the PmlI site halfway between motifs 

III (SAT) and IV (FVRTK), thereby removing the second RecA domain and C-terminal 

extension from crhR (104). CrhRTR, the 27-kDa truncated version of the CrhR 

polypeptide expressed in this strain (104, 164), is biochemically inactive (D. Chamot and 

G.W. Owttrim, unpublished data). The crhRTR mutant strain was grown on BG-11 

medium containing sodium thiosulfate (0.3% w/v) that was buffered with tricine (10 mM, 

pH 8.0) and supplemented with 50 µg ml-1 each of spectinomycin and streptomycin 

(182). The ΔcrhR mutant was created by insertion of a neomycin resistance cassette in 

place of the crhR ORF (160) and grown on BG-11 medium supplemented with sodium 

thiosulfate (0.3% w/v), tricine buffer (10 mM, pH 8.0) and 50 µg ml-1 of kanamycin. For 

liquid cultures, cell mass was increased gradually, starting at 50 ml and progressing to 

300 ml and finally to 4 liters at 30°C with continuous shaking (150 rpm) coupled with 

bubbling with humidified air at an illumination of 50 µmol photons m-2 s-1 (182). To 

induce CrhR expression, mid-log-phase cells were cold stressed for 3 h at 20°C.  
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Table 2.1: Strains and plasmids used in this chapter. 

Strain or 
plasmid  Relevant characteristics Source or reference 

Synechocystis strains 

Wild type glucose-tolerant strain (41) 

crhRTR crhR::spectinomycin cassette; C-terminal deletion 
of CrhR (104) 

ΔcrhR replacement of the complete crhR ORF with 
neomycin cassette (160) 

E. coli strains 

DH5α 
F-Φ80lacZΔM15 Δ(lacZYA-argF) U169recA1 
endA1 hsdR17 (rK-, mK+) phoA supE44 λ-thi-1 
gyrA96 relA1 

Laboratory collection 

HB101 pRL623 
Carries three ava methyltransferases from 
cyanobacterial RM systems, helper plasmid in 
triparental mating 

(183) 

HB101 RP4 Conjugal plasmid in triparental mating (184) 

Plasmids 

pCambia 1303-
derived plasmid 

pCambia 1303 (185) digested NcoI/BstEII to 
replace GUS-GFP with ciFP 

N. Zhang and M. Deyholos, 
personal communication 

pMON 36456 E. coli – Synechocystis hybrid cloning vector, GenR (186) 

pMON ciFP-CrhR pMON 36456 containing an N-terminal fusion of 
ciFP onto CrhR  This study 

pMON CrhR-ciFP pMON 36456 containing a C-terminal fusion of 
ciFP onto CrhR  This study 
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Representative data from a minimum of three biological replicates for each experiment 

are shown. 

 

2.3.2 Extraction of soluble and insoluble fractions of Synechocystis cells 

Cultures of wild type Synechocystis and crhRTR cells were divided, with half of the 

culture volume maintained at 30°C and half of the culture volume maintained at 20°C for 

3 h. Aliquots were collected by centrifugation at the indicated growth temperature. Cells 

were mechanically lysed by vortex mixing in the presence of glass beads in 

cyanobacterial protein extraction buffer (PEB; 20 mM Tris-HCl [pH 8], 100 mM NaCl, 1 

mM MgCl2, 5 mM dithiothreitol [DTT], Roche cOmplete Mini EDTA-free protease 

inhibitor cocktail) as described previously (153, 182). An initial centrifugation at 1,000 

×g for 1 min removed unlysed cells and glass beads and was followed by clarification of 

the lysate at 15,000 ×g for 15 min. Following clarification, the pellet (membrane fraction) 

was washed with PEB and suspended in PEB at the same volume as the soluble, 

cytoplasmic fraction. For the solvent and RNase A extraction of CrhR, aliquots of the 

membrane fraction corresponding to 60 µg cytoplasmic protein were utilized for each 

treatment. The STS buffer contains 0.4% w/v SDS, 0.5% v/v Triton X-100, and 0.5% w/v 

Sarkosyl. Solvent extractions were allowed to proceed on ice for 30 min, while the RNase 

A (0.4 µg µl-1) treatment was performed at 37°C for 30 min. Solubilized protein were 

separated from remaining insoluble material by centrifugation at 15,000 ×g for 15 min. 

Supernatants were retained and pellets suspended in an equivalent volume of PEB. 

Protein concentrations of the cytoplasmic fractions were determined with the Bradford 

assay (Bio-Rad) using bovine serum albumin (BSA) as the standard. Cytoplasmic 

proteins (10 µg) or the equivalent volume of the insoluble fraction were resolved by 10% 

SDS-PAGE, electrophoretically transferred to Protran 0.45 µm pore-size nitrocellulose 

membranes (Amersham), and subjected to Western blotting. 

 

2.3.3 Polysome isolation 

Polysomes were isolated from cyanobacterial cytoplasmic extracts as described by 

Tyystjärvi et al. (187) with modifications. Two-liter mid-log-phase cell cultures were 

harvested by centrifugation at 7,500 ×g, and the pellet was washed with 0.1× volume 
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wash buffer (0.4 M sucrose; 50 mM Tris [pH 8.5], 10 mM MgCl2, 30 mM EDTA [pH 

8.0], 500 µg ml-1 chloramphenicol) and harvested by centrifugation. The resulting pellet 

was washed with 0.1× volume polysome isolation buffer (0.4 M sucrose, 50 mM Tris [pH 

8.5], 10 mM MgCl2, 500 µg ml-1 chloramphenicol) and harvested, and the pellets were 

suspended in 0.0125× polysome isolation buffer containing protease inhibitor cocktail 

(Roche). Cells were lysed by passage through a continuous French pressure cell press 

(American Instrument Company) system at 20,000 lb in-2 three times. The cell lysate was 

cleared of intact cells by centrifugation at 1,000 ×g and clarified twice at 18,000 ×g, 

separating the cell debris from the cytoplasmic fraction. Aliquots of both pellet and 

supernatant fractions were retained for Western analysis. The supernatant was 

equilibrated with 0.5× volume polysome isolation buffer without sucrose and treated with 

polyoxyethylene (10) tridecyl ether (Sigma-Aldrich) (2% v/v) (187). Samples were 

incubated on ice for 10 min and unsolubilized components eliminated by two 

centrifugations at 18,000 ×g for 20 min each time. Clarified supernatant was layered on a 

1 M sucrose cushion (1.0 M sucrose, 50 mM Tris [pH 8.5], 10 mM MgCl2, 500 µg ml-1 

chloramphenicol) and centrifuged at 4°C for 16 h at 243,500 ×g in a SW40Ti rotor using 

a L8-60M ultracentrifuge (Beckman Coulter Inc., Pasadena, CA). Pigmented layers were 

individually harvested, and the polysome-containing pellet was suspended in polysome 

isolation buffer without sucrose. Samples of the supernatant layers (equivalent to 100 µg 

protein) and polysome pellet (A260 = 100 U) were analyzed by Western blotting. Blots 

were purposely overloaded to detect any CrhR in the fractions. Constituent proteins in the 

polysome pellet were identified by mass spectrometry. For the polysome runoff 

experiment, cells were grown and the lysates processed as previously described except 

that chloramphenicol was omitted. 

 

2.3.4 Polysome fractionation 

The cytoplasmic fraction from a wild type Synechocystis cell extract grown at 20°C for 3 

h was overlaid on a continuous sucrose gradient (20% to 60% w/v sucrose) prepared 

using a gradient former (DCode system; Bio-Rad) and centrifuged at 243,500 ×g for 16 h 

at 4°C as described above. The absorbance of each fraction was measured at 254 nm 
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using a NanoDrop spectrophotometer (ThermoScientific). Equal volumes of each fraction 

were analyzed by Western blotting.  

 

2.3.5 Membrane isolation 

The three membranes present in Synechocystis cells were separated by discontinuous 

flotation sucrose gradient fractionation as initially described by Murata and Omata (188) 

and modified according to the method of El-Fahmawi and Owttrim (152). Cultures grown 

at 30°C or cold shocked at 20°C for 3 h were harvested at 7,500 ×g for 15 min at 4°C. 

The cell pellet was washed with 0.1× volume of potassium phosphate buffer (20 mM 

potassium phosphate, pH 7.8) and suspended in 0.1× volume potassium phosphate buffer 

supplemented with protease inhibitor cocktail (Roche). Cells were lysed by vortex mixing 

in the presence of glass beads (153, 182), and insoluble, membrane-containing material 

was pelleted by centrifugation at 111,000 ×g for 30 min at 4°C in a SW40Ti rotor as 

described above. The crude membrane pellet was gently washed, centrifuged, and 

suspended in 20 mM potassium phosphate buffer and adjusted to a final sucrose 

concentration of 50% w/v. A discontinuous sucrose gradient using 20 mM potassium 

phosphate and the indicated increasing sucrose concentrations (% w/v) and volume ratios 

was assembled for the wild type membrane isolation as follows: 10% (0.2×); 30% 

(0.09×); 39% (0.23×); and 50% (0.49×) (cell lysate adjusted with sucrose). For the 

crhRTR mutant membrane suspension, a finer discontinuous sucrose gradient was 

assembled, using 20 mM potassium phosphate buffer and the indicated increasing sucrose 

concentrations (wt/vol) and volume ratios as follows: 10% (0.03×); 30% (0.17×); 35% 

(0.17×); 38% (0.17×); 42% (0.19×) (cell lysate adjusted with sucrose); 50% (0.14×); and 

60% (0.14×) (189). Membrane separation was performed by floatation ultracentrifugation 

at 131,500 ×g for 16 h at 4°C in a SW40Ti rotor as described above. A fraction from each 

membrane-containing layer was carefully harvested and diluted three times with 20 mM 

potassium phosphate. Individual membrane-containing fractions were pelleted at 188,000 

×g for 45 min at 4°C as described above, and the pellets were suspended in 20 mM 

potassium phosphate buffer. The procedure also yielded a pellet that is referred to here as 

the cell wall pellet.  
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2.3.6 Western analysis 

Western analysis was performed on the fractionated samples as described previously 

(104, 182) with slight modifications. Proteins were separated on SDS–10% 

polyacrylamide gels and electroblotted onto nitrocellulose membranes using a semidry 

transfer apparatus (Tyler Research). Membranes were blocked with 5% w/v skimmed 

milk–Tris buffered saline (TBS; pH 7.4) for 3 h prior to the addition of polyclonal 

antisera. Anti-CrhR and anti-E. coli ribosomal protein S1 (S1) antibodies were used at a 

1:5,000 dilution (104). For Synechocystis membrane-specific protein detection, anti-FtsH 

(raised against Arabidopsis thaliana) and anti-Vipp1 (immunoreactive to Synechocystis) 

were used at a 1:2,000 dilution as thylakoid and cytoplasmic membrane-specific markers, 

respectively. The Synechocystis thylakoid-specific protein PsbA (D1) antibody (1:5,000 

dilution) was used to verify CrhR localization. All immunoreactive polypeptides were 

detected with anti-rabbit horseradish peroxidase (HRP)-conjugated secondary antibody 

(Sigma) (1:20,000 dilution) using enhanced chemiluminescence (ECL; Amersham).  

 

2.3.7 Mass spectrometry 

The crude polysome pellet from the first ultracentrifugation was treated with 2% v/v 

polyoxyethylene (10) tridecyl ether (187), layered over a 9 ml 1 M sucrose cushion, and 

centrifuged as described above. The resulting pellet was suspended in polysome isolation 

buffer without sucrose. A260 (100 U) fractions of this polysome pellet were resolved on 

an SDS–4 to 15% polyacrylamide gel (Bio-Rad) and stained with colloidal Coomassie 

(0.08% Coomassie brilliant blue G250, 1.6% v/v orthophosphoric acid, 8% w/v 

ammonium sulfate, 20% v/v methanol). Mass spectrometry analysis was performed at the 

Alberta Proteomics and Mass Spectrometry Facility (APM), University of Alberta as 

described below.  

In-gel trypsin digestion was performed on the samples. Each excised lane was cut 

into 10 equal gel sections, destained twice in 100 mM ammonium 

bicarbonate/acetonitrile (ACN) (50:50), reduced (10 mM beta-mercaptoethanol [BME]–

100mM bicarbonate), and alkylated (55 mM iodoacetamide–100 mM bicarbonate). After 

dehydration, trypsin digestion (6 ng µl-1) was allowed to proceed overnight at room 

temperature. Tryptic peptides were extracted from the gel using 97% water–2% v/v 
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acetonitrile–1% v/v formic acid followed by a second extraction using 50% v/v 

acetonitrile in the initial extraction buffer.  

Fractions containing tryptic peptides were resolved and ionized using nanoflow 

high-performance liquid chromatography (HPLC) (Easy-nLC II; Thermo Scientific) 

coupled to an LTQ XL-Orbitrap hybrid mass spectrometer (Thermo Scientific). 

Nanoflow chromatography and electrospray ionization were accomplished by using a 

Pico-Frit fused silica capillary column (ProteoPepII; C18) with a 100-µm inner diameter 

(New Objective) (300 Å, 5 µm pore size). Peptide mixtures were injected onto the 

column at a flow rate of 3,000 nl min-1 and resolved at 500 nl min-1 using 70-min linear 

gradients of 4% to 45% v/v aqueous ACN with 0.2% v/v formic acid. The mass 

spectrometer was operated in data-dependent acquisition mode, recording high-accuracy 

and high-resolution Orbitrap survey spectra using external mass calibration, with a 

resolution of 60,000 and m/z range of 400 to 2,000. The 10 most intensely multiply 

charged ions were sequentially fragmented by using collision-induced dissociation, and 

spectra of their fragments were recorded in the linear ion trap; after two fragmentations, 

all precursors selected for dissociation were dynamically excluded for 60 s.  

Data were processed using Proteome Discoverer 1.4 (Thermo Scientific), and the 

Uniprot cyanobacteria database was searched using SEQUEST (Thermo Scientific). 

Search parameters included a precursor mass tolerance of 10 ppm and a fragment mass 

tolerance of 0.8 Da. Peptides were searched with carbamidomethyl cysteine as a static 

modification and oxidized methionine and deamidated glutamine and asparagine as 

dynamic modifications. 

 

2.3.8 ciFP and CrhR fusion expressing stains 

To create citrine fluorescent protein (ciFP)-tagged CrhR for visualization by fluorescent 

microscopy, ciFP and CrhR were PCR amplified from a pCambia 1303-derived plasmid 

containing ciFP in place of GUS-GFP (N. Zhang and M. Deyholos, personal 

communication) and Synechocystis genomic DNA, respectively, with the primers 

described in Table 2.2. After restriction endonuclease digestion of the PCR products with 

EcoRI, BamHI or XbaI, dependent on the primer sequence, the PCR products were 

ligated into EcoRI and XbaI digested pMON 36456 (186) to generate the plasmids   
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Table 2.2: Oligonucleotides used in this chapter. 

Restriction sites are indicated in bold and mutagenic bases are underlined. 

Oligonucleotide Sequence Application 

BL2 CACACAGGATCCCCTAGCTATTTACCT
AGTAGG 

Reverse primer for ciFP, contains 
BamHI restriction site 

BL3 GATGTAGGATCCATGGTGAGCGCTG Forward primer for ciFP, contains, 
BamHI restriction site 

BL4 CGCCGCGAATTCTCACCTAGCTATTTA
CCTAG 

Reverse primer for ciFP, contains 
EcoRI restriction site 

BL5 GAAGCCTCTAGAATGGTGAGCGCTG Forward primer for ciFP, contains 
XbaI restriction site 

DSW18 GAGGCCTACTAGGTTAATAGCTAGGGG
ATCC 

Site-directed mutagenesis primer to 
remove additional ciFP stop codon 

DSW19 GGATCCCCTAGCTATTAACCTAGTAGG
CCTC 

Site-directed mutagenesis primer to 
remove additional ciFP stop codon 

LLO6 ACTACTGGATCCCTGTTGGCGATCACT
ATAGGC 

Reverse primer for CrhR, contains 
BamHI restriction site 

LLO12 TCTTCTGGATCCATGACTAATACTTTG
ACTAGTACC 

Forward primer for CrhR, contains 
BamHI restriction site 

LLO13 ACCATAGAATTCTTACTGTTGGCGATC
ACTATAGGC 

Reverse primer for CrhR, contains 
EcoRI restriction site 

LLO18 CTCGCCTCTAGAATGACTAATACTTTG
ACTAGTACC 

Forward primer for CrhR, contains 
XbaI restriction site 
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Figure 2.1: pMON ciFP-CrhR and pMON CrhR-ciFP constructs. 

The crhR ORF was PCR amplified from Synechocystis genomic DNA using the indicated 

oligonucleotides. Citrine fluorescent protein (ciFP) was amplified from a modified 

pCambia 1303 vector, in which the GUS-GFP was replaced with the ciFP ORF (N. 

Zhang and M. Deyholos, personal communication). The PCR products were restriction 

digested and ligated into the XbaI/EcoRI digested pMON 36456 vector, creating an N-

terminal fusion of ciFP onto CrhR, pMON ciFP-CrhR, and a C-terminal fusion, 

designated pMON CrhR-ciFP. 
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pMON ciFP-CrhR and pMON CrhR-ciFP, containing translational fusions of ciFP to 

either the N- or C-terminus of crhR (see Figure 2.1). These constructs were transformed 

into E. coli DH5α and selected on LB agar containing 10 µg ml-1 gentamicin. Constructs 

were confirmed by sequencing. An additional in-frame stop codon found in the pMON 

ciFP-CrhR plasmid was changed to a leucine by site-directed mutagenesis based on the 

method by Weiner and Costa (190) with primers DSW18 and DSW19 (Table 2.2). The 

plasmids, transformed into E. coli HB101 pRL623, were introduced to Synechocystis 

ΔcrhR by triparental mating with E. coli HB101 RP4 as described previously (184). 

Cyanobacteria containing the plasmids were selected on BG-11 agar containing 

increasing concentrations of gentamicin to a final concentration of 10 µg ml-1.  

Laser-scanning confocal microscopy was performed on the ciFP-containing 

ΔcrhR cells after cold induction for 3hr at 20°C. Cultures in liquid BG-11 were 

visualized using a Plan-Apochromat 63×/1.40 Oil DIC M27 objective lens mounted on a 

Zeiss LSM 510 Meta laser-scanning confocal microscope. Excitation was performed 

using 488 nm (28% intensity) and 514 nm (18% intensity) lasers. ciFP fluorescence was 

detected with a 520-555 nm filter, and chlorophyll a (Chl a) autofluorescence was 

detected in the 556 nm channel. The Zeiss Zen 2.3 SP1 (black) software was used to add 

scale bars to images and create the merged images prior to export as .tiff files. 

 

2.4 Results 

 

2.4.1 CrhR localizes to fractions containing both the cytoplasm and membranes 

Differential extraction revealed that CrhR was detected in both the soluble and insoluble 

fractions of cell lysates, suggesting association with the cytoplasm and membrane 

fractions, respectively (Figure 2.2A). Previously, detection of CrhR had only been tested 

in soluble lysate, where it was present at background levels in cells grown at 30°C and 

increased in abundance by ~10-fold at 20°C (104). The same change in absolute protein 

abundance was observed here, with CrhR abundance increasing at 20°C in both the 

cytoplasmic and membrane fractions. Consistently and unexpectedly, CrhR migrated 

slower in the membrane fraction (Figure 2.2A), a result of excess lipid present in these   
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Figure 2.2: CrhR abundance in cytoplasmic and membrane fractions. 

(A) Wild type (WT) and crhRTR mutant strains were grown at 30°C, and half of the 

culture was incubated at 20°C for 3h. Cells were mechanically lysed and clarified by 

centrifugation at 13,000 ×g to generate crude soluble cytoplasmic (lanes C) and 

membrane (lanes M) fractions. Soluble protein (10 µg) or an equivalent volume of the 

membrane fraction was subjected to Western analysis. CrhR (55 kDa), S1 (40 kDa) and 

CrhRTR (27 kDa) were detected using anti-CrhR and anti-S1 antibodies. (B and C) 

Extraction of CrhR from the membrane fraction. The indicated solvents (B) were tested 

for extraction of CrhR from Synechocystis membrane pellets obtained from cells that 

were cold-shocked at 20°C for 3 h prior to lysis. Following lysate clarification, the pellet 

was suspended in the presence of the indicated compounds and incubated on ice for 30 

min or were treated with RNase A (C) and incubated at 37°C for 30 min. Solubilized 

proteins (S) were separated from the membrane pellet (P) by centrifugation. CrhR was 

detected in equal volumes of the soluble and pellet fractions using CrhR antibody.  
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samples, as only a single peptide was detected when the cytoplasmic and membrane 

fractions were mixed (data not shown). Although the majority of the wild type CrhR was 

detected in the cytoplasmic fraction, the results of extraction into this fraction were 

variable in our hands, likely due to the intensity of the mechanical extraction. In contrast, 

CrhRTR, a truncated form of the CrhR protein, did not change with respect to either the 

abundance or the segregation of the protein (Figure 2.2A), consistent with the previously 

observed lack of expression regulation of the truncated protein (104). This suggests that 

CrhRTR is overexpressed in the mutant at 30°C and that the truncation affects CrhRTR 

localization. Localization of the control, primarily soluble ribosome-associated protein 

S1, was detected in supernatant fractions only under the conditions tested (Figure 2.2A). 

These observations led us to further analyze CrhR association with both the cytoplasmic 

and membrane fractions.  

The degree to which CrhR associates with the membrane fraction was 

investigated by determining CrhR release in response to classic membrane-disrupting 

agents. As shown in Figure 2.2B, CrhR was relatively weakly associated with this 

fraction, as high-salt and/or high-pH treatments were sufficient to remove a portion of 

CrhR from the membrane pellet. Among the gentle, nonionic detergents tested, only 

polyoxyethylene (10) tridecyl ether was able to remove a portion of the CrhR from the 

membrane fraction. STS buffer, a mixture of ionic and nonionic detergents, was the only 

treatment that completely removed CrhR from the membrane fraction. RNase A 

treatment also did not remove CrhR from the membrane fraction (Figure 2.2C). The 

extraction results indicate that a portion of the cellular CrhR in Synechocystis is 

peripherally associated with membranes. 

 

2.4.2 CrhR cosediments with polysomes 

CrhR association with both cytoplasmic and membrane fractions prompted us to 

investigate the localization of CrhR within the Synechocystis cytoplasm. Sucrose 

ultracentrifugation separated the soluble Synechocystis extract into colored layers, as well 

into as a pellet that contained proteins capable of sedimentation through a 1 M sucrose 

cushion (Figure 2.3A). Western analysis detected the slower-migrating, 58-kDa CrhR in 

the dark green (third) layer obtained from the sucrose gradient ultracentrifugation (Figure 
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2.3B). This layer contained chlorophyll a (Chl a) and thus most likely contained 

thylakoid membranes, consistent with the membrane-associated CrhR observed (Figure 

2.2A). CrhR and S1 were enriched in the pellet fraction, indicating cosedimentation of 

CrhR with polysome-containing material and not soluble translation components. CrhR 

cosedimented with this material from cells grown at both 30°C and 20°C, suggesting that 

temperature does not influence CrhR association with this fraction (Figure 2.3B and C). 

RNase A treatment was sufficient to extract CrhR from the polysome pellet (A. Rosana, 

personal communication).  

We also localized CrhR in wild type cells that were not treated with 

chloramphenicol. The polysome runoff analysis indicated that CrhR distribution was 

dramatically altered, with CrhR being predominately detected in colored supernatant 

fractions 3 and 4 and less abundant in the polysome pellet obtained from cells grown at 

20°C (Figure 2.3D). S1 distribution was dramatically altered, shifting from the polysome 

pellet to the colored supernatant fractions (Figure 2.3D). These results suggest that 

soluble S1 and CrhR are associated with actively translating polysomes; the absence of 

chloramphenicol allowed polysomes to finish translation during isolation, releasing CrhR 

and S1 into the supernatant fraction. These results also indicate that CrhR localization to 

the pellet fractions was not a result of aggregation. 

 In order to separate CrhR association with ribosome biogenesis from active 

translation, a linear sucrose gradient was used to fractionate soluble wild type 

Synechocystis extracts to isolate ribosome subunits from 70S ribosomes and polysomes. 

Absorbance (A254) and Western analysis of the sucrose gradient fractions from cells 

grown at 20°C further confirmed the cosedimentation of CrhR only with the polysome 

fraction and not significantly with the 30S or 50S subunits or free 70S ribosomes (Figure 

2.4). The slower-migrating (58-kDa) CrhR band was detected at a low level in lanes 15 to 

18, at an approximate sucrose concentration of 44% to 49%. The molecular mass and 

sucrose banding data suggest that the detected CrhR corresponded to the membrane-

localized CrhR, as total Synechocystis extract was utilized in the analysis. As a control, 

S1 was detected in all ribosome-containing fractions (Figure 2.4). 
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Figure 2.3: CrhR localization in soluble Synechocystis lysates.2 

(A) Lysate fractionation. A soluble cell lysate was overlaid on a 1 M sucrose cushion, 

resulting in a crude polysome-containing pellet (PP) and colored soluble layers (layers 1 

to 4) by ultracentrifugation. (B and C) CrhR localization. Wild type Synechocystis cells 

were treated with chloramphenicol to stabilize polysome complexes before lysis. CrhR 

and S1 were detected in the gradient fractions obtained from wild type cells grown at 

30°C (B) and cold-shocked at 20°C for 3 h (C). (D) CrhR localization under translational 

runoff conditions. CrhR and S1 were localized in sucrose gradient fractions for wild type 

cells grown at 20°C that were not treated with chloramphenicol. For reference, CrhR was 

also detected in the cytoplasmic (lanes C) and membrane (lanes M) fractions obtained 

after clarification of French press lysates. CrhR and S1 were detected as described in the 

Figure 2.2 legend.  

2 Panels A-C were previously published in (191) and are used with permission. 
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Figure 2.4: Synechocystis polysome fractionation. 

Total soluble protein from wild type Synechocystis cells cold-shocked at 20°C for 3 h 

was fractionated on a linear 20-60% sucrose gradient. (A) Absorbance profile. The 

absorbance profile of the gradient fractions is shown with the ribosomal subunits and 

complexes indicated. (B) CrhR detection. CrhR was localized in the gradient fractions 

using anti-CrhR antibody. S1 was detected as a control. 
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Figure 2.5: CrhRTR localization in soluble Synechocystis lysates.3 

CrhRTR cells were treated with chloramphenicol to stabilize polysome complexes before 

lysis. Soluble cell lysate from crhRTR mutant cells was overlaid on a 1 M sucrose cushion 

and a polysome-containing pellet (PP) was obtained by ultracentrifugation. CrhRTR and 

S1 were detected in the gradient fractions obtained from crhRTR cells grown at 30°C (A) 

and cold-shocked at 20°C for 3 h (B). For reference, CrhRTR was also detected in the 

cytoplasmic (lanes C) and membrane (lanes M) fractions obtained after clarification of 

French press lysates. CrhRTR and S1 were detected as described in the Figure 2.2 legend.  

3 The images in this figure have previously been published in (191) and are used with permission. 

45



2.4.3 crhR truncation results in improper polysome association 

A similar polysome analysis was performed using the crhRTR mutant to determine the 

effect of CrhR truncation on localization. In striking contrast to the polysome-specific 

localization of CrhR in wild type cells, the CrhRTR polypeptide was detected in all 

sucrose layers and in the pellet, irrespective of growth temperature (Figure 2.5). In 

comparison, S1 localization was not altered in the crhRTR mutant (Figure 2.5). Similar to 

the observations in wild type cells (Figure 2.3B), S1 was detected only in the pellet 

fraction and also in Chl a-containing layer 3 of the sucrose gradient of soluble lysate 

obtained from cells grown at 20°C (Figure 2.5B). This suggests that full-length and/or 

functionally active CrhR RNA helicase is not required for S1 localization to polysomes 

but is required for CrhR cosedimentation with polysomes. 

 

2.4.4 CrhR cosediments with polysome- and degradosome-associated proteins 

Proteins cosedimenting with polysomes from soluble extracts of wild type and crhRTR 

cells grown at 30°C and 20°C were identified by mass spectrometry following a second 

purification through a 1 M sucrose cushion. The complete data set was organized into 

functional categories and is presented in Table 2.3. The major categories include subunits 

of the small and large ribosomal complexes, translation initiation and elongation factors, 

ribosome binding factors, and transcription factors. Furthermore, RNA modification 

enzymes involved in rRNA processing and RNA binding, and the RNase E and PNPase 

degradosome subunits were also detected. Proteins known to be primarily thylakoid 

membrane-localized, such as photosynthesis-associated proteins, including 

phycobilisome proteins, ATP synthase subunits, and photosystem I (PSI) and II 

components, were also detected. Other proteins associated with energy metabolism, 

primarily glycolytic enzymes, carboxysome fragments, proteins involved in regulation of 

transcription, including LexA and RNA polymerase components, protein degradation 

subunits, bacterioferritin, and a number of unknown and hypothetical proteins were also 

detected. 

A Venn diagram depicting the polypeptides detected in the 1M cushion pellet 

obtained from soluble extracts of wild type and crhRTR mutants at 20°C and 30°C is 

presented in Figure 2.6. A total of 38% of the detected polypeptides that pelleted through   
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Table 2.3: Polysome pellet mass spectrometry analysis.4 

Polypeptides are organized by gene ontology designation (modified from 

https://www.ebi.ac.uk/QuickGO/) and further sorted according to detected PSM value. 

Polypeptides were identified by mass spectrometry of polysome pellets isolated from 

wild type and crhRTR mutant strains grown at 30°C and 20°C. Resulting peptides were 

searched  against and annotated using the Synechocystis sp. PCC 6803 Uniprot proteome 

SYNY3. 

 

4 Mass spectrometry analysis was completed with the assistance of J. Moore and R.P. Fahlman of the 

Alberta Proteomics and Mass Spectrometry Facility, University of Alberta. 
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Figure 2.6: Venn diagram of polysome-associated polypeptides. 

(A) The number of common and unique peptides identified by mass spectrometry that co-

sediment with Synechocystis polysomes isolated from wild type and crhRTR stains at 

30°C and 20°C are indicated. (B and C) Venn diagrams indicating the specific peptides 

that are associated with (B) translation and (C) RNA metabolism. Venn diagrams were 

produced using: creately.com/Draw-Venn-Diagrams-Online.  
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the 1 M sucrose cushion were shared among all conditions (Figure 2.6A). Differential 

detection of the remainder could have resulted from either temperature effects or the 

absence of functional CrhR RNA helicase activity. The extensive numbers of 

polypeptides detected in the 1 M sucrose cushion that are associated with translation and 

RNA metabolism, including degradation, are depicted in Figure 2.6B and C, respectively. 

The majority of these polysome- and degradosome-associated polypeptides were detected 

under all four conditions tested.  

 

2.4.5 CrhR associates with the thylakoid membrane 

The presence of the ~58-kDa polypeptide cross-reacting with the CrhR antibody from the 

membrane-containing pellet fractions necessitated analysis of the three distinct 

membranes found in Synechocystis. We utilized the classic flotation ultracentrifugation 

method using a discontinuous sucrose gradient described by Murata and Omata (188) to 

separate the Synechocystis membranes from the total cell lysate. The fractions 

corresponded to the outer membrane (OM; 10% sucrose), the cytoplasmic membrane 

(CM; 30% sucrose), the thylakoid membrane (TM; 39% sucrose), and cell wall and other 

material that pelleted through the 50% sucrose cushion (cell wall pellet). CrhR was 

detected only in the thylakoid membrane-containing 39% sucrose layer and the pellet 

(Figure 2.7). To verify the purity of the thylakoid membrane fraction, the thylakoid-

associated integral FtsH protease and the photosystem-associated PsbA (D1) protein were 

used as thylakoid membrane-specific markers. As expected, the anti-FtsH and anti-PsbA 

antibodies detected polypeptides in the thylakoid membrane-containing 39% sucrose 

layer and not in the cytoplasmic membrane (Figure 2.7). Similarly, Vipp1 and S1 were 

detected in the cytoplasmic and thylakoid membrane fractions in which they are known 

to function (Figure 2.7). Vipp1 and S1 were also detected in the cell wall pellet, 

indicating that this fraction was contaminated with thylakoid membrane and/or 

membrane-associated polysomes that would pellet through the 50% sucrose cushion. 

Overall, the parallel detection of CrhR with FtsH and PsbA suggests colocalization of 

these peptides within the thylakoid membrane fraction in Synechocystis. 

Since the truncated CrhR peptide was observed in all fractions of the polysome 

preparation, a finer discontinuous sucrose gradient (189) was used to isolate the three   
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Figure 2.7: CrhR localization in wild type Synechocystis membranes.5 

Total membrane pelleted from cells grown at 30°C and cold-shocked at 20°C for 3 h was 

adjusted to 50% sucrose, and individual membranes were isolated by flotation 

ultracentrifugation. (A) Sucrose gradient showing the relative positions of the membrane 

fractions. OM, outer membrane; CM, cytoplasmic membrane; TM, thylakoid membrane; 

P, cell wall pellet. (B) The indicated peptides were detected in the resolved membrane 

fractions using anti-CrhR, anti-FtsH, anti-S1, anti-Vipp1 and anti-PsbA antibodies. 

 

  

5 Panel B of this figure has been previously published in (191) and is used with permission. 
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Figure 2.8: CrhRTR localization in crhRTR mutant Synechocystis membranes. 

Total membrane pelleted from crhRTR cells grown at 30°C (A) and 20°C (B) was 

adjusted to 42% sucrose, and individual membranes were purified by flotation 

ultracentrifugation in a discontinuous sucrose gradient. CrhRTR and PsbA distributions 

were detected in equal volumes of each of the gradient fractions using anti-CrhR and 

anti-PsbA antibodies. OM, outer membrane; CM, cytoplasmic membrane; TM, thylakoid 

membrane. 
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membrane types from crhRTR mutant cells. In contrast to the disrupted polysome 

localization shown in Figure 2.5, CrhRTR was primarily detected only in the thylakoid- 

enriched fractions at both 30°C and 20°C even though it was overexpressed at the higher 

temperature (Figure 2.8). Similar to the observations presented in Figure 2.7, PsbA was 

detected only in the sucrose layers corresponding to thylakoid membrane-containing 

fractions. The results suggest that the second RecA-like domain of the helicase core and 

the C-terminal domain are not explicitly required for CrhR or PsbA localization to the 

thylakoid membrane region. 

 

2.4.6 CrhR localization in vivo 

A preliminary fluorescence microscopy analysis using protein fusions of citrine 

fluorescent protein (ciFP) and CrhR (Figure 2.1) transformed into ΔcrhR cells was also 

performed to visualize CrhR localization in living cells. In a fusion of ciFP to the N-

terminus of CrhR, pMON ciFP-CrhR, the ciFP fluorescence was visualized in close 

proximity to the thylakoid membranes, as judged by the overlapping Chl a-based 

autofluorescence with ciFP-CrhR (Figure 2.9A-C). Conversely, the ciFP fluorescence 

was distributed throughout the center of the cells in pMON CrhR-ciFP, in which ciFP is 

fused to the C-terminus of CrhR, with the autofluorescence from chl a visible around the 

periphery (Figure 2.9D-F).  

 The high levels of ciFP fluorescence detected in cells with pMON CrhR-ciFP may 

occur as a result of artificially elevated expression or increased stability due to the protein 

fusion. This is consistent with the significantly higher levels of the fusion protein, with a 

predicted molecular weight of 83 kDa, detected by Western blot in this construct (Figure 

2.10). A low level of fluorescence was observed in the empty vector control (pMON 

36456) with the 520-555 nm filter used to detect ciFP (Figure 2.9G), and the distribution 

of the ciFP fluorescence is consistent with the distribution of Chl a autofluorescence 

(Figure 2.9H). Although this indicates some spectral overlap of the Chl a 

autofluorescence with ciFP likely occurs in all the Synechocystis samples, fluorescence 

due to ciFP is sufficiently pronounced to be observed above the Chl a autofluorescence in 

the range of the 520-555 nm filter. As this is a preliminary analysis, additional 

microscopy images will need to be captured to allow for statistical comparisons;   
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Figure 2.9: In vivo CrhR localization using fusions with citrine fluorescent protein.6 

ΔcrhR cells transformed with plasmids expressing fusions of citrine fluorescent protein 

(ciFP) and CrhR at 20°C, and a pMON 36456 vector control were visualized with a 

confocal fluorescent microscope. Images shown include (A, D, G) ciFP fluorescence (ex. 

514 nm, em. 520-555 nm), and (B, E, H) Chl a autofluorescence (ex. 488 nm, em. 556 

nm). (C, F, I) Merged images of ciFP and Chl a fluorescence show differences in 

fluorescence intensity and localization between conditions. 

 

 

 

6 The images in this figure were captured by a project student, C.A. Stevens, under my supervision. 
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Figure 2.10: Expression of ciFP and CrhR fusion proteins.7 

ciFP and CrhR fusion protein constructs expressed in Synechocystis ΔcrhR after a cold 

induction for 3 hours at 20°C were analyzed by Western blotting. CrhR-containing 

polypeptides were detected with anti-CrhR antibodies in the crude soluble cytoplasmic 

(lanes C, 10 µg) and membrane pellet (lanes M) fractions after lysis, as described in the 

Figure 2.2 legend. This Western blot was performed shortly after the triparental mating 

transferring the plasmids into Synechocystis, resulting in additional bands that can be 

attributed to detection of the E. coli DEAD-box RNA helicases. 

 

 

 

  

7 The data in this figure was collected by a project student, C.A. Stevens, under my supervision. 
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however, these in vivo localization results suggest support for the conclusion that CrhR is 

thylakoid membrane-associated in Synechocystis. 

 

2.5 Discussion 

Prokaryotes generally compartmentalize biosynthetic pathways by sequestering processes 

to confined regions within the cell. A prime example is the differential localization of 

DEAD-box RNA helicases within RNP complexes that are associated with ribosome 

biogenesis, translation initiation, or RNA degradation (176). The primary objective of 

this investigation was to identify the pathway in which CrhR functions, utilizing a variety 

of cellular localization techniques. The results establish that CrhR, the single DEAD-box 

RNA helicase encoded in the model cyanobacterium Synechocystis, localizes to the 

cytoplasmic and thylakoid membrane regions and cosediments with translating polysome 

complexes. CrhR localization was temperature-independent and differentially required 

CrhR RNA helicase activity, as thylakoid association and polysome association were 

unaffected and defective, respectively. 

Although many prokaryotic DEAD-box RNA helicases have roles in ribosome 

biogenesis (109, 110, 117, 176), our polysome fractionation results suggest that this 

function is unlikely in Synechocystis, as CrhR was detected only in the polysome-

containing fraction. This, combined with the runoff polysome analysis indicated that 

CrhR is associated with translating polysomes. The data therefore suggest that CrhR is 

associated with translation, consistent with the proteomic analysis of the polysome pellet; 

however, the mass spectrometric analysis of the polysome pellet also detected 

degradosome components, such as PNPase and RNase E, that correspond to the recently 

identified minimal degradosome in cyanobacteria (192). Interaction with an RNA 

helicase such as CrhR was not tested when it was shown previously that the 

Synechocystis RNase E and PNPase interact as a complex (192). Thus, while our data 

indicate that CrhR cosediments with polysome and degradosome components, we cannot 

determine if it interacts with the degradosome complex; however, the association of CrhR 

with translating polysomes does not preclude association with the RNA degradosome. 

Thus, since CrhR is encoded by the only DEAD-box RNA helicase gene in the 

Synechocystis genome, and given the multitasking of other bacterial RNA helicases (176-
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178), CrhR may be performing divergent roles and thus may associate with a range of 

protein complexes, possibly under different temperature conditions. 

CrhR association with the translation and/or RNA degradation machinery is not 

unexpected, as RNA helicase association with the bacterial degradosome (120, 127, 139, 

140, 170, 171, 174) and with ribosome complexes (109, 110, 175) has been well 

documented. How CrhR is recruited to and interacts with the thylakoid membrane and 

translating polysome and/or degradosome components remains unknown. The 

mechanisms of localization to these compartments appear to differ, as CrhR was removed 

from the polysome pellet but not the membrane fraction by RNase A treatment. This 

suggests that protein-protein and protein-RNA associations dictate CrhR localization to 

the thylakoid membrane and polysome, respectively. RNA- and protein-protein-

dependent association of RNA helicases has been observed in other systems (120, 146, 

193). The ease with which CrhR was removed from the membrane fraction also indicates 

that protein-protein interactions and not direct membrane interactions are involved. While 

RNA helicases, including CrhR, do not contain traditional membrane-spanning domains 

(152, 174, 179), the N-terminal and/or C-terminal amino acid extensions outside the 

helicase core are typically involved in specific RNA substrate recognition or protein-

protein interactions (59, 72, 120). Indeed, we observed aberrant localization of CrhRTR, 

which lacks the second RecA domain and C-terminal extension to the polysome pellet. 

These localization defects could partially result from the CrhRTR overexpression 

observed at 30°C in the truncation mutant, in addition to the loss of helicase activity. 

Overall, the results indicate that intact CrhR is required for proper cellular localization. 

This conclusion is similar to those from studies revealing similar responses to C-terminal 

deletion of a cold-induced RNA helicase, Lmo1722, which resulted in disassociation 

from the 50S ribosome in L. monocytogenes (117) and removal of CshA from the S. 

aureus degradosome (120).  

While thylakoid membrane-associated polysomes have been reported in 

cyanobacteria (194), the subcellular localization of the cyanobacterial degradosome has 

not been determined (192). It is predicted that the Synechocystis degradosome is soluble, 

similar to that of C. crescentus (180), since the Rnase E in Synechocystis does not contain 

the C-terminal scaffolding domain required for membrane attachment (192), as observed 
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in other Gram negative bacteria (120, 139, 170, 171, 174). Although other studies 

investigating Synechocystis subcellular localization failed to detect CrhR, the lack of 

CrhR detection in these studies most likely resulted from growth conditions that did not 

induce abundant CrhR expression, as the cultures were grown at 30°C and 34°C, 

temperatures at which CrhR is expressed at a basal level (164). Results of those studies 

included the lack of detection of a DEAD-box RNA helicase in the Synechocystis 

minimal degradosome (192) and membrane (189, 195-197) or cytoplasmic (198) extracts. 

CrhR localization to the thylakoid membrane is consistent with the significant 

morphological and physiological effects observed in response to crhR mutation (164). As 

was particularly evident when Synechocystis was stressed at 20°C, crhRTR cells exhibit a 

reduction in photosynthesis due to defects in photosynthetic carbon fixation which are 

associated with decreased pigmentation and alterations in electron transport chain 

function and thylakoid membrane structure (104). Defects in transitory adaptation of the 

photosynthetic apparatus to low temperature have also been observed in a crhR mutant 

which showed decreased PSII activity, a loss of PSI, and an oxidized plastoquinone pool 

(158). These effects are directly related to the conditions required for regulation of crhR 

expression, namely, the redox potential of the electron transport chain (41). Although 

CrhR function is not known, the sRNA PsrR1 regulates expression of many 

photosynthesis-related genes (199). CrhR mutation-mediated disruption of PsrR1 

function would be expected to generate similar phenotypic alterations. 

The data presented here indicate that CrhR localizes to both the cytoplasmic and 

thylakoid membrane regions. CrhR in the cytoplasm is associated with translation, as it 

cosediments with actively translating polysomes. CrhR association with and disruption of 

the thylakoid membrane in a crhR mutant suggests that CrhR performs a role in thylakoid 

biogenesis and/or stability. In this capacity, CrhR RNA helicase activity in the thylakoid 

membrane could aid translation initiation and thus transertion of proteins into the 

thylakoid membrane, similarly to the role proposed for the RNA helicase, CrhC, in 

cytoplasmic membrane protein transertion in Nostoc (152). Other studies have shown 

adjustment of thylakoid membrane polysome profiles in response to temperature and 

light conditions, indicating that abiotic stresses influence thylakoid function by altering 

translation (187, 197, 200). In this context, it would be of interest to determine if CrhR is 
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involved in synthesis of thylakoid membrane proteins such as the D1 photosystem II 

protein. D1 translation initiates on soluble ribosomes and halts in the dark (200). The 

stalled ribosomal complex is targeted to the thylakoid membrane in the light, D1 

synthesis is completed, and D1 is cotranslationally inserted into the membrane (187). 

Cosedimentation of degradosome components with the polysome indicates the 

possibility that a functional association between the two complexes exists in 

Synechocystis. This association is known to occur in archaea and eukarya (200-204), and 

polysome fractionation on sucrose gradients has recently provided evidence for 

polysome-RNA degradosome association in E. coli (144) and H. pylori (143). Indeed, 

other than the photosynthesis-associated peptides, our proteomic data set closely 

resembles that obtained in the E. coli (144) and H. pylori (143) studies. Similar to the 

results presented here, the respective RNA helicase peptides were associated with the 

identified polysome-RNA degradosome complexes (143, 144). In E. coli, the 

degradosome-associated RNA helicase RhlB contributes to ribosome binding and thus to 

formation of the polysome-RNA degradosome complex (144). Although Zhang et al. 

(192) did not detect CrhR in the minimal degradosome isolated from Synechocystis at 

30°C, CrhR association may be seen at lower temperatures. Temperature-dependent 

alteration of the degradosome-associated RNA helicase has been reported in a variety of 

bacteria, for example, E. coli (178), C. crescentus (140) and Psychrobacter arcticus 

(205). Similarly, Redko et al. (143) showed that a minimal degradosome consisting of 

RNase J and RhpA, the only DEAD-box RNA helicase in the genome, associated with 

translating polysomes and not 30S or 50S subunits in H. pylori. Although it is different 

from other Gram-negative organisms in this respect, Synechocystis encodes an RNase J 

homologue that appeared in our polysome data set. The potential for CrhR to be 

associated with a minimal degradosome and with RNase J at low temperature deserves 

further investigation. Overall, these observations are similar to those we report here for 

CrhR, suggesting that CrhR may also contribute to the formation of a polysome-RNA 

degradosome complex in Synechocystis. 

Potential roles for RNA helicase alteration of RNA secondary structure in a 

polysome-RNA degradosome complex include unwinding of an inhibitory RNA 

secondary structure that blocks RNase access and sRNA annealing to create a RNase site. 
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CrhR could participate in either of these scenarios, as it catalyzes both double-stranded 

RNA (dsRNA) unwinding and annealing reactions in vitro (153). In prokaryotes, related 

systems include termination of translation by A-site cleavage in translating ribosomes by 

RNase toxins in toxin-antitoxin pairs (206), and binding of the sRNA RhyB to the 5’ 

untranslated region (UTR) of the sodB transcript to activate RNase E cleavage within the 

open reading frame (ORF) during translation (207). CrhR RNA helicase activity could be 

involved in similar regulatory mechanisms, as Tsai et al. (144) also detected Hfq in their 

E. coli polysome-degradosome preparations and speculated that Hfq contributed to RhyB 

binding and thus to cleavage of sodB. As cyanobacteria do not encode an Hfq homologue 

(208), this raises the possibility that CrhR replaces Hfq in a Synechocystis polysome- 

degradosome complex. In eukaryotes, RNA helicases are associated with RNA 

degradation of actively translating transcripts. For example, a variety of ribonucleases are 

targeted to the ribosome by UPF1 during nonsense-mediated decay (NMD) (203), and 

Dhh1 slows translation elongation and promotes decapping of polysome-associated 

transcripts, creating substrates for Dhh1-mediated RNA decay (204). Whether CrhR is 

associated with similar regulatory pathways remains to be elucidated. 

Here we provide evidence that CrhR, the single DEAD-box RNA helicase 

encoded in the Synechocystis genome, localizes to both the cytoplasmic and thylakoid 

membrane regions and cosediments with polysome and RNA degradosome components. 

The results suggest that the RNA degradation machinery is coupled with translation in 

Synechocystis, contributing to the emerging picture showing that these processes are 

intimately linked in bacterial systems. 
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Synechocystis rimO-crhR operon results in differential cistron 
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helicase-regulated processing of the Synechocystis rimO-crhR operon results in 

differential cistron expression and accumulation of two sRNAs. Journal of Biological 
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3.1 Summary 

The arrangement of functionally related genes in operons is a fundamental element of 

how genetic information is organized in prokaryotes. This organization ensures 

coordinated gene expression by co-transcription. However, often alternative genetic 

responses to specific stress conditions demand the discoordination of operon expression. 

During cold temperature stress, accumulation of transcript from the gene encoding the 

sole Asp-Glu-Ala-Asp (DEAD)-box RNA helicase in Synechocystis, crhR (slr0083), 

increases 15-fold. Here, we show that crhR is expressed from a dicistronic operon with 

the methylthiotransferase rimO/miaB (slr0082) gene, followed by rapid processing of the 

operon transcript into two monocistronic mRNAs. This cleavage event is required for and 

results in stabilization of the rimO transcript. Results from secondary structure modelling 

and analysis of RNase E cleavage of the rimO-crhR transcript in vitro suggested that 

CrhR plays a role in enhancing the rate of the processing in an auto-regulatory manner. 

Moreover, two putative small RNAs are generated from additional processing, 

degradation, or both of the rimO transcript. These results suggest a role for the bacterial 

RNA helicase CrhR in RNase E-dependent mRNA processing in Synechocystis and 

expand the known range of organisms possessing small RNAs derived from processing of 

mRNA transcripts. 

 

3.2 Introduction 

Differential expression of operon gene members is a major player in gene expression 

regulation in bacteria (209, 210). An operon is defined as a collation of two or more 

functional genes under the control of the same promoter that are transcribed as a primary 

polycistronic transcript (211). Gene clustering into operons is generally associated with 

their coordinated expression, involvement in functionally related processes and, in some 

instances, physical interactions between the encoded proteins (210). This organization 

provides the ability to rapidly acclimate to new growth conditions by regulating 

expression of a protein complex through the generation of equimolar levels of each 

operon member (209, 210); however, numerous studies indicate that while genes within 

an operon typically exhibit similar patterns of expression, co-expression can be lost in 

response to alteration of environmental conditions (212). Discoordinate operon 
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expression can result from a number of mechanisms that alter transcript stability (213, 

214) associated with RNA cleavage (215-217), the formation of secondary structures 

(218, 219) or the binding of sRNAs (220). Regulation due to sRNA-mRNA binding can 

be either dependent on RNA chaperones, such as host factor for phage Qß (Hfq) (216), or 

chaperone-independent (220). Polycistronic transcripts can also be subject to processing 

events, initially by an endonuclease, such as RNase E, whose endonucleolytic cleavage 

generates monocistronic transcripts that subsequently undergo maturation by either 5’-3’ 

or 3’-5’ exonuclease trimming, demonstrated in B. subtilis (221) and E. coli (222), 

respectively. The processing event can differentially alter transcript stability of operon 

members, either positively or negatively (223, 224). Using RNA sequencing, Conway et 

al. (225) observed differential expression of polycistronic genes in 43% of the operons in 

E. coli. Differential regulation of operon expression is thus complex and widespread. 

Operon expression has been associated with cellular response to environmental 

stresses, including temperature fluctuation (226, 227). The coordination of gene 

expression in response to temperature downshift is in part governed by co-expression of a 

group of operons, with genes within an operon responding more similarly to cold shock 

conditions than monocistronic genes randomly selected from the genome (226). A major 

impact of low temperature involves thermodynamic stabilization of RNA secondary 

structure that inhibits RNA reorganization and thus function. Stabilized RNA can be 

relieved by RNA chaperones whose expression is frequently regulated by low 

temperature, including members of the cold shock protein (Csp) (228) and RNA helicase 

(73, 176) gene families. RNA helicases rearrange RNA secondary structure via duplex 

unwinding and/or annealing, frequently involving sRNA metabolism and thereby 

regulating gene expression (229-231).  

Cyanobacteria are Gram-negative bacteria that perform oxygenic photosynthesis 

and fix atmospheric carbon dioxide and thus have immense biotechnological and 

bioremediation potential. In response to low temperature, they induce a number of 

canonical cold-stress genes including RNA chaperones belonging to the RNA binding 

protein (Rbp) and RNA helicase families (105, 149, 232). While a diverse variety of 

mechanisms are known to regulate gene expression in response to temperature downshift, 

the molecular basis of crhR activation is not completely understood (233, 234). In the 
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model cyanobacterium, Synechocystis, the sensor histidine kinase, Hik33, regulates a 

subset of cyanobacterial cold stress genes that excludes crhR and other classic cold-

inducible genes (162, 234, 235), while a cold-specific sigma factor has not yet been 

reported in cyanobacteria (236). Thus, an as yet unknown mechanism regulates the 

temperature-dependent expression of Hik33-independent genes. Many cold stress genes 

are expressed in operons in Synechocystis, which encodes a total of 425 predicted 

operons (210). While processing of mRNAs is one mechanism by which expression of 

multicistronic operons can be differentially regulated, the extent of RNA processing and 

its impact on protein expression is poorly understood. Only a few examples of differential 

cistron regulation due to RNA processing have been reported in cyanobacteria: the 

nitrogenase operons of Anabaena variabilis ATCC 29413 (237-240) and two mixed 

sRNA-protein-coding gene operons in Synechocystis (241). 

We have previously shown that the product of the Synechocystis slr0083 gene, the 

RNA helicase CrhR, auto-regulates its own expression through a complex network of 

interactions at the post-transcriptional level involving temperature induced alteration of 

both transcript and protein stability (160, 164). Here, we provide evidence that the 

Synechocystis rimO-crhR operon is expressed as a dicistronic transcript that is rapidly 

processed into monocistronic transcripts having different stabilities. The mechanism is 

auto-regulatory, as CrhR RNA helicase activity is required for the RNA processing event, 

and potentially catalyzed by RNase E, which correctly cleaves the polycistronic transcript 

in vitro. The results reveal a novel mechanism by which bacteria can differentially 

regulate suboperonic gene expression in response to temperature shift that involves auto-

regulatory, RNA helicase dependent RNA processing that generates processed transcripts 

having divergent fates. 

 

3.3 Experimental procedures 

 

3.3.1 Cyanobacterial strains and growth conditions 

Synechocystis was maintained on BG-11 agar supplemented with 10 mM Tricine pH 8.0 

and 0.3% sodium thiosulfate (164). Two crhR mutant strains, a partial crhR deletion 

mutant created by insertion of a spectinomycin cassette (crhRTR) (104) and a crhR 
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complete deletion mutant, created by insertion of a neomycin cassette (ΔcrhR) (160), 

were grown as described below. The previously reported ΔcrhR strain 2-76 (104) was 

designated as crhRTR to differentiate it from the complete deletion mutant, ΔcrhR. 

Antibiotics were included as required, spectinomycin-streptomycin (50 μg ml-1 of each) 

for crhRTR and kanamycin (50 μg ml-1) for ΔcrhR. Photoautotrophic cultures were grown 

in liquid BG-11 at 30°C with continuous shaking (150 rpm) and bubbling with 

humidified air at an illumination of 50 μmol photons m-2 s-1 (41). Mixotrophic cultures 

were grown for an extended period in BG-11 supplemented with glucose (5 mM) to allow 

acclimation (182). Cold stress was induced in mid-log phase cells at 20°C for the 

indicated times. For temperature gradient and transcript half-life analyses, liquid cultures 

grown at 30°C were subjected to the indicated condition and aliquots harvested at the 

designated times prior to RNA isolation. Representative data is shown from a minimum 

of two biological replicates. 

 

3.3.2 RNA manipulation 

Total RNA was extracted from Synechocystis cells treated with an equal volume of 5% 

phenol-ethanol at the stated growth temperature as defined previously using glass bead 

lysis and extensive phenol-chloroform extraction (182). RNA samples were resolved in 

either formaldehyde 1.2% agarose gels for rimO transcript analysis or 8 M urea-8% 

polyacrylamide gels for detecting the rimO 5’ UTR. Resolved RNA was either capillary 

blotted overnight from agarose gels using 2× SSC or electro-transferred from 

polyacrylamide gels using a semi-dry transfer (Tyler) to Hybond-N nylon membranes 

(Amersham). Transferred RNA was UV-crosslinked to the membrane with a Stratalinker 

UV Crosslinker Model 1800 (120 mJ cm-2, 254 nm, Stratagene). Northern analysis was 

performed as previously described (164, 182) using [α-32P]-labelled riboprobes 

corresponding to a 202 nt fragment (Synechocystis genomic position: 2886403-2886603 

as designated in GenBank reference sequence NC_000911) internal to the rimO ORF, a 

90 nt segment (2886040-2886129) for the detection of the rimO 5’UTR transcript or a 93 

nt HincII-SacII fragment internal to the crhR ORF from pBS-probeR (Table 3.1). 

Oligonucleotides used to create the riboprobes are indicated in Table 3.2. The 

constitutively expressed transcripts, rnpB (primers rnpBf and rnpBr; Table 3.2) or 16S   

68



 

 

 

 

Table 3.1: Bacterial strains and plasmids used in this chapter.  

Strain or plasmid Relevant characteristic(s) Source, reference 
or application 

Synechocystis strains 

Wild type glucose-tolerant, non-motile strain (41) 

crhRTR crhR::spectinomycin cassette; C-terminal deletion of 
CrhR (104) 

ΔcrhR replacement of the complete crhR ORF with a neomycin 
resistance cassette (160) 

E. coli strains 

DH5α F-Φ80lacZΔM15 Δ(lacZYA-argF) U169recA1 endA1 
hsdR17 (rK-, mK+) phoA supE44 λ-thi-1 gyrA96 relA1 

Laboratory 
collection 

Plasmids 

pMON 36456 E. coli – Synechocystis hybrid cloning vector, GenR (186) 

pBS CrhR 
3.02 kb Synechocystis genomic fragment containing 1.4 
kb crhR ORF and flanking regions cloned in pBluescript 
KS+ 

(41) 

pProbeR pBS with a 93 bp HincII-SacII internal fragment of the 
crhR ORF 

crhR (slr0083) 
riboprobe, (164) 
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Table 3.2: Oligonucleotides used in this chapter.  

The T7 RNA polymerase promoter sequence is marked in bold. 

Oligonucleotide Sequence Source or 
application 

27F GAGTTTGMTCCTGGCTCAG 16S rRNA probe 

1492R ACGGYTACCTTGTTACGACTT 16S rRNA probe 

ARRR1 ATAAAGCTGCTGCTCAATGCG 5’ RACE-RCA,  
RT-PCR 

ARRR10 CCAACGCCATCAATTTGACC RT-PCR 

DCsr20f TAATACGACTCACTATAGGGGTGGTGCGATAACG
TGG slr0082 RNA probe 

DCsr20r CGTTATTTCCGGTTGCC slr0082 RNA probe 

DCsr21f TAATACGACTCACTATAGGGTGTAGGGTAGGGA
CTAAAC 

5’ UTR RNA 
probe 

DCsr21r CAAATAAAAAGGGTCTGACC 5’ UTR RNA 
probe 

GWO39 TGACGATGTGAAAACC Inverse PCR, 
sequencing 

GWO42 AGGGGAATGGCTTCAGTTTG Primer extension 

GWO45 AAGCCAATGTCGGCCAAGAG S1 nuclease target 

LPF45 TGTTATTGACGGTTGGTTCC RT-PCR 

LPF46 CAGTTTGAATTTGGGTGGGA Inverse PCR, 
sequencing 

M13 FWD (pBS) GTAAAACGACGGCCAGT S1 nuclease target 

RNaseE_CrhR_Fw TAATACGACTCACTATAGGTATGACCGCCGAGGA
GGCTAAGGTTTTTTAGCTATTGAA RNase E substrate 

RNaseE_CrhR_Rv TTCAATAGCTAAAAAACCTTAGCCTCCTCGGCGGT
CATACCTATAGTGAGTCGTATTA RNase E substrate 

rnpBf TAATACGACTCACTATAGGGGGCAGGAAAAAGA
CCAACC rnpB RNA probe 

rnpBr TAACTGACCACTGAAAAGG rnpB RNA probe 
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rRNA, were utilized as a control for RNA loading. Transcript half-life was determined in 

the presence of 400 μg ml-1 rifampicin to inhibit de novo mRNA synthesis. Transcript 

sizes were estimated using either the high range or low range RiboRuler RNA ladders 

(Thermo Fisher Scientific). Hybridized membranes were exposed to X-ray film for 3-5 

exposures for each biological replicate. The exposure providing the best representation, 

depicting a compromise between over-and under-exposure was used for quantification to 

mitigate potential exposure issues. Quantitation of transcript level was performed using 

rnpB abundance as an internal control using Image J software v1.45 S (NIH, USA) as 

previously described (164, 242). A minimum of two biological repeats were performed 

for each experiment and representative data shown. 

 

3.3.3 Identification of operon transcripts 

Total RNA was extracted from cyanobacterial cultures (164) and assessed qualitatively 

using an RNA Nano Bioanalyzer (Agilent Genomics) and quantitively by Qubit 

fluorometry v2.0 (Thermo Fisher Scientific). RNA was treated twice with RNase-free 

rDNase I (Ambion) and residual contaminating DNA assessed by the lack of 16S rRNA 

amplification using the universal bacterial primer pair 27F and 1492R (243). RNA 

samples were reverse transcribed using random hexamer primers and Superscript III 

reverse transcriptase (Invitrogen). The resulting cDNA libraries (20 ng) were used as 

templates for the RT-PCR and controls consisted of 50 ng wild type Synechocystis 

genomic DNA and milliQ-water. PCR amplifications were performed in HF buffer with 

standard reaction conditions for Phusion HS II (Thermo FisherScientific) for 25 cycles. 

Reaction products were separated on a 1.5% agarose-0.5× TBE gel, stained with ethidium 

bromide and imaged on a UV transilluminator (CellBioSciences AlphaImager HP). 

Images shown were inverted. 

 

3.3.4 Primer extension and S1 nuclease protection assays 

Primer extension and S1 nuclease protection assays were performed as described by 

Ausubel et al. (244). PNK (Roche) was used to end label primers GWO42 and GWO45 

(Table 3.2) with [γ-32P] ATP (Amersham). For primer extension, the 32P-GWO42 primer 

was annealed to total Synechocystis RNA (30 μg) in 1× hybridization buffer (1 M NaCl, 
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0.167 M HEPES-KOH [pH 7.5], 0.33 mM EDTA) with gradual cooling from 85°C to 

50°C over 3.5 h. Following EtOH precipitation, DNA synthesis with AMV-RTase (25 U, 

Roche) and 560 μM each dNTP was performed at 44°C for 1 h. The reaction was stopped 

by digestion with RNase A (1 μg, 10 min, 37°C) and EtOH precipitated ssDNA 

fragments were suspended in Sequenase Stop Solution (Amersham). 

dsDNA targets for S1 nuclease protection assays were produced by PCR from 

pBS-CrhR (41) using the pBS forward primer (M13 FWD) and 32P-GWO45. This 

generated a probe homologous to the region immediately upstream of the translation start 

site for crhR, extending from the EcoRI site in rimO to 80 bp into the crhR coding 

sequence (genomic location 2887355-2887723), as well as non-homologous 5’ sequence 

on the non-hybridizing strand. The GWO45/M13 FWD probe was annealed to total 

Synechocystis RNA (15-30 μg) by heat denaturation at 85°C for 10 min in 1× 

hybridization buffer followed by slow cooling to 37°C over 2 h. S1 nuclease (33 U, 

Amersham) digestion was performed for 30 min at 37°C. The reaction was stopped with 

S1 stop solution (0.8 M NH4OAc, 8 μg ml-1 tRNA, 4 mM EDTA [pH 8]) and EtOH 

precipitated ssDNA fragments were suspended in Sequenase Stop Solution (Amersham). 

Primer extension and S1 nuclease samples were separated on 6% DNA 

sequencing gels and signals detected by autoradiography for 3-5 d at -80°C with an 

intensifying screen. 

 

3.3.5 5’ RACE-RCA, inverse PCR and DNA sequencing 

The 5’ ends of the transcripts were determined using 5’RACE-RCA analysis as described 

by Polidoros et al. (245). Extracted total RNA, isolated from wild type cells grown under 

photoautotrophic conditions at 20°C, was treated with RNase-free DNase I (0.2 U per 1 

μg RNA) (Invitrogen) for 15 min at 37°C. Treated RNA was purified by extensive 

phenol-chloroform extraction, LiCl (2 M) precipitation and finally ethanol precipitation 

and dissolved in RNase-free water (Invitrogen). RNA was tested for genomic DNA 

contamination on the basis of the absence of PCR amplification of 16S rDNA, using 

universal bacterial 16S rDNA primers 27F and 1492R (243) and also of the Synechocystis 

rnpB gene with primers rnpBf and rnpBr (149) (Table 3.2) for 40 cycles. crhR gene-

specific cDNA synthesis was directed using a 5’ phosphorylated primer ARRR1 (Table 
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3.2) targeting transcripts with crhR-containing mRNA sequences starting 3 bp upstream 

of the internal PmlI site, the site used to generate the crhRTR mutant (Figure 3.1). First 

strand cDNA synthesis was performed in a final volume of 20 μl containing 1.0 μg DNA-

free RNA; 0.025 μg μl-1 phosphorylated ARRR1 primer; 0.5 mM dNTP (Fermentas); 40 

U RNase-OUT (Ambion) and 200 U M-MLV reverse transcriptase (Superscript III, 

Invitrogen). Reverse transcription was performed in a Techgene Thermal Cycler (Life 

Sciences) using the following conditions: 37°C for 60 min, 42°C for 60 min, 70°C for 15 

min. First strand cDNA was treated with 2 U RNase H (Invitrogen) for 15 min at 37°C 

and purified on a QiaQuick PCR purification column (Qiagen). 

Purified 5’ phosphorylated first strand cDNA products were circle ligated using 

CircLigase I (Epicentre). Ligation reactions contained 25 μl purified cDNA, 1× 

CircLigase buffer, 0.05 mM ATP and 150 U CircLigase I. The reaction mixture was 

incubated at 60°C for 1 h, heat inactivated at 80°C for 10 min and the final volume 

adjusted to 36.5 μl. Ligated cDNA was amplified using rolling circle amplification 

(RCA). The reaction mixture consisted of 36.5 μl cDNA, 11 μM modified random 

heptaprimer (phosphothioate blocked 3’n-1, n-2) (IDT DNA Technologies), 1.2 mM 

dNTP and 10 U Φ29 DNA polymerase (New England Biolabs) and incubated in a 

Techgene Thermal Cycler (Life Sciences) for 20 h at 30°C.  

Inverse PCR was performed on RCA products using primers GWO39 and LPF46 

(Table 3.2) to amplify cDNA sequencing containing crhR sequences. Amplified products 

were gel purified (QiaQuick gel purification kit, Qiagen) according to manufacturer’s 

instructions. Gel purified PCR products were sequenced using primer GWO39 and 

BigDye Terminator v3.1 cycle sequencing kit (Applied Biosystems). 

 

3.3.6 Primary transcript analysis 

Total RNA was isolated from mid-log phase Synechocystis wild type, crhRTR and ΔcrhR 

cells that were cold shocked at 20°C for 20 min to optimize slr0082 transcript 

accumulation. Aliquots (20 μg) were treated with 2 U of Terminator 5’-phosphate-

dependent exonuclease (Epicenter) for 60 min at 30°C, according to the manufacturers 

instructions. Untreated total RNA (5 μg) and Terminator treated samples were subjected 
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to Northern analysis using [α-32P]-labelled riboprobes, as described in the RNA 

manipulation section above and depicted in Figure 3.1. 

 

3.3.7 Identification of RNA-RNA interactions 

Potential mRNA targets of the 75 nt sRNA originating from the rimO 5’UTR were 

predicted using the program IntaRNA – RNA-RNA interaction available from: 

http://rna.informatik.uni-freiburg.de/IntaRNA/ (246). The first 75 nt following the TSS 

upstream of rimO were used for the 75 nt sRNA. Sequences 100 nt upstream and 50 nt 

downstream of the annotated translational start sites of all protein-coding genes were 

used for this analysis. Hence, if the prediction covers nt positions shortly before, after or 

overlapping 101 to 103, it may indicate interference with initiation of translation. A 

functional annotation chart (246) was generated by subjecting the top 50 predicted targets 

to functional enrichment using the DAVID database (247). 

 

3.3.8 RNA structure prediction 

Prediction of RNA secondary structures were modelled using the RNAfold v2.4.8 

WebServer (Universität Wien, Austria) with default parameters selected (248). Structures 

were visualized for publication in the VARNA Applet v3.93 (249). 

 

3.3.9 RNase E cleavage assay 

A 41 nt RNA containing the predicted processing sites was synthesized by in vitro 

transcription as substrate for the RNase E assay. Briefly, a DNA template was produced 

by annealing the ssDNA primers RNaseE_CrhR_Fw and RNaseE_CrhR_Rv (Table 3.2). 

The target RNA was transcribed with T7 RNA polymerase (Thermo Fisher Scientific), 

treated with RNA 5’ polyphosphatase (Epicenter), and phosphorylated with T4 

polynucleotide kinase (Thermo Fisher Scientific). The 3’ end labelling of the transcipr 

was performed with cy3 dye (Thermo Fisher Scientific). As a control, a 5’ 

monophosphorylated RNA oligonucleotide was synthesized that matched the sequence of 

the CRISPR3 repeat, a previously analyzed substrate for RNase E (250). A codon-

optimized and C-terminally His-tagged version of the Synechocystis RNase E-encoding 

gene slr1129 was expressed and the enzyme purified as recombinant protein as described 
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(250). Cleavage reactions were performed at 30°C for 30 mins in 10 μl RNase E cleavage 

buffer (25 mM Tris-HCl [pH 8.0], 60 mM KCl, 5 mM MgCl2, 100 mM NH4Cl, 0.1 mM 

DTT) and quenched with the addition of 2× RNA loading dye (95% formamide, 0.025% 

SDS, 0.025% bromophenol blue, 0.025% xylene cyanol FF, 0.5 mM EDTA [pH 8.0]). 

Following a 5 min denaturation at 95°C, reactions (80 ng RNA) were separated on a 8M 

urea-12% PAA gel, stained with SYBR Gold Nucleic Acid Gel Stain (Thermo Fisher 

Scientific; 1:10000), and visualized with a Laser Scanner Typhoon LFA 9500 (GE 

Healthcare; excitation 473 nm, emission filter long pass blue ≥ 510 nm, or excitation 532 

nm, emission filter BPG1 560 to 580 nm in case of Cy3 labelled RNA, photomultiplier 

value 450 or 500). 

 

3.4 Results 

 

3.4.1 Genetic organization of the rimO-crhR region in Synechocystis sp. PCC 6803 

The Synechocystis slr0083 gene encodes the DEAD-box RNA helicase, CrhR, expression 

of which is regulated by the redox status of the electron transport chain (41, 163). 

Upstream of the crhR gene is a hypothetical gene, slr0082, whose putative protein 

product has 38% identity with RimO, a ribosomal protein S12 methylthiotransferase 

(UniProtKB P0AEI4) and 29% identity with the paralogous MiaB, a tRNA 

methylthiolase (UniProtKB P0AEI1) from E. coli (251, 252). The genomic organization 

of wild type and two crhR mutants, a partial deletion mutant, crhRTR (104), and a 

complete deletion mutant, ΔcrhR (160), used in this study is shown in Figure 3.1. We 

utilized the two crhR mutants in this analysis as the crhRTR strain allows us to track 

expression and processing of the operon in the absence of RNA helicase activity (D. 

Chamot, personal communication) while the ΔcrhR strain allows analysis of rimO 

expression in the absence of crhR (160). 

 

3.4.2 Detection of full-length operon transcripts 

Our previous study of crhR expression suggested crhR was transcribed as a 

monocistronic transcript whose expression is auto-regulated by the functional crhR gene 

product (164). RT-PCR was performed to determine if the tandem encoded genes, rimO  
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Figure 3.2: rimO-crhR operon verification. 

(A) RT-PCR with the primers ARRR10, within the rimO ORF, or LPF45, between the -

110 primary transcript initiation site and crhR ORF, in conjunction with ARRR1, within 

the crhR ORF, was used to verify the presence of operon transcripts and crhR transcripts, 

respectively. Diagram is not to scale. (B) Operon (ARRR10-ARRR1) and crhR (LPF45-

ARRR1) transcript specific primer pairs were used to perform RT-PCR on total RNA 

isolated from wild type cells subjected to the indicated temperature treatments. (C) 

Operon specific RT-PCR (ARRR10-ARRR1) was performed on RNA extracted from 

wild type, crhRTR and ΔcrhR cells. Amplification from genomic DNA and in the absence 

of target DNA is shown as controls. The ethidium bromide stained gel is shown.
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and crhR, are expressed as an operon. The expected RT-PCR amplified products are 

shown in Figure 3.2A. A 1,178 bp product spanning the rimO and crhR genes, amplified 

across the transcription start site located at position -110 nt, was detected in wild type 

cells in addition to the 774 bp product corresponding to the crhR transcript (Figure 3.2B), 

confirming expression of rimO-crhR as an operon. Abundance of both amplicons was 

increased with low temperature, consistent with the previously observed pattern of crhR 

expression (164). Likewise, detection of an amplified PCR product spanning rimO-crhR 

in the crhRTR strain confirmed the presence of an operon transcript in the crhRTR mutant 

(Figure 3.2C). RT-PCR products were not detected in the ΔcrhR strain under any 

condition, as this strain does not contain the ARRR1 primer binding site within crhR 

(Figure 3.2C). 

 

3.4.3 CrhR inactivation results in deregulated expression of the rimO-crhR operon 

The enhanced accumulation of the crhR transcript is transient in response to cold stress, 

returning to basal levels after ~3 h (164). To further examine expression of genes in this 

operon, transcript abundance of the upstream rimO ORF was determined in wild type and 

crhRTR strains (Figure 3.3). In wild type cells, rimO expression was extremely transient 

and unstable, with minor amounts of a ~1,450 nt transcript consistent with the 1,465 nt 

monocistronic rimO transcript and a major, stable 550 nt transcript detected (Figure 

3.3A). A significant level of degraded rimO transcript was also detected, indicative of the 

rapid turnover of this transcript. Transient accumulation of rimO mRNA followed a 

similar pattern to that observed for crhR (164); however, the rate of accumulation and 

return to basal levels were significantly accelerated (Figure 3.3A and C). In contrast, 

detection of full-length truncated operon rimO-crhRTR (2,280 nt) and monocistronic rimO 

(1,465 nt) transcripts in the crhRTR mutant strain indicated that the rimO-crhR genes are 

expressed as an operon. Also reminiscent of crhR expression, the initial rate of 

accumulation for rimO was similar in both wild type and the crhRTR mutant for the first 

20 min (Figure 3.3B), suggesting that the initial cold sensing and response is not affected 

by crhR inactivation. In contrast, and similar to accumulation of the crhR transcript (164), 

the subsequent repression of rimO accumulation is dependent on functional CrhR, as the 

transient nature of the accumulation of rimO transcripts was not observed in response to   
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Figure 3.3: Time course of rimO transcript accumulation.8 

Time courses of rimO transcript accumulation at 20°C in (A) wild type and (B) crhRTR 

Synechocystis strains. Cells were grown to mid-log phase at 30°C at which time the 

cultures were transferred to 20°C for the indicated times. rimO transcript was detected by 

Northern analysis of total RNA (5 μg) probed with a 202 nt antisense fragment internal to 

the rimO ORF as shown in Figure 3.1. Blots were stripped and probed with the 

Synechocystis rnpB gene as a control for RNA loading. (C) Quantification of rimO 

transcript levels. Transcript levels were quantified using Image J software (242) and 

rimO accumulation is expressed as accumulation relative to rimO abundance observed in 

illuminated wild type cells grown at 30°C.   

8 This figure was originally published in (191) and is used with permission. 
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Figure 3.4: Time course of rimO transcript accumulation in ΔcrhR cells. 

Mid-log phase Synechocystis ΔcrhR cells were grown at 30°C and cold stressed at 20°C 

for the indicated times. rimO transcript levels were detected in total RNA (20 μg), as 

described in Figure 3.3. The ethidium stained 16S rRNA is provided as a control for 

RNA loading. The relative level of rimO abundance is provided below each lane with 

abundance normalized to rimO levels detected from illuminated cells grown at 30°C. 
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cold stress in the crhRTR mutant (Figure 3.3B). In addition, crhR mutation altered rimO 

transcript abundance, as significantly enhanced levels of the truncated rimO-crhRTR 

transcript (2,280 nt) plus significant accumulation of randomly degraded transcripts, 

including a stable 550 nt product, were detected in the crhRTR mutant (Figure 3.3B and 

C). A similar expression pattern was observed in the ΔcrhR strain, in which a transcript 

corresponding to the remaining 1,685 nt of the operon after insertion of the neomycin 

cassette used to delete the crhR ORF was detected (Figure 3.4). Again, significant 

degradation products including the 550 nt transcript were also detected. Stabilization of 

the rimO and full-length operon transcripts in the two crhR mutant strains suggests that 

CrhR is associated with regulating transcription, processing and/or degradation of the 

operon transcript. 

 

3.4.4 rimO transcript half-life is not affected by temperature downshift or crhR 

mutation 

The observed differences in transcript accumulation between wild type and crhRTR 

suggests that CrhR is potentially involved in the degradation of rimO mRNA. We 

therefore determined if crhR mutation affected rimO transcript half-life. In wild type 

cells, the rimO transcript half-life is temperature regulated, with half-lives of 2.5 and 6.0 

min observed at 30°C and 20°C, respectively (Figure 3.5A). A similar pattern was 

observed in crhRTR cells; there was only a marginal alteration in rimO transcript half-life 

at both warm and cold temperatures: 5.0 and 7.5 min at 30°C and 20°C, respectively 

(Figure 3.5B). The results imply that turnover of rimO mRNA is temperature regulated 

by a process that does not involve a CrhR-dependent RNA degradation pathway. 

 

3.4.5 Accumulation of a stable RNA from the rimO ORF 

To further characterize the effect of CrhR RNA helicase activity on the temperature 

regulated expression of the rimO ORF, wild type and crhRTR cells were exposed to 

temperatures ranging from 10°C to 35°C for 1 h (Figure 3.6). In wild type cells, a 

relatively constant accumulation of the stable 550 nt transcript from the rimO ORF was 

detected at all temperatures (Figure 3.6A). This is reflective of the results shown in 

Figure 3.3 where only the 550 nt transcript was detectable after 1 h of cold stress. In   
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Figure 3.5: rimO transcript half-life.9  

rimO transcript half-life was measured in (A) wild type and (B) crhRTR Synechocystis 

strains grown at 30°C to mid-log phase at which time the cultures were transferred to 

20°C for 20 min to induce maximal rimO transcript accumulation. de novo RNA 

synthesis was subsequently inhibited by the addition of rifampicin (400 μg ml-1) and half 

of each culture transferred back to 30°C. Aliquots for RNA extraction were harvested at 

the indicated times. rimO and rnpB transcripts were detected and quantified as indicated 

in Figure 3.3. Relative rimO transcript levels are indicated, normalized with respect to the 

level observed at time zero.  

9 This figure was originally published in (191) and is used with permission. 
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Figure 3.6: Temperature induction of rimO ORF expression.10  

(A) Wild type and (B) crhRTR Synechocystis strains were grown to mid-log phase at 30°C 

and divided into 6 aliquots, each of which was incubated at the indicated temperature for 

1 h. rimO transcript accumulation was determined in total RNA as described in Figure 

3.3. The blots were stripped and probed with the Synechocystis rnpB gene as a control for 

RNA loading. The relative level of rimO abundance is provided below each lane with 

abundance normalized to rimO levels detected from illuminated cells grown at 30°C.  

10 This figure was originally published in (191) and is used with permission. 

83



 
Figure 3.7: rimO accumulation in response to temperature acclimation.11  

The effect of exposure to progressively lower temperatures on rimO accumulation was 

determined in (A) wild type and (B) crhRTR Synechocystis strains. Cultures were grown 

to mid-log phase at 30°C and the entire culture progressively exposed to the indicated 

temperature, from 35°C to 10°C, for 1 h at each temperature. Aliquots for total RNA 

isolation were harvested after 1 h incubation at each temperature and rimO transcript 

levels quantified in total RNA (5 μg) as described in Figure 3.3. The blots were stripped 

and probed with the Synechocystis rnpB gene as a control for RNA loading. The relative 

level of rimO accumulation, normalized to the abundance in wild type cells grown at 

30°C, is provided below each lane.   

11 This figure was originally published in (191) and is used with permission. 
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contrast, in crhRTR cells, the rimO ORF probe detected both the rimO-crhRTR operon 

(2,280 nt) and rimO (1,465 nt) monocistronic transcripts, plus a smear of shorter 

transcripts, including the relatively constant accumulation of the 550 nt transcript (Figure 

3.6B). Overall transcript abundance in crhRTR cells increased progressively as 

temperature decreased to 15°C, then decreased at 10°C. A similar pattern of rimO ORF 

transcript accumulation was observed when the experiment was performed by 

acclimation of a single culture to progressively decreasing temperatures (Figure 3.7). As 

in Figure 3.4, the results show a significant difference in temperature dependent transcript 

accumulation between wild type and mutant crhRTR strains, suggesting a role for CrhR in 

regulation of rimO expression in addition to the previously described regulation of its 

own transcript. 

 

3.4.6 Accumulation of a stable RNA from the rimO 5’ UTR 

Expression of the dicistronic operon was further analyzed by determining expression of 

the rimO 5’ UTR, previously mapped to start at the position -143 nt relative to the start 

codon of rimO (253). Northern analysis using a 5’ UTR specific probe (Figure 3.1) 

detected a 75 nt stable transcript that accumulates in both wild type and crhRTR cells in a 

temperature-dependent manner (Figure 3.8A). Minor levels of longer products were 

progressively detected as temperature decreased (Figure 3.8A). Again, enhanced 

accumulation of the rimO 5’ UTR transcripts was observed in the crhRTR mutant, 

indicating a CrhR-dependent effect on rimO 5’ UTR processing or degradation (Figure 

3.8B). It was of interest to examine the reduction in the response of Synechocystis crhRTR 

cells to 10°C, as shown in Figures 3.6 and 3.7, in more detail. In wild type cells, 

decreasing accumulation of a 75 nt and slight amounts of longer transcripts was detected 

by the rimO 5’ UTR probe over time at 10°C (Figure 3.9A). In crhRTR cells, a relatively 

constant accumulation of the 75 nt transcript was detected at all time points following 

exposure to 10°C (Figure 3.9B). In addition, and in contrast to wild type cells, enhanced 

accumulation of longer transcripts was progressively observed in the crhRTR mutant 

(Figure 3.9B). Thus, a small stable RNA is generated from the rimO 5’ UTR, 

independent of CrhR activity, and crhR mutation also affected cellular ability to process 

and/or degrade transcripts originating from the rimO 5’   
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Figure 3.8: Temperature induction of rimO 5’ UTR expression.12 

Total RNA (5 μg) isolated from the cells grown in Figure 3.6 was separated on a 8 M 

urea-8% polyacrylamide gel and probed with a 90 nt riboprobe targeting the rimO 5’ 

UTR. Blots show transcript detected from (A) wild type and (B) crhRTR Synechocystis 

strains. The blots were stripped and probed for the Synechocystis rnpB gene as a control 

for RNA loading. The relative level of rimO 5’ UTR accumulation, normalized to the 

abundance in wild type cells grown at 30°C, is provided below each lane.   

12 This figure was originally published in (191) and is used with permission. 
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Figure 3.9: rimO 5’ UTR accumulation at 10°C.13 

Accumulation of the 75 nt transcript originating from the rimO 5’ UTR was analyzed in 

(A) wild type and (B) crhRTR Synechocystis strains grown to mid-log phase at 30°C (0 

time) and transferred to 10°C for the indicated times. Total RNA (5 μg) was separated on 

an 8 M urea-8% polyacrylamide gel and probed with a riboprobe corresponding to the 

rimO 5’ UTR. The blots were stripped and probed for the Synechocystis rnpB gene as a 

control for RNA loading. The relative level of rimO 5’UTR accumulation is provided 

below each lane. 

13 This figure was originally published in (191) and is used with permission. 

87



T
ab

le
 3

.3
: I

n 
si

lic
o  

pr
ed

ic
te

d 
ri

m
O

 5
’ U

T
R

 in
te

ra
ct

in
g 

m
R

N
A

s .14
 

Th
e 

to
p 

te
n 

Sy
ne

ch
oc

ys
tis

 tr
an

sc
rip

ts
 in

te
ra

ct
in

g 
w

ith
 th

e 
75

 n
t r

im
O

 5
’U

TR
 sR

N
A

 a
re

 sh
ow

n.
 

T
ar

ge
t 

St
ar

t  
(T

) 
E

nd
 

(T
) 

Q
ue

ry
 

St
ar

t  
(Q

) 
E

nd
 

(Q
) 

E
ne

rg
y 

p-
va

lu
e 

fd
r 

G
en

e 
A

nn
ot

at
io

n 

sl
r0

95
1  

11
6 

15
0 

75
 n

t  
23

 
73

 
-2

4.
94

 
3e

-0
6 

0.
00

90
 

is
pD

 
2-

C
-m

et
h y

l-D
-e

ry
th

rit
ol

-4
-p

h o
sp

ha
te

 
cy

tid
yl

yl
-tr

an
sf

er
as

e 

sl
l1

70
4  

97
 

14
9 

75
 n

t  
17

 
75

 
-1

7.
28

 
0.

00
08

8  
0.

86
66

 
cs

gA
 

ce
ll-

ce
ll 

si
gn

al
in

g 
pr

ot
ei

n 
C

-f
ac

to
r  

sl
l0

49
7 

26
 

39
 

75
 n

t 
23

 
35

 
-1

6 .
84

 
0.

00
11

6 
0.

86
66

 
 

 

sl
l1

06
4 

15
 

58
 

75
 n

t 
19

 
72

 
-1

6.
18

 
0.

00
17

 
0.

86
66

 
 

 

sl
l0

72
9 

10
9 

14
0 

75
 n

t 
50

 
75

 
-1

6.
04

 
0.

00
18

9 
0.

86
66

 
 

m
od

ifi
ca

tio
n 

m
et

hy
la

se
 

ss
l3

09
3 

3 
41

 
75

 n
t 

1 
32

 
-1

5.
99

 
0.

00
19

5 
0.

86
66

 
cp

cD
 

ph
yc

oc
ya

ni
n 

as
so

ci
at

ed
 li

nk
er

 p
ro

te
in

 

sl
l1

55
8 

13
0 

14
7 

75
 n

t 
13

 
30

 
-1

5.
94

 
0.

00
20

1 
0.

86
66

 
 

m
an

no
se

-1
-p

ho
sp

ha
te

 g
ua

ny
ly

l-t
ra

ns
fe

ra
se

 

ss
l7

00
4 

12
8 

15
0 

75
 n

t 
11

 
34

 
-1

5.
45

 
0.

00
27

0 
0.

92
26

0 
 

pr
ob

ab
le

 p
la

sm
id

 st
ab

ili
ty

 p
ro

te
in

 

sl
r 1

70
5 

87
 

11
3 

75
 n

t 
16

 
35

 
-1

4 .
82

 
0.

00
39

14
8 

0.
92

26
05

2 
as

pA
 

as
pa

r to
-a

cy
la

se
 

sl
r 7

06
8 

89
 

12
0 

75
 n

t 
10

 
35

 
-1

4 .
76

 
0.

00
40

53
5 

0.
92

26
05

2 
 

C
as

6-
2a

 C
R

IS
PR

 e
nd

on
uc

le
as

e 

14
 T

he
 in

 si
lic

o 
an

al
ys

is
 w

as
 p

er
fo

rm
ed

 b
y 

W
.R

. H
es

s, 
U

ni
ve

rs
itä

t d
e 

Fr
ei

bu
rg

. 

88



 

Figure 3.10: In silico identification of potential Synechocystis sequences interacting 

with the rimO 5’UTR.15 

(A) Predicted interacting regions in the 75 nt sRNA originating from the rimO 5’ UTR. 

(B) Predicted rimO 5’ UTR interacting regions in potential target mRNAs. (C) Functional 

annotation chart generated by subjecting the top 50 predicted targets to functional 

enrichment using the DAVID database (254). The heat map shows all members of 

clusters with an enrichment score ≥1. Each row represents a gene and each column a 

specific functional term. If the gene can be assigned to a term, the corresponding square 

is filled. The opacity of the colour depends on the p-value of the IntaRNA prediction. A 

more intense colour represents a more significant p-value. Only 8 genes are detected here 

as functionally related. Note that the enrichment score of 0.7 for the “tetrapyrrole 

biosynthetic process” is below the value of 1.3 recommended (247).While a higher score 

represents a more statistically significant enrichment, it has been acknowledged that 

values below 1.3 may also contain useful information (247)   

15 The in silico analysis was performed by W.R. Hess, Universität de Freiburg. 
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UTR, an effect that progressively increased in response to exposure time at reduced 

temperature.  

 We performed in silico analysis to identify potential mRNA targets of the 75 nt 

sRNA originating from the rimO 5’ UTR using the program IntaRNA (246). We utilized 

the first 75 nt following the TSS because in the previous genome-wide analysis of 

transcriptional start sites and 5’ ends, no alternative 5’ ends were found within the 5’ 

UTR of rimO (241), leading to the assignment of the 75 nt sRNA as originating from the 

TSS of this gene. In silico prediction of potential mRNA targets for the 75 nt rimO 5’ 

UTR-derived sRNA identified candidates that included gene products associated with 

tetrapyrrole metabolism (Figure 3.10 and Table 3.3). Some of these candidates have 

predicted interaction energies and interaction sites consistent with known mechanisms of 

regulation. 

 

3.4.7 Determination of transcript 5’ ends in the rimO-crhR region 

Previous northern analysis (164) and the RT-PCR data presented above suggested that 

rimO-crhR operon expression involves an RNA processing site between the rimO and 

crhR cistrons in addition to the transcription start site located at position -110 nt with 

regard to the crhR initiation codon. Therefore, S1 nuclease protection and primer 

extension assays were employed to address all existing transcript 5’ ends in this region. 

Both procedures identified the transcript start at position -110 or -111 nt, relative to crhR, 

in cells grown in the light (photoautotrophic) and in the presence of light + glucose 

(photomixotrophic) to visualize potential alterations in transcript start site use in response 

to growth conditions (Figure 3.11A and B). A strongly protected fragment corresponding 

to the entire probe was detected by S1 nuclease protection (Figure 3.11A), indicating the 

presence of a promoter upstream of the EcoRI site in rimO (see Figure 3.1). The crhR 

transcript was not detected by primer extension from cells grown in the dark (Figure 

3.11B). Primer extension also identified a transcript 5’ end 140 nt upstream of the crhR 

initiation codon in photomixotrophic cells, within the rimO ORF (Figure 3.11B). 

To initiate analysis of the operon processing mechanism, 5’ Rapid Amplification 

of cDNA Ends (RACE) was utilized to identify the 5’ ends of the stable crhR ORF 

transcripts that accumulate in the crhRTR mutant at 20°C (164). The crhRTR inactivation   
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Figure 3.11: Identification of 5’ termini of transcripts.16 

5’ termini corresponding to crhR transcripts present in total RNA were determined using 

(A) S1 nuclease protection or (B) primer extension assays. Wild type Synechocystis cells 

were grown photoautotrophically at 30°C in the light and exposed to dark (3 h) or 

photomixotrophically in the presence of glucose (5 mM), as indicated. (A) S1 nuclease 

protection performed on cultures grown in photoautotrophic (lane 1), dark for 3 h (lane 

2), and photomixotrophic (lane 3) conditions. The EcoRI site at the end of sequence 

homology within the S1 nuclease protection probe is indicated by “Probe (EcoRI -289)”. 

(B) Primer extension as performed on total RNA isolated from cultures grown in 

photoautotrophic (lane 1), dark 3 h (lane 2) and photomixotrophic (lane 3) conditions. 

DNA sequencing ladders are shown for orientation. (C) The region upstream of rimO is 

depicted with the primary transcript terminus detected by both 5’ RACE and deep 

sequencing (253) at -143 relative to slr0082 shown in pink. (D) The region upstream of 

crhR is depicted with the sites at which detected transcripts start. A primary transcription 

start site identified at -110 relative to slr0083 by primer extension, S1 nuclease protection 

and deep sequencing (253) is shown in blue. A second transcript terminus is also detected 

by primer extension under mixotrophic growth conditions (-140, pink) and 5’ RACE (-

138, orange). The translational stop codon for rimO (TAG) and the crhR start codon are 

shown in red and green, respectively.  

  

16 Panels A and B of this figure were originally published by Sonya Kujat-Choy in (255) and the 5’ RACE 

analysis by Albert Remus R. Rosana in (191). This data is used with permission of the original authors. 
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strategy should have resulted in a 785 nt truncated crhR mRNA but previous northern 

analysis (164) also revealed three larger transcripts which, combined with the results 

presented above, indicates that they originate from co-transcription with the upstream 

rimO gene as a dicistronic message. Using 5’ RACE-RCA, the 5’ ends of the longest and 

shortest transcripts were mapped on RNA isolated from crhRTR cells grown under 

photoautotrophic conditions at 20°C. RACE identified that the 2,280 nt rimO-crhRTR 

transcript initiated 143 nt upstream of the rimO ORF and extended to the PmlI site within 

the crhR ORF from which the 5’ RACE priming was initiated. Detection of this transcript 

therefore verifies that slr0082-crhR is expressed as a dicistronic operon in crhRTR cells 

grown at 20°C. The shortest mRNA identified was an 815 nt transcript that started 138 nt 

upstream of the crhR start codon, within the 3’ end of the rimO ORF. A clone containing 

the shorter 785 nt transcript originating from the primary transcription start site at -110 

was not detected in the clones selected for sequencing from the 5’ RACE experiment. 

Extensive attempts to map the 5’ ends of the ~1,500 and ~1,300 nt transcripts were not 

successful, possibly due to their reduced abundance. The identified nucleotides 

corresponding to the 3’ termini of rimO and the 5’ start of the crhR transcripts are 

summarized in Figure 3.11C and D.  

 

3.4.8 Identification of primary transcripts 

Terminator 5’-phosphate-dependent exonuclease was used to confirm expression of 

slr0082 and crhR as a primary dicistronic operon, and to provide evidence that a 

transcript processing event created the major, ~1,700 nt crhR transcript detected at 20°C. 

Terminator 5’ phosphate-dependent exonuclease destroys processed RNA transcripts 

containing a 5’ mono-phosphate, leaving primary, 5’ tri-phosphate transcripts intact. In 

wild type cells, the crhR ORF probe detected a major ~1,700 nt transcript while a 

transcript corresponding to the full-length slr0082-crhR operon (3,180 nt) was not 

detected (Figure 3.12A). Terminator depletion substantially reduced the abundance of the 

~1,700 nt crhR transcript (*, Figure 3.12A). This indicates that the majority of this RNA 

is composed of a processed transcript starting at -138, with a basal level of a primary 

transcript that starting at -110. A ~2,100 nt transcript weakly detected in the untreated 

RNA was detected after Terminator depletion in wild type cells (**, Figure 3.12A), the   
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Figure 3.12: Detection of primary transcripts. 

Total RNA was isolated from mid-log phase Synechocystis wild type, crhRTR and ΔcrhR 

cells cold shocked at 20°C for 20 min. Aliquots of either untreated RNA (5 μg) or RNA 

treated with Terminator 5’monophospate-dependent exonuclease (20 μg), were subjected 

to Northern analysis to detect the slr0083 (crhR) (A) or slr0082 (B) ORF transcripts. 

Abundance of the rnpB transcript (C) was used as an RNA loading control and indicator 

for activity of the Terminator exonuclease. A significant proportion of the ~1700 nt crhR 

transcripts (*) have processed 5’ termini, while the primary, 2000 nt transcript (**) 

originating at the -504 transcription start site internal to slr0082 is enriched. A doublet of 

slr0082 transcripts (outlined with a box) ~1500 nt can be detected in ΔcrhR.  
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Figure 3.13: Summary of rimO-crhR operon transcript start sites and products. 

The detected transcripts produced from the rimO-crhR operon and their predicted lengths 

are shown in a genomic context. Known primary transcripts are depicted in red and 

transcripts originating from the proposed processing event are indicated in blue. The 

stable 75 and 550 nt transcripts originating from the rimO 5’ UTR and ORF, respectively, 

are shown in purple. FL, full length operon transcript; P, processed operon transcript; Δ, 

complete crhR deletion mutant; TR, truncated crhR.  
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size corresponding to the internal transcript initiation site identified by Kopf et al. (241). 

In the crhRTR partial deletion mutant, four transcripts (~2,300, 1,500, 1,300 and 800 nt) 

were detected, as previously shown (164), with the 800 nt transcript predominating 

(Figure 3.12A). Terminator depletion substantially removed these transcripts, indicating 

that the majority of these transcripts originate from processing events except for a basal 

level of primary transcript. Transcripts were not detected by the crhR ORF probe in the 

complete crhR deletion mutant, ΔcrhR (Figure 3.12A). 

Similar analysis of the slr0082 ORF detected a slight smear of transcript in wild 

type cells, again indicative of the basal level of expression and rapidity of turnover of this 

transcript (see Figure 3.3). In contrast, an intense smear is detected below the abundant 

~2,300 nt slr0082-crhRTR operon (2,280 nt) transcript in crhRTR cells, indicating 

enhanced stability, and possibly reduced processing of this transcript (Figure 3.12B). The 

smearing is not indicative of problems with the RNA preparation, as the same RNA 

samples were utilized for all the analyses shown in Figure 3.12. Terminator treatment 

removes all of these transcripts, indicating the ~2,300 nt slr0082-crhRTR operon transcript 

ending at the slr0083 PmlI deletion site, detected in crhRTR cells, was processed at the 5’ 

end, presumably during generation of the 75 nt stable transcript (see Figure 3.8). A 

doublet of ~1,600 and 1,500 nt transcripts is detected in untreated and Terminator treated 

RNA isolated from ΔcrhR cells (□, Figure 3.12B). The 1,600 nt transcript is indicative of 

slr0082 expression up to the translation initiation codon of slr0083, where the neomycin 

cassette was inserted to construct ΔcrhR. The 1,500 nt transcript represents the expected 

transcript originating from RNA processing of the 1,600 nt transcript at the predicted 

RNA processing site. The extent of the Terminator depletion of processed RNA was 

indicated by the extensive, but not complete, reduction in rnpB transcript detected in 5’ 

exonuclease treated samples (Figure 3.12C). A schematic summarizing the major 

transcripts observed is provided in Figure 3.13, with primary transcripts shown in red and 

processed transcripts shown in blue. 

 

3.4.9 Identification of putative RNase E processing mechanism 

Since the data above suggested that the transcript initiating -138 nt upstream of crhR is 

likely a processed transcript, the sequence and predicted structure of the RNA 
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surrounding the -138 nt site were analysed to identify a processing mechanism (Figure 

3.14A). The secondary structure of a 41 nt fragment (genomic position 2887481-

2887521) was predicted using the RNAfold web server (248). The resulting structure has 

a 3 bp hairpin within the 5’ sequence, and contains the observed potential processing site 

at -138 nt, as well as the -140 nt site identified by primer extension within an unpaired 

region (Figure 3.14A). The short, upstream hairpin, and the presence of a uridylate-rich 

region immediately downstream of the predicted processing sites are consistent with the 

sequence and structure elements previously identified as required for RNase E cleavage 

in Salmonella enterica (256), and in Synechocystis within the psbA 5’UTR (257) and the 

crRNA maturation site in a CRISPR-Cas subtype III-Bv system (250). This sequence and 

structure conservation prompted us to experimentally test cleavage of this RNA by 

RNase E.  

 RNase E cleavage assays were performed in vitro on the 41 nt rimO-crhR RNA 

fragment shown in Figure 3.14B. After incubation with the recombinant Synechocystis 

RNase E, this RNA was processed into major products with lengths of 26/27 and minor 

products at 35/36 ± 1 nt (Figure 3.14B, left panel). In order to prove that the fragments 

were cleaved from the 5’ end, the 3’ end of the 41 nt RNA was labelled with Cy3 and 

used as a substrate in the RNase E cleavage assay. The resulting Cy3-labelled products 

were shorter than 26 nt, confirming the 26/27 and 35/36 nt fragments originated from the 

5’ end of the transcript (Figure 3.14B, right panel). Comparison of the RNase E-treated 

RNA to a sample of the same 41 nt transcript incubated with hydroxide confirmed that 

the cleavage of the rimO-crhR RNA fragment by RNase E occurred in a site-specific 

manner, while the CRISPR3 repeat as substrate (250) was included as a control for 

RNase E activity and showed the expected cleavage fragments (Figure 3.14B, left panel). 

The CRISPR3 control consists of a 36 nt 5’-monophosphorylated synthetic RNA 

oligonucleotide with a sequence identical to the repeats within the CRISPR3 repeat-

spacer array of Synechocystis. RNase E cleaves 22 and 23 nt from the 5’ end of these 

repeats in vitro and in vivo as the major maturation endonuclease for this CRISPR-Cas 

system (250). The 26 nt RNase E cleavage product generated from the rimO-crhR RNA 

fragment is consistent with the location of the identified -138 nt processing site and 

demonstrates that it is suitable for RNase E-dependent RNA processing. The sequence   
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Figure 3.14: Evidence for RNase E processing of the rimO-crhR operon.17 

(A) Sequence and predicted secondary structure of the rimO-crhR transcript used in the 

RNase E cleavage assay. The secondary structure of the RNA fragment is similar to those 

identified for the RNase E substrates in the CRISPR3 repeat (250) and within the psbA 5’ 

UTR in Synechocystis (257). The two major RNase E processed 5’ transcript termini 

identified at -137 and -136 nt upstream of crhR are indicated by arrows, and the stop 

codon of rimO is boxed. (B) RNase E processing. Left panel: Products of the RNase E 

cleavage assay using the 41 nt in vitro transcript as substrate. Cleavage of the CRISPR3 

repeat substrate (labeled with an asterisk) according to Behler et al. (250), as well as 

hydroxide degradation of the rimO-crhR fragment, are provided as controls. The cleavage 

assay was repeated for the 41 nt fragment labelled with Cy3 at the 3’ end. Substrates and 

major 26 and 27 nt processing products are marked by arrows. A T7 RNA polymerase 

generated in vitro RNA fragment or a synthetic RNA oligonucleotide (CRISPR3 repeat) 

were incubated with recombinant Synechocystis RNase E for 30 min at 30°C. Reaction 

products (80 ng RNA) were separated on an 8 M urea-12% PAA gel and stained with 

SYBR Gold. Right panel: Same 8 M urea-12% PAA gel, but only signals from Cy3 were 

detected.  

17 The RNase E assay was performed by A. Migur, Universität de Freiburg (258) and is used with 
permission. 
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and structural features (Figure 3.14A) as this site (GGU↓U↓U) as well as at the minor 

35/36 site (CU↓A↓UU) are consistent with the strong preference for a uridine in the +2 

position as previously identified by Chao et al. (256). Thus, the minor 35/36 nt products 

also resulted from cleavage consistent with known RNase E substrate specificities, 

although they do not match the identified transcript termini in vivo. There products may 

represent either additional processing sites that were not identified during the 5’ RACE, 

or sites that are cleaved by RNase E in vitro but not in vivo. The sequence of the -140 nt 

putative processing site, AA↓GGU, lacks the uridine in the +2 position and was not 

confirmed in the RNase E assay, indicating that it may be processed by a different 

endoribonuclease. 

 

3.5 Discussion 

Here, evidence is provided for a suboperonic gene regulatory mechanism in which RNase 

E-dependent processing generates differential expression of monocistronic transcripts 

from the dicistronic rimO-crhR operon in Synechocystis. Thus, the discoordinate 

expression of the rimO-crhR operon varies from that observed for operons in other 

bacterial systems, in which member transcripts are equally expressed (212) or where 

expression decreases with distance from the 5’ end (259, 260). Previous RNA sequencing 

evidence suggested that rimO and crhR, encoding a methylthiotransferase and the 

DEAD-box RNA helicase CrhR, are potentially expressed from a major promoter 

upstream of rimO (253), while rimO and crhR were also detected as monocistronic 

transcripts (241). These analyses failed to explain how the observed differential 

accumulation of rimO versus crhR monocistronic transcripts was achieved. Here we 

show that the dicistronic message is rapidly processed to generate monocistronic mRNAs 

with differing half-lives. Interestingly, although CrhR is not necessary and sufficient for 

RNA processing, it is auto-regulatory, as the rate of RNA processing is enhanced by 

CrhR RNA helicase activity. RNA processing occurs at a site with an RNase E consensus 

motif that is cleaved by recombinant RNase E in vitro. Predicted secondary structures at 

the 5’ and 3’ termini of the crhR and rimO transcripts, generated by RNA processing, are 

consistent with protection of crhR from ribonucleases, leaving the vulnerable rimO 

transcript to be rapidly degraded. The proposed scenario will result in efficient generation 
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of cistron transcripts with differing stability while maintaining co-transcription of rimO 

and crhR. A model outlining regulation of rimO-crhR operon expression, including 

transcription, RNA processing and consequences for the respective transcripts, is shown 

in Figure 3.15. 

 

3.5.1 rimO-crhR is expressed as a dicistronic operon 

Evidence for the dicistronic expression of rimO and crhR was provided by northern, 

5’RACE and RT-PCR results, indicating that expression of rimO and crhR is complex, 

involving transcription from at least two promoters. In wild type cells, the promoter 

upstream of rimO produces a primary dicistronic transcript during cold stress that is 

rapidly processed into two monocistronic transcripts. The second transcription start site is 

located between rimO and crhR, at the previously identified -110 position (41, 253), and 

presumably generates basal levels of CrhR at all temperatures. 

 

3.5.2 RNA processing generates monocistronic transcripts with differing fates 

Here we show that in wild type cells, both rimO and crhR are primarily detectable as 

monocistronic transcripts with minimal levels of the full-length dicistronic message 

detected. In the absence of CrhR RNA helicase activity, stabilized, full-length operon 

transcripts extensively accumulate, in addition to transcripts that correspond to either the 

rimO or crhR monocistronic ORFs. This observation is crucial, as it indicates that: i) 

CrhR RNA helicase activity is associated but not absolutely required for the RNA 

processing event, and ii) that the full-length operon transcript is stable until the 

processing event occurs. The latter point is associated with our observation that the two 

monocistronic transcripts have significantly disparate half-lives. The wild type half-lives 

are dramatically affected by temperature and are significantly shorter for rimO; rimO 

exhibits half-lives of 6 min and 2.5 min and crhR >30 min and 10 min at 20°C and 30°C, 

respectively (164). This is in distinct contrast to the observation that the rimO or crhR 

half-lives were not dramatically altered by crhR inactivation, suggesting that CrhR is not 

directly involved in further degradation of these monocistronic RNAs. Rather, the 

enhanced accumulation and stabilization of the full-length operon transcript in the crhR 
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mutant indicates that RNA processing selectively destabilizes the rimO transcript, a 

process that is associated with functional CrhR RNA helicase activity. 

 While not all sites suitable for cleavage by RNase E in vitro are significant in vivo 

(261), processing at the -138 nt site in rimO-crhR is potentially critical for the observed 

differential stability of the rimO and crhR transcripts. After processing, the upstream 

gene product in the rimO-crhR operon is predicted to have a relatively unstructured 3’ 

terminus, the most stable structure (ΔG = -4.7 kcal mol-1) consisting of a single 3 bp 

hairpin with a 5 nt loop (Table 3.4) within the final 45 nt of the transcript. This 

unstructured 3’ end potentially allows 3’-5’ exonucleases to efficiently access and 

perform the observed rapid degradation of the rimO transcript. In contrast, the 3’ 

terminus of the downstream gene product, encoding crhR, is predicted to have a more 

stable (ΔG = -17.0 kcal mol-1) hairpin with an 11 bp stem and 10 nt loop, which 

potentially confers protection from 3’-5’ exonucleases. In addition, three stable stem-loop 

structures, with a combined ΔG = -23.1 kcal mol-1, are predicted to form at the 5’ end of 

the processed crhR transcript (Table 3.4). These structures likely perform the same 

protective function as the 5’ structures identified by Dar and Sorek (224) in processed E. 

coli transcripts, and perhaps extend to protection from the homolog for the 5’-3’ 

exonuclease, RNase J, in Synechocystis (262). 

 Interestingly, further processing and/or degradation of the rimO-crhR operon 

generates two candidate sRNAs that originate from the 5’UTR and the coding sequence 

of rimO. It should be noticed that the processing events that generate these stable 

transcripts do not appear to be regulated by CrhR activity. A function cannot be proposed 

for these sRNAs yet; however, computational analyses predicted mRNAs encoding 

enzymes involved in pigment biosynthesis, signaling proteins and others as possible 

targets indicating potentially interesting regulatory relationships (Figure 3.10 and Table 

3.3). NsiR4 illustrates the possible functional relevance of such sRNAs, since cells 

lacking it are out-selected during periods of low nitrogen, consistent with its targets in the 

machinery controlling nitrogen assimilation (263). In addition, a 98 nt sRNA, Nc117, 

originating from the slr0550-slr0551 intergenic spacer was described by Pei et al. (264). 

Since there is not a transcription start site in this region, Nc117 derives from the 5’ UTR 

of slr0551, encoding RNase J. Hence, this arrangement is similar to the situation with the   
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Table 3.4: Predicted RNA structures at termini of processed transcripts. 

The sequences of the processed transcripts of rimO and crhR were used to predict RNA 

structures with the RNAfold Web Server (http://rna.tbi.univie.ac.at/cgi-

bin/RNAWebSuite/RNAfold.cgi). The sequence and structure for 45 nt at the 3’ terminus 

of each transcript was extracted from the predicted structure of the full processed 

transcript. For structures at the 5’ terminus of the crhR transcript, the extracted sequence 

and structure was from the processing site to the start codon of crhR. The Gibbs free 

energy calculation is based on the extracted sequence and structure. Structures are shown 

in dot-bracket notation. 

Gene Terminus RNA sequence & structure ΔG 
(kcal/mol) 

-138 nt processing site 

rimO 3’ 
CCGACGAUUAUGACCUGUACGGUAUGACCGCCGAGGAGGCUAAGG 

.............................(((.....)))..... 
-4.7 

crhR 5’ 

UUUUUUAGCUAUUGAACUAAGGGGAUGGACUGGCUGUGUUAUUGA 

....................((((((((.((((((((.......) 

CGGUUGGUUCCCAGCCAUUCCCGCAAACUUUUUAAUCCUUAAUUA 

))).......))))))))))))(((((....((((...))))... 

UUUGCCCACUAAACCGUCUUUUGUUAUCCGAAAUUAUUUAACUUU 

)))))........................((((..........)) 

UCCAUG 

)).... 

-23.1 

crhR 3’ 
GGAAAAAAAUAACUCCUCCAGAACUAAGACCCUGGGGGAGUUUUA 

..........(((((((((((..........)))))))))))... 
-17.0 

-140 nt processing site 

rimO 3’ 
CACCGACGAUUAUGACCUGUACGGUAUGACCGCCGAGGAGGCUAA 

...............................(((.....)))... 
-4.7 

crhR 5’ 

GGUUUUUUAGCUAUUGAACUAAGGGGAUGGACUGGCUGUGUUAUU 

......................((((((((.((((((((...... 

GACGGUUGGUUCCCAGCCAUUCCCGCAAACUUUUUAAUCCUUAAU 

.)))).......))))))))))))(((((....((((...)))). 

UAUUUGCCCACUAAACCGUCUUUUGUUAUCCGAAAUUAUUUAACU 

..)))))........................((((.......... 

UUUCCAUG 

)))).... 

-23.1 

crhR 3’ 
GGAAAAAAAUAACUCCUCCAGAACUAAGACCCUGGGGGAGUUUUA 

..........(((((((((((..........)))))))))))... -17.0 
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75 nt sRNA described here as originating from the 5’ UTR of slr0082. Overexpression of 

Nc117 led to an improved tolerance to exogenous biofuel stress by an unknown 

mechanism (264), supporting the biological functionality of such transcripts in 

Synechoystis further. Moreover, hundreds of candidate sRNAs derived from processing 

of mRNA coding sequences and 3’UTRs have been identified in E. coli (265, 266). 

Overall, our data further extends the range of bacterial lineages that host this new class of 

sRNAs, suggesting they perform an important role in the regulation of gene expression in 

cyanobacteria. Similar examples of RNA processing associated with differential 

suboperonic gene expression were reported for the two nitrogenase gene clusters in the 

cyanobacterium Anabaena variabilis ATCC 29413 (237-240). Processing of the 

nifBSUHDKEN-1 gene cluster, immediately upstream of nifH1 (237) generates an 

extended transcript half-life for nifH1, nifD1 and nifK1 relative to the other nitrogenase 

genes (239). This effect is associated with multiple processing events and two stem-loop 

structures upstream of nifH1 which convey stability to the processed nifH1 transcript 

(240) Although details of the processing mechanism were not identified in these studies, 

the findings clearly resemble the mechanism investigated here that regulates the 

discoordinate expression of the rimO-crhR operon. 

 

3.5.3 A role for the CrhR RNA helicase in rimO-crhR transcript processing 

In vitro cleavage of the rimO-crhR transcript at the -138 nt site upstream of crhR is 

consistent with an RNase E-dependent processing mechanism, as both the RNA 

sequence, GG↓UUU, which  conserves the strong preference for a uridine in the +2 

position, and the secondary structure in the vicinity of the processing site fit the “ruler 

and cut” mechanism for RNase E proposed by Chao et al. (256) (Figure 3.15). As RNase 

E and CrhR have previously been reported to cosediment with polysomes from 

Synechocystis (Chapter 2), the difference in the rates of rimO-crhR processing between 

wild type and crhRTR cells may identify a role for CrhR in the processing event. 

Functionally, the ability of CrhR to both unwind and anneal RNA duplexes in vitro (153) 

could be intimately associated with the rimO-crhR processing mechanism. During 

transcription, CrhR could interact with the operon transcript directly at the processing site 

stem loop and function as an RNA clamp, recruiting RNase E, which will cleave after 
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CrhR-mediated secondary structure restructuring occurs, as depicted in Figure 3.15. 

Alternatively, the processing site could also base pair with the crhR ORF thereby 

masking the processing site. CrhR could rearrange this RNA secondary structure to 

generate ssRNA required for RNase E cleavage (Figure 3.15). 

 Two similar examples of bacterial RNA helicase involvement in RNA processing 

involving differential regulation of suboperonic gene expression have been reported. The 

E. coli DEAH-box RNA helicase, HrpA, is required for efficient endonucleolytic 

cleavage of the daaA-E polycistronic mRNA via an unknown mechanism (61). The 

processing event stabilizes daaE while destabilizing the daaA-D transcript upstream of 

the cleavage site (61). In the Salmonella pldB-yigL dicistronic operon, yigL is stabilized 

after processing by binding of the sRNA SgrS, an interaction mediated by the RNA 

chaperone Hfq (216). Thus, a common theme appears to be emerging in which an RNA 

chaperone, either an RNA helicase or Hfq, is required for RNA processing that generates 

differential transcript stability of suboperonic members in several different bacteria. 

 

3.5.4 rimO-crhR co-transcription and cold stress 

The genes rimO and crhR are syntenic in many cyanobacteria (147), consistent with the 

idea that genomic context can indicate functional relatedness (267). It is therefore 

tempting to speculate that co-transcription of rimO and crhR may indicate that both 

proteins function in enhancing cellular fitness during cold stress. In support of this 

proposal, CrhR has been shown to co-precipitate with polysomes and RNA degradosome 

components (Chapter 2). Furthermore, DEAD-box RNA helicase association with cold 

adaptation is widespread in bacteria including the cold-induced E. coli helicases, CsdA 

and SrmB, that function in assembly of the large ribosomal subunit (109, 110), formation 

of a cold-adapted degradosome (178), and translation initiation (268).  

 

3.5.5 Conclusion 

In conclusion, we provide evidence that rimO-crhR is expressed as an operon whose 

transcript is rapidly processed by RNase E into monocistronic mRNAs with divergent 

half-lives. The process is auto-regulatory, as activity of the slr0083-encoded DEAD-box 

RNA helicase, CrhR, is associated with, but not absolutely required, for processing. 
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Further research is required to discern the role CrhR performs in the cleavage event and 

its potential to regulate additional operons in Synechocystis. As well, the function of the 

two stable by-products of rimO-crhR operon processing remains to be determined. RNA 

helicase catalysis of differential operon cistron expression is likely a more common 

mechanism for regulation of gene expression than previously anticipated. 
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Chapter 4: Regulation of crhR expression by fixed nitrogen 
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4.1 Summary 

Cyanobacteria have a key role in the cycling and balance of bio-available carbon and 

nitrogen in aquatic ecosystems. In fulfilling this role, cyanobacteria must quickly respond 

to changes in the availability of carbon and nitrogen by regulating expression of gene 

products associated with transport and metabolism. Using an inactivation mutant of the 

stress-regulated RNA helicase of Synechocystis sp. PCC 6803, CrhR, evidence is 

presented that cyanobacteria deficient in helicase activity demonstrate altered growth 

rates and pigmentation in media containing various sources of fixed nitrogen. The 

expression of CrhR in media with fixed nitrogen, either urea or nitrate, is induced 

transiently after transfer to fresh media at both warm (30°C) and cold (20°C) 

temperatures. Conversely, when grown in nitrogen limited conditions, CrhR protein 

levels decrease rapidly in cold-stressed wild type cells. In contrast, CrhR protein levels 

do not decrease in a CrhR truncation mutant grown under nitrogen limited conditions. 

The data indicate that CrhR expression is regulated in response to the source of fixed 

nitrogen, with evidence of auto-regulatory pathways. The global nitrogen control factor, 

NtcA, mediates transcriptional repression of the rimO-crhR operon, as well as proteolysis 

of CrhR during nitrogen starvation. These results suggest a potential role for RNA 

helicase regulation of genes involved in nitrogen transport, metabolism and/or storage, or 

the coordination of nitrogen and carbon metabolism. 

 

4.2 Introduction 

As the primary producers in many ecosystems, cyanobacteria perform crucial roles in 

cycling nutrients on a worldwide scale, including carbon dioxide, oxygen, iron and 

nitrogen (269-272). Cyanobacteria are Gram-negative obligate photoautotrophs that 

obtain all their energy from light harvesting and carbon skeletons from Calvin-Benson-

Bassham (CBB) cycle-based oxygenic photosynthetic carbon fixation (273). As such, 

survival of these free-living organisms is dependent on their ablity to sense and respond 

to the rapidly changing environmental conditions they continuously experience in their 

natural habitat. These responses are regulated at the genetic level, and cyanobacteria are 

known to rapidly alter gene expression in response to a variety of abiotic and biotic 

stresses (241, 274). 
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Obtaining fixed nitrogen is crucial for the survival of all organisms. Although 

some organisms can directly fix atmospheric nitrogen, including a variety of 

cyanobacteria, Synechocystis sp. PCC 6803 (hereafter Synechocystis) does not perform 

nitrogen fixation. Thus, Synechocystis must acquire and assimilate fixed nitrogen from its 

environment (275). Similar to other organisms, non-diazotrophic cyanobacteria such as 

Synechocystis express a number of genes which optimize nitrogen acquisition and 

assimilation, and can utilize a variety of fixed nitrogen sources for growth including 

ammonium, urea and nitrate/nitrite. Ammonium can be acquired by passive diffusion as 

ammonia or actively transported via one of three monocomponent permeases, amt1, amt2 

and amt3 (276). Once transported, ammonium is rapidly assimilated, being incorporated 

into carbon skeletons primarily by sequential action of  glutamine synthetase (GS) and 

glutamate synthetase (GOGAT) (277), but also via the glutamine dehydrogenase (GDH) 

pathway (278). Urea is actively transported via a high-affinity, ABC-type permease (urt) 

and hydrolyzed to ammonium and carbon dioxide by a constitutive urease (ure) (279). 

Urea also spontaneously decomposes into cyanate and ammonium. Although 

Synechocystis lacks a cyanate transporter and cannot grow on exogenous cyanate as the 

sole nitrogen source, if urea decomposition occurs inside the cell, the resulting cyanate 

can be further hydrolyzed to ammonium and carbon dioxide by the cyanase enzyme 

(280). Nitrate and nitrite are transported by an ABC-type bispecific transporter (nrt) 

(281), then reduced step-wise from nitrate to nitrite to ammonium by the ferredoxin-

dependent nitrate reductase (narB) and nitrite reductase (nirA) (282-284). The reduction 

of nitrate and nitrite in cyanobacteria is dependent on photosynthesis as a source of 

reductant, as the reducing power for nitrate reduction comes from ferredoxins shared with 

the electron transport chain of photosynthesis (285). Cyanobacterial nitrogen uptake and 

assimilation pathways are summarized in Figure 4.1A. 

Several regulatory networks that respond to nitrogen have also been characterized 

in cyanobacteria. The CRP-like global nitrogen regulator NtcA is a transcription factor 

that coordinates many genetic and physiological changes in response to nitrogen 

availability (286). NtcA affects expression of genes both positively and negatively by 

binding promoters containing the conserved NtcA-binding sequence GTAN8TAC (287). 

Regulation of NtcA activity is complex, being strongly enhanced by accumulation of   
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Figure 4.1: Summary of nitrogen uptake, assimilation and regulation of nitrogen 

metabolism in cyanobacteria. 

(A) An overview of uptake and assimilation pathways for three nitrogen sources in 

Synechocystis: ammonium, nitrate and urea. Within the cell, organic nitrogen can be 

stored as phycocyanin or in cyanophycin granules, or be assimilated into amino acids via 

the GDH or GS/GOGAT pathways. (B) Pathways for regulation of gene expression and 

nitrogen assimilation. During periods with plentiful intracellular ammonium, 2-

oxoglutarate (2OG) does not accumulate, NtcA remains in an inactive state, and its co-

activator, PipX, is sequestered by binding with PII. GS activity is inhibited by binding of 

IF7 (gifA) and IF17 (gifB), resulting in the energetically favourable GDH pathway being 

preferred for ammonium assimilation. When intracellular ammonium levels are low, 2OG 

accumulates and binds to both PII and NtcA, activating NtcA as a transcription factor. 

PipX preferentially binds the active NtcA2OG conformation, enhancing the effect of NtcA 

on its regulon. Negative regulation of gifA and gifB by NtcA, as well as proteolytic 

degradation of these proteins, allow for active GS, which has a higher affinity for 

ammonium than the GDH pathway. Examples of genes in the NtcA regulon are extracted 

from Giner-Lamia et al. (288) (C) GS activity is irreversibly inhibited by L-methionine 

sulfoximine (MSX) binding to the active site of GS, allowing for accumulation of 2OG 

and constitutive activation of the NtcA transcription factor regardless of the presence of 

ammonium or other fixed nitrogen.  

113



2-oxoglutarate (2OG), the carbon skeleton required for the assimilation of nitrogen into 

amino acids (287, 289). Activity is further enhanced by binding of the PII-interacting 

protein, PipX, to the NtcA-2OG complex (290). PipX is available to alternately bind to 

NtcA or be sequestered by the PII protein, with the interaction dependent on 2OG 

availability (291, 292). The regulation of NtcA activity by PipX and 2OG is presented in 

Figure 4.1B. In conjunction, a second transcription factor, NtcB, is regulated by nitrite 

concentration, and specifically enhances expression of genes involved in the assimilation 

of nitrate/nitrite (293, 294). Additionally, non-coding RNAs, such as glutamine 

riboswitches and the sRNA NsiR4, contribute to the regulation of cyanobacterial nitrogen 

assimilation (263, 295). These regulatory networks allow for nitrogen-responsive changes 

to gene expression, cell physiology and metabolism. 

In cyanobacteria, growth on different fixed nitrogen sources results in many 

genetic and physiological changes (288, 296-298). When ammonium is freely available 

and being incorporated into amino acids, most genes for nitrogen uptake and assimilation 

are expressed at a low basal level (299). An exception is the glutamine synthetase 

inhibitors IF7 (gifA) and IF17 (gifB), which are maximally expressed in ammonium 

(300), allowing for repression of nitrogen assimilation by inhibition of glutamine 

synthetase activity. A change in nitrogen source to nitrate causes an immediate increase 

in the expression of nitrogen uptake and assimilation genes, particularly the nitrate/nitrite 

transporter (nrt) and reductases (narB and nirA) (294, 301). When Synechocystis is 

stressed by depletion of fixed nitrogen, the early response (within 4 h) involves induction 

of genes for nitrogen uptake and assimilation (288, 302), ensuring the organism is 

capable of metabolizing nitrogen when it becomes available. In the interim, 

approximately 50% of the nitrogen storage molecule cyanophycin (multi-arginyl-L-

polyaspartate) is consumed within 4 h, and complete depletion occurs by 12 h after 

nitrogen starvation (303). In addition, expression of genes involved in glycolysis, the 

pentose phosphate pathway and glycogen metabolism are induced through the activity of 

the sigma factor SigE, transcription of which is regulated by NtcA (298). This altered 

pattern of expression results in accumulation of glycogen, polyhydroxybutyrate and 

organic acids, reduction in nucleic acid abundance, and changes in relative abundance of 

amino acids during nitrogen starvation (304, 305). Physiologically, decreases in the 
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cellular N/C ratio, phycocyanin levels, oxygen evolution and growth rate relative to cells 

grown in nitrate-based medium become observable between 6 and 12 h of nitrogen 

starvation (302). Once degradation of the phycobiliproteins is complete, after about 2 

days, degradation of chlorophyll a and carotenoids occurs (306); however, the cells retain 

the capacity to rapidly resume photosynthetic electron transfer for an extended period 

(302). Once Synechocystis cells are fully chlorotic with minimal photosynthetic activity, 

they can still resume vegetative growth in response to fixed nitrogen availability for at 

least 42 days (305). Thus, as fixed nitrogen is crucial for Synechocystis growth, genetic 

systems have evolved allowing rapid and specific responses to depletion of this vital 

resource. Cells undergo a linear program of stored nitrogen utilization, eventually leading 

to a quiescent state where they remain viable for extended periods. While the cellular 

changes in response to nitrogen availability described above are specific to the nitrogen 

stress response, many also relate to more general abiotic stress responses. 

A regulatory gene associated with cellular response to abiotic stress in 

Synechocystis is the RNA helicase encoded by crhR (slr0083). RNA helicases are 

associated with regulation of RNA function and thus gene expression in all kingdoms of 

life through their ATP-dependent alteration of RNA and RNP structure (72, 307). 

Functionally, RNA helicases perform crucial roles in all aspects of RNA metabolism and 

are frequently associated with regulation of translation initiation, RNA decay and 

ribosome biogenesis (75). As the only DEAD-box RNA helicase encoded in the 

Synechocystis genome (41), it is likely that CrhR performs roles in multiple RNA 

metabolic pathways (73, 308). CrhR catalyzes both RNA duplex unwinding and 

annealing in vitro (153), a combination of functions conserved in only a few DEAD-box 

RNA helicases, and can thus potentially participate in regulation of RNA function using 

both activities. 

Expression of CrhR was initially shown to be regulated by light-dark cycles 

through light-driven alteration of the redox poise of the photosynthetic electron transport 

chain (ETC) (41). Since then, crhR expression has been shown to also be regulated by 

salt stress (161), temperature shift (162, 164) and a range of abiotic stresses independent 

of temperature stress (163). Temperature regulation is extremely complex, occurring at 

several checkpoints, some of which are CrhR-dependent and thus auto-regulatory (164). 
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Down-regulation of CrhR abundance upon removal of the stress occurs through CrhR 

proteolysis (160). The auto-regulatory nature of crhR effects on its own expression was 

shown by the lack of regulation of transcript and protein half-lives in a partial genomic 

deletion mutant of crhR, crhRTR (104). The crhRTR mutant exhibits a diverse range of 

morphological and physiological abnormalities including defects in electron transport, 

abnormal thylakoid membrane and carboxysome structure, reduced oxygen evolution 

rates, and loss of cell surface texture, particularly at cold temperature (104). These 

defects are manifested in a severe cold sensitive growth phenotype, believed to primarily 

stem from a reduction in photosynthetic carbon fixation in the crhRTR strain at 20oC 

(104). 

 Here we examine Synechocystis growth and physiology in wild type and the 

crhRTR mutant strain, as well as the regulation of crhR expression at the transcript and 

protein level in response to the type and availability of fixed nitrogen. The results 

indicate that CrhR RNA helicase has a role in regulation of nitrogen uptake and 

assimilation, as the crhRTR mutant is sensitive to changes in the type of available fixed 

nitrogen, and CrhR protein is rapidly degraded during periods of nitrogen starvation. At 

the genetic level, the changes in crhR expression in the absence of fixed nitrogen are 

NtcA-regulated, with the glutamine synthetase-inhibitor MSX inducing degradation of 

CrhR in nitrate-based media. This expands the complement of abiotic stress responses 

mediated by CrhR to also include nitrogen stress.  

 

4.3 Experimental procedures 

 

4.3.1 Bacterial strains and growth conditions 

Two strains of Synechocystis were used in this chapter, the wild type and crhRTR (Table 

4.1), which has a spectinomycin cassette inserted between the PmlI site of crhR and the 

HpaI site of sll0080 (argC) resulting in truncation of crhR. This mutant expresses the 

truncated protein CrhRTR, lacking the C-terminal extension and a portion of the helicase 

core (104). Both strains were maintained on BG-11 agar plates with a constant light 

irradiance of 50 μmol photons m-2 s-1. Liquid cultures grown in 50 ml BG-11 medium at 

30°C with shaking were used to inoculate 300 ml BG-11 cultures grown at 30°C with   
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Table 4.1: Bacterial strains, plasmids and oligonucleotides used in this chapter.  

The T7 promoter is marked in bold for oligonucleotides. 

Strain, plasmid or 
oligonucleotide Relevant characteristic(s) or sequence* Source, reference or 

application 

Synechocystis strains 

Wild type glucose-tolerant strain (41) 

crhRTR crhR::spectinomycin cassette; C-terminal deletion of 
CrhR (104) 

Plasmids 

pProbeR pBS with a 93 bp HincII-SacII internal fragment of the 
crhR ORF 

crhR (slr0083) 
riboprobe, (164) 

Oligonucleotides 

DCsr20f TAATACGACTCACTATAGGGGTGGTGCGATAA
CGTGG slr0082 riboprobe 

DCsr20r CGTTATTTCCGGTTGCC slr0082 riboprobe 

gifAf TAATACGACTCACTATAGGCTGCGGTCATAGGT
TGTGC 

gifA (ssl1911) 
riboprobe 

gifAr CTCTCATGATGCGCCACC gifA (ssl1911) 
riboprobe 

glnBf TAATACGACTCACTATAGGCCGAATCCGTACC
ACCG 

glnB (ssl0707) 
riboprobe 

glnBr GAGATTGTCGTCGACGAAGG glnB (ssl0707) 
riboprobe 

rnpBf TAATACGACTCACTATAGGGGGCAGGAAAAAG
ACCAACC rnpB riboprobe 

rnpBr TAACTGACCACTGAAAAGG rnpB riboprobe 

LAB2 GTAACCGGTACCAAAGACATTGTAACAGATTTA
CAC 

µMACS affinity 
purification 

LAB8 Biotin-ACGGTGGATGTCCATATCCGCTG µMACS affinity 
purification 
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continuous shaking and aeration with humidified air (105, 182). The media for the crhRTR 

mutant was supplemented with 50 μg ml-1 spectinomycin (Sigma) and 50 μg ml-1 

streptomycin (Sigma) (104). 

 

4.3.2 Experimental conditions 

Liquid cultures were grown in 300 ml BG-11 until mid-to-late logarithmic phase, 

measured as an optical density (OD) of 0.4-0.6 at 750 nm. The cultures were then divided 

into two 150 ml cultures, with one kept at 30°C and the other placed at 20°C for 3 h to 

induce maximal expression of CrhR (164). Cultures were harvested by centrifugation (5 

min, 5,000 ×g) at the respective growth temperature and washed with nitrogen-deplete 

medium (BG-11o). The harvested cells were then suspended in 150 ml growth media 

supplemented with the indicated nitrogen source and grown with shaking and aeration at 

their respective temperatures. Transfer of the cells back to the normal nitrate-based 

growth medium (BG-11) or a second experimental growth medium was performed in the 

same manner. 

Nitrogen-deplete medium (BG-11o), was generated by replacing the 17.6 mM 

NaNO3 and 6 μg ml-1 ferric ammonium citrate with 17.6 mM NaCl and 7 μg ml-1 ferric 

citrate. The other experimental growth media were prepared by adding filter-sterile urea 

or NH4Cl to a final concentration of 2 mM in BG-11o. 

 

4.3.3 Protein analysis 

Aliquots (15 ml) removed at the indicated times for protein extraction were harvested by 

centrifugation at the indicated growth temperature (7 min, 7,000 ×g) and frozen at -80°C 

until all related samples could be extracted simultaneously. Soluble protein was extracted 

by glass bead lysis, as described previously (182). Polypeptides (10 μg) were resolved by 

10% SDS-PAGE, semi-dry transferred to Hybond ECL nitrocellulose membrane (0.45 

µm, Amersham), probed with the indicated antibody and detected on X-ray film using the 

Amersham ECL Western Blotting Detection kit. Polyclonal antibodies against 

Synechocystis CrhR (1:5,000) and goat anti-rabbit IgG horseradish peroxidise complex 

(1:10,000, Sigma) were used. 
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4.3.4 Growth curves 

Cultures grown in the indicated experimental media were sampled daily to measure the 

OD. Triplicate samples of 1 ml of each culture were removed from the culture, the 

OD750nm measured in a Novaspec II spectrophotometer (Pharmacia) and plotted in 

Microsoft Excel. When chlorophyll a (Chl a) was used as a relative measure of culture 

growth, the pigment concentration of 1 ml of undiluted culture was determined as 

described below. 

 

4.3.5 Pigment analysis 

Cells were cultured in the indicated experimental media for 3 days for pigment analysis. 

Chl a was extracted by incubating a cell pellet harvested from 1 ml of culture diluted to 

OD750 = 0.5 in ice-cold 100 % methanol at -20°C overnight and concentration determined 

spectrophotometrically at 665 and 652 nm (309). The remaining cell pellet was washed 

with 1× PBS and lysed with 10 μg lysozyme overnight in a 37°C water bath (310) to 

release the phycobiliproteins. The phycocyanin and allophycocyanin concentrations were 

calculated from spectrophotometric absorption at 615 and 652 nm (311). 

Whole-cell absorption spectra were obtained from cells cultured in the indicated 

growth media for 4 days. Using the wavescan program on an Ultrospec 3000 

(Pharmacia), the absorbance of 1 ml of each culture was measured for wavelengths 

between 400 and 700 nm with an interval change of 1 nm. The absorbances for each 

culture were converted to % absorbance and normalized to the absorbance at 560 nm. 

Graphs of the absorption spectra in visible light for cells grown in each of the 

experimental media were generated in Microsoft Excel. 

 

4.3.6 ROS/RNS analysis 

Cells were cultured in the indicated growth media for 3 days at both 30°C and 20°C. A 

stock of the intracellular fluorescent dye to determine the general reactive oxygen species 

(ROS) content, 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA, Molecular 

Probes), was prepared to 0.5 mM in DMSO immediately before use. Cultures were 

diluted to an OD750nm of 0.5, and 1 ml of each culture was harvested by centrifugation. 

Cell pellets were washed, suspended in 1× PBS, and H2DCFDA was added to 5 µM. Cell 
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samples were incubated with the dye for 30 min to allow for dye loading of the cells, 

harvested, washed and suspended in 1× PBS for an additional incubation of either 4 h 

(Figure 4.6 A) or overnight (Figure 4.6B). All steps were performed at the indicated 

growth temperature. A UV-transparent microtiter plate (Corning) was prepared with 200 

µl of each treated sample, including controls for each condition prepared with 1× PBS 

buffer, and fluorescence was read in a SpectraMax M2 plate reader (Molecular Devices), 

with 10 scans per well, excitation 485 nm, emission 535 nm. Relative fluorescence for 

each sample was calculated by subtracting the control sample, lacking H2DCFDA, from 

the H2DCFDA-treated sample, then adjusting the scale of values such that the lowest 

value was set to 1. 

 

4.3.7 Inhibitor treatments 

Transcription and translation inhibitors were added to cultures following a 3 h cold 

induction at 20°C. Transcription was inhibited with rifampicin (400 µg ml-1, Sigma), 

which was added to the culture immediately following transfer to the nitrogen-depleted 

medium (BG-11o). Treatments with chloramphenicol (Sigma, 250 µg ml-1) and 

kanamycin sulfate (Sigma, 250 µg ml-1) were performed by addition of the translation 

inhibitor to the culture following cold induction at 20°C for 2 h. The cultures were 

incubated for an additional 1 h at 20C to allow inhibitor action. Cells were harvested by 

centrifugation, washed with BG-11o and transferred to BG-11o containing the translation 

inhibitor for the remainder of the experiment. The inhibitor stock solutions were 25 mg 

ml-1 rifampicin in methanol, 25 mg ml-1 chloramphenicol in ethanol and 50 mg ml-1 

kanamycin sulfate in water. 

 The glutamine synthetase inhibitor L-methionine sulfoximine (MSX, Sigma) was 

used to simulate nitrogen starvation effects dependent on NtcA signaling (312), as 

depicted in Figure 4.1C. CrhR expression was induced by incubation at 20°C for 3 h in 

cultures growing in BG-11 medium. MSX was added to growth media at concentrations 

of 2 µM and 400 µM to simulate nitrogen starvation. 
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4.3.8 RNA analysis 

Culture aliquots (50 ml) were combined with an equal volume of phenol stop solution 

(5% v/v phenol, 95% v/v ethanol) and harvested by centrifugation (10 min, 2,400 ×g). 

Cell pellets were washed with 50:100 TE and suspended in RNA breakage buffer (50:100 

TE containing 0.5% v/v Triton X-100, 0.5% w/v Sarkosyl and 0.5% w/v SDS). Glass 

bead lysis was performed in the presence of 0.8× volume buffered phenol as described 

previously (182). The lysate was clarified by centrifugation (5 min, 13,000 ×g) and 

sequentially extracted with equal volumes of phenol, phenol:chloroform (1:1) and 

chloroform:isoamyl alcohol (24:1). The RNA was precipitated from the final aqueous 

layer by incubation with an equal volume of 4 M LiCl (16 h, -20°C) and subsequent 

centrifugation (30 min, 13,000 ×g, 4°C). RNA pellets were suspended in RNase-free 

water and stored at -80°C in 2.5× volume 100% v/v ethanol and 0.1× volume sodium 

acetate (3 M, pH 5.2). 

 Purified RNA (5 µg) was separated on 1.2% agarose formaldehyde-MOPS gels 

and transferred to Hybond-XL nylon membrane (Amersham) by diffusion blotting with 

5× SSC overnight. The UV-crosslinked membranes were probed in formamide buffer as 

described previously (105, 149, 182) with 32P-labelled anti-sense riboprobes against glnB 

(ssl0707, 126 nt), gifA (ssl1911, 154 nt), rimO (slr0082, 202 nt) or rnpB (133 nt) 

prepared by transcription with T7 RNA polymerase from PCR products generated using 

the indicated oligonucleotides (Table 4.1). The crhR (slr0083) riboprobe was produced 

by transcription with T3 RNA polymerase from HincII-digested pProbeR plasmid, 

consisting of pBS containing a 93 bp HincII-SacII internal fragment of the crhR ORF 

(Figure 3.1) (164). 

Images were generated by exposure of the radiolabelled blots to either 

autoradiography film (Amersham Hyperfilm MP) or a Storage Phosphor Screen 

(Molecular Dynamics) which was imaged in a Phosphorimager 445SI (Molecular 

Dynamics) at a resolution of 88 µm. Densitometry analysis and image output as .tif 

format of phosphorimages was completed using GelQuant.NET software provided by 

biochemlabsolutions.com. crhR abundance was normalized to the rnpB levels, when 

available, as described in Rosana et al. (164). 
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4.3.9 DNA affinity column purification and mass spectrometry 

Proteins binding to the rimO promoter region were isolated by streptavidin DNA affinity 

column purification as described previously (165). The biotinylated target DNA was 

amplified by PCR with primers LAB2 and LAB8 (Table 4.1) from Synechocystis 

genomic DNA. Soluble protein was extracted from Synechocystis as described above. 

Soluble protein extract (6.8 mg), biotinylated target DNA (14 µg) and 50 µg poly(dI-dC) 

were combined in 1× EMSA buffer (10 mM Tris [pH 7.5], 50 mM NaCl, 1 mM EDTA, 

5% glycerol, 1 mM DTT) and incubated for 2 h at 4°C with gentle agitation. An 

additional 15 minutes of incubation followed the addition of 100 µl µMACS Streptavadin 

Microbeads (Miltenyi Biotec). The mixture was applied to a µMACS column 

equilibrated with 1× EMSA buffer and held in a magnetic separator. Triplicate washes 

with increasing KCl concentration (0.1 M, 0.25 M and 1M) were performed. Following 

washing, the column was removed from the magnetic separator and eluted twice with 1 

M KCl. 

 Eluted proteins were concentrated by TCA precipitation, then separated on a 

Mini-PROTEAN TGX 4-15% gradient SDS-polyacrylamide gel (Bio-Rad). Proteins 

were visualized by staining with Colloidal Coomassie (0.08% w/v Coomassie brilliant 

blue G250, 1.6% v/v orthophosphoric acid, 8% w/v ammonium sulfate, 20% v/v 

methanol). Mass spectrometry was performed at the Alberta Proteomics and Mass 

Spectrometry Facility (APM), University of Alberta. The excised lane was cut into 5 

sections, destained twice in 100 mM ammonium bicarbonate/acetonitrile (50:50), 

reduced, and alkylated. Dehydrated samples were subjected to an overnight in-gel trypsin 

digestion (6 ng µl-1) at room temperature. Peptides were extracted from the gel with 97% 

v/v water, 2% v/v acetonitrile, 1% v/v formic acid, followed by a second extraction with 

48.5% v/v water, 51% v/v acetonitrile, 0.5% v/v formic acid. Fractions were resolved and 

ionized with nanoflow high-performance liquid chromatography (Easy-nLC II, 

ThermoScientific) coupled to an LTQ XL-Orbitrap hybrid mass spectrometer 

(ThermoScientific). A Pico-Frit fused silica capillary column (ProteoPepII; C18) with a 

100 µM inner diameter (300 Å, 5 µm pore size) was used for Nanoflow chromatography 

and electrospray ionization. Results were processed using Proteome Discoverer 1.4 

(ThermoScientific) and queried against the Uniprot Synechocystis database (SYNY3) 
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using SEQUEST (ThermoScientific). Search results were limited using a precursor mass 

tolerance of 10 ppm and a fragment mass tolerance of 0.8 Da. 

 

4.4 Results 

 

4.4.1 Nitrogen source affects growth and pigmentation 

The growth rate of wild type Synechocystis and the crhRTR mutant strains were measured 

as growth curves using optical density of the culture at 750 nm (Figure 4.2). Typically, 

Synechocystis is cultured at 30°C in a nitrate-based medium, (e.g. BG-11) which allows 

for optimal growth of wild type Synechocystis. In BG-11, both wild type and the crhR 

mutant strain grew optimally at 30°C. The growth of wild type was slightly reduced at 

20°C, while crhRTR exhibited a significant cold-sensitive phenotype, consistent with 

previous observations (104). The two strains also grew optimally at 30°C, as expected, 

with 2 mM urea as the supplied nitrogen source; however, the cold-sensitive phenotypes 

of both the wild type and crhRTR strains were significantly less pronounced than in 

nitrate-based medium (Figure 4.2A and B). Culturing in medium with 2 mM ammonium 

chloride resulted in strong depression of Synechocystis growth, irrespective of 

temperature or crhR mutation (Figure 4.2C). Concentrations of ammonium chloride 

ranging from 1 mM to 5 mM all resulted in depression of Synechocystis growth (Figure 

4.3). To minimize growth suppression and to ensure that chlorosis was not caused by 

nitrogen starvation over the timescale used, 2 mM ammonium chloride (hereafter 

‘ammonium’) was used in these experiments. In nitrogen-free medium (BG-11o, Figure 

4.2D), both wild type and crhRTR grew for a few days then halted, presumably upon 

depletion of stored nitrogen reserves. Temperature had a minimal effect on growth rate in 

nitrogen-deplete medium, indicating that nitrogen deprivation has a more immediate 

effect on growth rate than low temperature stress. 

The combination of crhR mutation, temperature and nitrogen source also had a 

profound effect on light harvesting composition. In cyanobacteria, Chlorophyll a (Chl a) 

is present in the reaction centre of the photosystems and phycobiliproteins are organised 

into phycobilisomes, light harvesting antennae that transfer additional energy to Chl a. 

The only phycobiliproteins synthesized by Synechocystis are phycocyanin and   
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Figure 4.2: Effect of fixed nitrogen on the growth rate of Synechocystis.  

Wild type (WT) Synechocystis and crhRTR were cultured at 30°C and 20°C in BG-11o 

medium with nitrogen supplied as (A) 17.6 mM sodium nitrate, (B) 2 mM urea, (C) 2 

mM ammonium chloride, and (D) with no fixed nitrogen provided. Growth was measured 

every 24 h as OD at 750 nm. Data shown are averages of triplicate measurements from a 

representative experiment.  
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Figure 4.3: Concentration dependence of the effect of ammonium chloride on 

Synechocystis growth.  

Cultures of wild type and crhRTR Synechocystis were prepared in BG-11o medium with 

the indicated concentrations of ammonium chloride and incubated at 30°C. (A-B) Growth 

was measured as OD at 750 nm and (C-D) Chl a concentration was used as a measure of 

culture health. Data shown are averages of triplicate measurements of a representative 

experiment.  
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allophycocyanin (313). Temperature and nitrogen source had relatively insignificant 

effects on Chl a levels in wild type cells (Figure 4.4A). The Chl a abundance in crhRTR 

mutant cells was normal in nitrate and urea at 30°C, but it was significantly reduced in 

ammonium and BG-11o. At 20°C, Chl a was significantly but equally reduced in all 

nitrogen growth conditions in the crhRTR mutant (Figure 4.4A). The response of 

phycocyanin was more complicated. In general, the nitrogen sources nitrate, urea and 

ammonium, as well as temperature, had minimal effects on phycocyanin abundance in 

wild type cells, although a decrease in phycocyanin was observed in urea-based medium 

at 20°C (Figure 4.4B). BG-11o equally reduced wild type phycocyanin levels by ~50% at 

both growth temperatures in comparison to the other media. In the crhRTR mutant, 

temperature and nitrogen source both affected phycocyanin levels. Decreases were 

observed in nitrate and urea at 30°C, an effect that was enhanced at 20°C. Ammonium 

and BG-11o caused even further reductions in phycocyanin abundance at both 

temperatures. The relative allophycocyanin abundances (Figure 4.4B) for wild type at 

both temperatures and crhRTR at 30°C largely mirror those observed for phycocyanin; 

however, at 20°C, the crhR mutant did not exhibit the same reduction in allophycocyanin 

levels as observed for phycocyanin when grown in either urea-based or nitrogen-free 

media. 

These effects on light harvesting abundance were reflected in whole cell 

absorbance scans of cultures grown in the various fixed nitrogen sources (Figure 4.5A-

D). Overall, crhRTR cultures at 20°C have less pronounced absorbance peaks for 

phycocyanin (~630 nm), consistent with the reduced phycocyanin abundance observed 

with the extracted pigments (Figure 4.4B). Interestingly, lower peaks for Chl a (~440 nm) 

and carotenoids (~590 nm), in addition to phycocyanin, were observed for crhRTR in 

ammonium medium at 30°C. The visible responses to the different nitrogen sources also 

demonstrate the gross phenotypic changes in pigmentation, as shown in Figure 4.5E. 

Cultures grown in nitrate and urea maintained the predominantly green, Chl a-based 

colour typical of Synechocystis grown under our standard growth conditions, while 

cultures in BG-11o became increasingly yellow in appearance with time, consistent with 

chlorosis in the absence of available fixed nitrogen (314). Growth in ammonium as the 

sole nitrogen source resulted in a sequential colour change from green, to a pale blue   
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Figure 4.4: Effect of nitrogen source on Synechocystis pigmentation.  

Wild type Synechocystis and crhRTR cells were cultured in BG-11o medium supplemented 

with 17.6 mM sodium nitrate, 2 mM urea, 2 mM ammonium chloride or no fixed 

nitrogen at 30°C and 20°C. Samples were harvested after 3 days for analysis. (A) 

Quantitation of extracted Chl a pigment normalized to an OD at 750 nm of 0.5 for each 

culture. (B) Quantitation of extracted phycobiliproteins from the same culture samples 

used in (A). Data shown are averages of triplicate measurements of a representative 

experiment.  
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Figure 4.5: Effect of nitrogen source on the whole cell pigmentation of Synechocystis.  

Wild type Synechocystis and crhRTR cells were cultured in BG-11o medium supplemented 

with 17.6 mM sodium nitrate, 2 mM urea, 2 mM ammonium chloride or no fixed 

nitrogen at 30°C and 20°C. (A-D) Whole cell absorbance spectra normalized to the 

absorbance at 560 nm. Samples were analyzed after 3 days. The absorbance maximums 

for each pigment are indicated on the panels. (E) Photographs of wild type Synechocystis 

grown in the indicated nitrogen source at 20°C after 4 days. Data shown are averages of 

triplicate measurements of a representative experiment.  
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colour, to a silvery blue over several days, eventually losing all pigmentation (Figure 

4.5E), consistent with the reductions in Chl a and phycocyanin observed in Figure 4.5C. 

Ammonium-grown cultures could not be rescued by return to a nitrate-based medium 

once the visible change in pigmentation occurred, the only condition observed to cause 

cell death in this study. Overall, ammonium and BG-11o created the most dramatic 

effects on the viability and abundance of light harvesting pigments in Synechocystis at 

both 30°C and 20°C, with more pronounced effects in crhRTR mutant cells.  

 

4.4.2 Nitrogen source effect on intracellular ROS abundance 

To quantify the effect of nitrogen source on intracellular reactive oxygen species (ROS) 

in Synechocystis, the cell-permeable fluorescent ROS indicator, 2’,7’-

dichlorodihydrofluorescein diacetate (H2DCFDA) was used. H2DCFDA has previously 

been used with success in studies of ROS in other cyanobacteria (163, 315-317), and was 

used in Synechocystis with a variety of small refinements in the treatment conditions. 

Representative experiments with both short- and long-term incubations are shown. 

When treated with H2DCFDA, wild type and crhRTR cultures grown in nitrate-

based medium exhibit higher fluorescent levels than cultures grown with urea, 

ammonium or no fixed nitrogen (Figure 4.6A), reflecting higher levels of ROS during 

growth in nitrate. When the incubation time after treatment is extended (Figure 4.6B), 

measured dye fluorescence at 30°C returns to the levels observed in the other media 

types, while the fluorescence at 20°C remains elevated, irrespective of strain. 

Interestingly, the fluorescence measured in wild type cultures at 20°C in urea or BG-11o 

is higher with extended incubation relative to 30℃ (Figure 4.6B). It is important to note 

that direct comparison between the fluorescence values from the two incubation times 

cannot be performed as H2DCFDA is susceptible to photooxidation, and these 

experiments are performed, by necessity, in the light. Overall, these results indicate that 

cultures supplied with fresh nitrate, the nitrogen source in the standard growth medium 

BG-11, are under higher oxidative stress than cultures in the other nitrogen sources 

immediately after transfer. With extended incubation overnight, temperature becomes the 

major source of oxidative stress. 
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Figure 4.6: Effect of fixed nitrogen source on intracellular reactive oxygen species.  

Wild type Synechocystis and crhRTR were cultured in the indicated nitrogen media for 3 

days. A sample of culture at an OD of 0.5 at 750 nm was treated with 5 µM H2DCFDA in 

1× PBS for 30 min. After treatment, cells were washed and suspended in 1× PBS, then 

incubated at the growth temperature for either 4 h (A) or overnight (B) in 1× PBS. 

Fluorescence was measured using an excitation wavelength of 485 nm and an emission 

wavelength of 535 nm.  
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4.4.3 Nitrogen source effect on CrhR abundance 

The dramatic effects of crhR mutation and alteration of fixed nitrogen source on growth 

and light harvesting capability led to further investigation of the effects of changing the 

available nitrogen source on CrhR abundance. Overall, the most dramatic effects were 

observed when the cells were grown under conditions during which fixed nitrogen was 

being depleted or absent. Representative results of experiments are shown in Figures 4.7 

through 4.11 and discussed below. 

At 30°C, transfer from nitrate to ammonium or urea caused a gradual reduction in 

wild type CrhR levels that then recovered in response to transfer back to nitrate (Figure 

4.7A and B). The changes were more pronounced in urea, with CrhR abundance 

decreasing more rapidly than observed in ammonium with a corresponding extended 

CrhR recovery time (Figure 4.7B), potentially associated with the rapid growth rate 

observed in urea (Figure 4.2B). A similar trend was observed at 20°C with ammonium; 

however, the rate of decrease in CrhR abundance was reduced at the lower temperature, 

presumably due to the induction of CrhR at low temperature (164). The change from 

nitrate to urea for wild type cells at 20°C resulted in an initial increase in CrhR levels, 

followed by a reduction to the initial cold-induced CrhR levels at 20°C by 24 h (Figure 

4.7B). This increase in CrhR abundance appears to be enhanced compared to the 

maximum level of CrhR accumulation previously described in response to cold 

temperature (164). Further investigation of urea induction over a longer time course at 

20°C indicated that CrhR abundance decreased back to the initial cold-induced levels 

within 10 h (Figure 4.7C). Transfer back to nitrate resulted in a similar pattern, with an 

initial increase in CrhR levels, followed by a reduction back to the initial cold-induced 

levels (Figure 4.7B).  

The decrease in wild type CrhR levels in response to changes in nitrogen source at 

30oC were not observed in crhRTR mutant cells, as transfer from nitrate to ammonium or 

urea and back to nitrate resulted in relatively mild changes in CrhRTR levels (Figure 4.8). 

The effects of changing nitrogen sources were more strongly observed at 20°C, where the 

shifts from nitrate to ammonium caused a gradual increase in CrhRTR abundance, which 

levelled off on return to nitrate-based medium (Figure 4.8A). Transfer from nitrate to 

urea resulted in a continuous increase in CrhRTR levels, a trend that continued in response   
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Figure 4.7: Changes in exogenous fixed nitrogen source affect CrhR expression.  

Cultures of wild type Synechocystis were cultured in nitrate medium to mid-log phase. 

(A-B) After a 3 h temperature induction for the 20°C treatments, cells were harvested by 

centrifugation and suspended in media containing either (A) 2 mM ammonium or (B) 2 

mM urea for 24 h. The return to nitrate medium was performed using the same protocol. 

Cultures were incubated and harvested at the indicated temperature for the duration of the 

experiment. (C) After a 3 h temperature induction of CrhR levels at 20°C, cells were 

harvested and suspended in medium with 2 mM urea for 24 h at 20°C. Samples were 

collected every 2 h. CrhR protein was detected on Western blots containing 10 µg protein 

per lane with anti-CrhR antisera and ECL detection.  
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Figure 4.8: Changes in exogenous fixed nitrogen source affect CrhRTR expression.  

Cultures of crhRTR were grown in nitrate medium to mid-log phase. After a 3 h 

temperature induction for the 20°C treatment, cells were harvested by centrifugation and 

suspended in media containing either (A) 2 mM ammonium or (B) 2 mM urea for 24 h. 

The return to nitrate medium was performed using the same protocol. Cultures were 

incubated and harvested at the indicated temperature for the duration of the experiment. 

CrhR protein was detected on Western blots containing 10 µg protein per lane with anti-

CrhR antisera and ECL detection.  
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Figure 4.9: Effect of mixing nitrogen sources on CrhR abundance.  

Cultures were grown in nitrate media at 30°C to mid-log phase. After an initial 3 h cold 

induction at 20°C for the low temperature cultures, cultures were harvested and 

suspended in medium with a combination of 17.6 mM sodium nitrate and 2 mM 

ammonium chloride for 24 h. The return to nitrate medium was performed using the same 

protocol. Cultures were incubated and samples were harvested at the incubated 

temperatures for the duration of the experiment. CrhR protein was detected by Western 

blotting with anti-CrhR antisera and ECL detection.  
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to transfer back to nitrate (Figure 4.8B). These results indicate that CrhR abundance is 

regulated in response to changes in the source of available fixed nitrogen in 

Synechocystis. In addition, based on the defects in CrhR regulation observed in the 

crhRTR mutant, nitrogen regulation of CrhR abundance likely involves an auto-regulatory 

mechanism, similar to temperature regulation of CrhR (164). 

Ammonium-nitrate mixing experiments were performed to extend the nitrogen 

source analysis with the aim of investigating if one fixed nitrogen source was dominant in 

regulating CrhR abundance (Figure 4.9). Ammonium is known to be inhibitory to nitrate 

reduction in cyanobacteria, even at low concentration (277). The changes in CrhR 

abundance in wild type cells differed from those observed when treated solely with either 

nitrate or ammonium, with CrhR levels repeatedly increasing and decreasing over the 24 

h experiment at both growth temperatures (Figure 4.9A). On return to nitrate, CrhR levels 

increased immediately, then stabilized at the steady-state temperature-dependent 

abundance previously determined for CrhR (164). In the crhRTR cultures, the response to 

mixed nitrate and ammonium was very similar to the changes in CrhRTR abundance in 

media with ammonium as the sole nitrogen source (Figure 4.9B). These results show that 

culturing in both nitrate and ammonium has an intermediate effect on CrhR abundance in 

wild type cells, while abundance of CrhRTR resembles that when cultured solely in 

ammonium. 

 

4.4.4 CrhR abundance in response to nitrogen depletion 

In contrast to the results obtained by transfer from nitrate to ammonium or urea shown in 

Figure 4.7, transfer of wild type Synechocystis from nitrate to BG-11o caused a dramatic 

and rapid decrease in CrhR abundance, an effect that was temperature independent 

(Figure 4.10A and B). CrhR levels were restored with transfer to media containing either 

nitrate or urea. Completely divergent from the results observed in wild type cells, transfer 

from nitrate to BG-11o, did not affect CrhRTR levels which remained relatively constant 

at both 30 and 20°C (Figure 4.10C and D). Subsequent transfer back to nitrate did not 

affect CrhRTR abundance; however, it did increase marginally in response to transfer from 

BG-11o to urea (Figure 4.10D). The results suggest that the cellular response to nitrogen 

source and abundance is dramatically altered in the absence of functional CrhR activity,   
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Figure 4.10: Nitrogen depletion induces nitrogen-dependent conditional proteolysis 

of CrhR.  

Cultures of wild type Synechocystis and crhRTR were cultured in nitrate medium to mid-

log phase. After a 3 h temperature induction of CrhR levels for the 20°C cultures, cells 

were harvested by centrifugation and suspended in the nitrogen-depleted medium (BG-

11o) for 24 h. The return to nitrate or urea media was performed using the same protocol. 

Cultures were maintained at the indicated temperature for the duration of the experiment. 

CrhR protein was detected on Western blots containing 10 µg of protein per lane with 

anti-CrhR antisera and ECL detection.  
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Figure 4.11: Northern blots of crhR abundance during nitrogen depletion.  

Wild type and crhRTR were cultured to mid-log phase at 30°C in nitrate medium. After a 

1 h incubation at the indicated temperatures, cells were harvested by centrifugation and 

suspended in BG-11o medium for 24 h. The return to nitrate medium was performed 

using the same protocol. Cultures were maintained at the indicated temperature for the 

duration of the experiment. Aliquots (5 µg) of total RNA were subjected to Northern 

blotting with 32P-labelled antisense riboprobes against the crhR and rnpB transcripts and 

visualized by exposure to X-ray film. Signal intensities were determined using 

Gelquant.NET software and graphs of the relative fold change of crhR abundance were 

prepared after normalizing for RNA loading using rnpB.  
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an effect that is relatively temperature-independent. Again, this may indicate an auto-

regulatory effect in the regulation of CrhR abundance in response to fixed nitrogen. 

Alternatively, the truncation of the CrhRTR protein may have removed a motif required 

for recognition by an adaptor or chaperone, inhibiting targeting of CrhR for proteolysis. 

Northern blotting was performed to determine if the BG-11o-induced decrease in CrhR 

protein involved alteration of crhR transcript abundance or translation efficiency.  As 

shown in Figure 4.11, crhR transcript abundance increased in BG-11o at both 30°C and 

20°C, in sharp contrast to the protein results. On return to nitrate-based media, a 

significant and rapid increase in crhR abundance was observed, consistent with the 

increase in CrhR protein. In wild type cultures, the transcript levels return to 

approximately basal levels within 3 h. In contrast, the decrease in crhRTR transcript 

abundance is delayed (30°C) or absent (20°C). From these results, it can be concluded 

that the changes in CrhR protein abundance in BG-11o are not directly correlated with 

crhR transcript abundance. In addition, these results indicate that crhR transcript levels 

are transiently enhanced when fixed nitrogen becomes available following a period of 

nitrogen depletion, and that crhRTR cells are deficient in their ability to return crhR 

transcript abundance to the levels observed prior to nitrate treatment. 

 

4.4.5 Nitrogen regulation: Requirement for de novo synthesis 

Antibiotics were used to inhibit transcription and translation to determine if de novo RNA 

or protein synthesis was required for induction of CrhR depletion in response to transfer 

from nitrate to BG-11o (Figure 4.12). The presence of translation inhibitors differentially 

affected the expected BG-11o-induced degradation. As shown in Figure 4.12A and B, 

CrhR degradation did occur in the presence of kanamycin, although at a slower rate in 

comparison to Figure 4.10A, while chloramphenicol completely inhibited CrhR 

degradation. CrhR abundance also decreased in the presence of the transcription inhibitor 

rifampicin (Figure 4.12C), suggesting that de novo synthesis of RNAs coding for 

proteolytic proteins and/or chaperones is not required for the BG-11o induction of CrhR 

degradation. The results indicate that a specific aspect of de novo protein synthesis, but 

not RNA synthesis, is required for BG-11o-induced CrhR degradation. Specifically, the 

differential effect of the inhibitors on either translation initiation or elongation indicates   

138



 

 

 

 

 

 
Figure 4.12: Nitrogen depletion-dependent CrhR proteolysis requires de novo 

protein synthesis.  

Wild type Synechocystis were grown in nitrate-based medium at 30°C to mid-log phase. 

Expression of CrhR protein was induced at 20°C for 2 h, kanamycin or chloramphenicol 

were added and incubation continued for a further 1 h at 20°C. Cells were harvested and 

suspended in BG-11o medium containing (A) 250 µg ml-1 kanamycin, (B) 250 µg ml-1 

chloramphenicol, or (C) 400 µg ml-1 rifampicin and samples were harvested at the 

indicated times.  
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that translation elongation is required for induction of CrhR degradation in response to 

nitrogen depletion. These results are consistent with the antibiotic inhibition of 

temperature-dependent proteolysis of CrhR previously reported (160), so it is surmised 

that the same mechanism for CrhR proteolysis is used in response to both temperature 

upshift and nitrogen depletion. 

 

4.4.6 MSX inhibition of nitrogen assimilation affects CrhR expression 

In order to investigate the signalling pathway for nitrogen-depleted degradation of CrhR, 

the glutamine synthetase inhibitor L-methionine-sulfoximine (MSX) was utilized to 

simulate nitrogen depletion in the presence of fixed nitrogen (318). MSX would therefore 

be expected to activate the global nitrogen transcription factor, NtcA, allowing analysis 

of the role of NtcA signalling in the pathways required for CrhR regulation. The nitrate 

and nitrite reductases of Synechocystis share reducing power with photosynthesis through 

ferredoxin (319), so MSX treatments were performed in the presence of nitrate to 

uncouple nitrogen metabolic signaling from redox signalling (312). The initial 

experiments were performed with 2 µM MSX, as Klotz et al. (312) had determined this 

was the optimal MSX dosage for another cyanobacterium, Synechococcus elongatus. 

Contrary to the findings in S. elongatus, bleaching was not observed in response to 

treatment with 2 μM MSX in Synechocystis, regardless of the supplied nitrogen source 

(Figure 4.13A-D). Bleaching was also not observed for concentrations of MSX ranging 

from 10 µM to 400 µM (Figure 4.13E), leading to the conclusion that induction of the 

NtcA regulon by MSX was not sufficient to induce bleaching in Synechocystis. 

As bleaching could not be used as an indicator of successful inhibition of 

glutamine synthetase by MSX treatment, Northern blotting was performed to determine 

the effect on two canonical NtcA-regulated genes, glnB and gifA, encoding the PII protein 

and the glutamine synthetase inactivating factor IF7, respectively. A previous study by 

Giner-Lamia, et al. (288) confirmed that glnB and gifA were regulated by NtcA in 

Synechocystis, reporting a significant upregulation of glnB and downregulation of gifA 

during nitrogen starvation. As expected, in nitrate-based medium, glnB abundance did not 

change significantly, while gifA transcript levels increased by 3.9-fold (Figure 4.14A). In 

cultures that were transferred to BG-11o, pronounced changes in the abundance of gifA   
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Figure 4.13: MSX treatment is not sufficient to induce chlorosis in Synechocystis. 

Whole cell absorbance spectra between 550 nm and 700 nm of Synechocystis with and 

without 2 µM MSX treatment in BG-11o (A), nitrate (B) and ammonium (C) media after 

3 days. (D) Photographs of Synechocystis with 2 µM MSX treatment. (E) Whole cell 

absorbance spectra between 550 nm and 700 nm of Synechocystis grown in ammonium 

media with MSX concentrations ranging from 0 µM (BG-11o) to 400 µM.  

141



 

 

 
Figure 4.14: Response of canonical NtcA-regulated mRNAs glnB and gifA to MSX 

treatment.  

Wild type Synechocystis was cultured to mid-log phase in nitrate-based (BG-11) media. 

Cells were untreated (A), harvested and suspended in BG-11o (B), or subjected to MSX 

treatment at 2 µM (C) or 400 µM (D). Samples were collected at 20°C from cultures at 

the indicated timepoints for Northern analysis. Blots with 5 µg of total RNA per lane 

were probed with 32P-labelled anti-sense riboprobes against RNAs encoding PII (glnB) or 

IF7 (gifA), as indicated. Images were generated using a Phosphorimager 445SI.  
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and glnB transcripts were observed (Figure 4.14B). glnB transcript levels in nitrogen-

depleted medium had a maximum 10.9-fold increase after 2 h, and after 4 h had 

decreased to only 7.9-fold above the 0 h levels (Figure 4.14B). The abundance of gifA 

decreased by 71.0-fold over 4 h in BG-11o. These results were consistent with the 

observations of Giner-Lamia, et al. (288). Similar to the culture in nitrate, glnB transcript 

levels did not change in response to treatment with 2 µM MSX, and gifA increased 

(Figure 4.14C). The trends in glnB and gifA transcript levels for the culture treated with 

400 µM MSX were more similar to BG-11o, but with a slower rate of response, with a 

10.7-fold increase in glnB and 4.4-fold decrease in gifA abundance after 4 h (Figure 

4.14D). The results indicated that 400 µM MSX was sufficient to activate transcriptional 

regulation by NtcA in Synechocystis in response to perceived nitrogen starvation, albeit 

with slower kinetics. Thus, MSX treatment at 400 µM was utilized to further analyze the 

effects of NtcA-based regulation on crhR expression. 

 CrhR abundance in response to treatment with 400 μM MSX in nitrate-based 

medium was analysed by western blotting (Figure 4.15). After a 3 h incubation at 20°C to 

achieve maximal CrhR levels, the expected degradation of CrhR in response to nitrogen 

depletion in BG-11o was observed in cells that were not treated with MSX (Figure 

4.15A). Addition of MSX to 2 µM or 400 µM produced divergent results with respect to 

CrhR proteolysis at 20°C. MSX at low (2 µM) and high (400 µM) concentration either 

did not, or did, induce CrhR proteolysis, respectively (Figure 4.15B and C). 

Unlike the rapid proteolysis of CrhR in cultures in nitrogen-depleted medium, 

CrhR levels decreased gradually with the 400 µM MSX treatment (Figure 4.15C). As 

expected, based on the lack of change in abundance of canonical NtcA-regulated genes in 

Figure 4.13, treatment with 2 µM MSX did not alter CrhR abundance (Figure 4.15B). As 

nitrate was supplied in the medium during MSX treatment, changes in redox electron flux 

between photosynthesis and nitrate reduction is likely not the trigger for CrhR 

proteolysis. Thus, the MSX results suggest that signalling downstream of glutamine 

synthetase (GS), most likely involving NtcA, is required for nitrogen depletion-dependent 

CrhR proteolysis. 

It was also of interest to determine if MSX treatment was capable of affecting 

transcript abundance of rimO and crhR. Northern analysis indicated that the changes in   
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Figure 4.15: CrhR proteolysis can be induced with an inhibitor of glutamine 

synthetase, MSX.  

Wild type Synechocystis was cultured to mid-log phase in nitrate-based (BG-11) medium. 

After a 3 h cold temperature induction of CrhR levels at 20°C, cultures were harvested 

and suspended in BG-11o (A) or treated with MSX at 2 µM (B) or 400 µM (C). Protein 

samples were collected at 20°C at the indicated timepoints and were analysed by Western 

blotting with anti-CrhR antisera and ECL detection.  
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Figure 4.16: Northern analysis of the rimO-crhR operon in the presence of MSX.  

Wild type Synechocystis was cultured to mid-log phase in nitrate-based (BG-11) media. 

Cells were untreated (A), harvested and resuspended in BG-11o (B), or incubated in the 

presence of  400 µM MSX (C). Samples were harvested at 20°C at the indicated 

timepoints for Northern analysis. Blots with 5 µg of total RNA per lane were probed with 
32P-labelled anti-sense riboprobes against the transcripts slr0082 (rimO) and crhR. 

Images were generated using a Phosphorimager 445SI. Densitometry graphs of the 

northern blots for rimO (D) and crhR (E) are also presented with quantitation for NO3
-, 

BG-11o, and 400 µM MSX.  
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rimO transcript abundance in response to BG-11o or treatment with 400 µM MSX 

differed (Figure 4.16A-D). Since abundance of the rimO transcript increased in response 

to MSX treatment (Figure 4.16C), and thus the NtcA-based signalling cascade, it is likely 

that NtcA binding to the rimO promoter enhances transcription initiation for the rimO-

crhR operon. BG-11o treatment resulted in a decreased abundance of the rimO transcript 

(Figure 4.16B), indicating that while NtcA regulates the rimO-crhR operon, other factors 

also affect the abundance of rimO transcripts in response to changes in fixed nitrogen 

availability. Trends in the abundance of the crhR transcript were more consistent between 

the treatments (Figure 4.16A-C,E). Notably, the increase in crhR abundance in BG-11o 

(Figure 4.16B), compared to the decrease observed for rimO, supports the differential 

regulation of the two cistrons as examined in more detail in Chapter 3. 

 

4.4.7 NtcA interaction with the rimO promoter 

CrhR is expressed from a dicistronic transcript consisting of rimO and crhR (Chapter 3). 

In an attempt to identify proteins regulating operon expression in response to nitrogen 

source, affinity chromatography was used to co-purify Synechocystis proteins interacting 

with the rimO promoter using a biotinylated DNA fragment corresponding to 333 bp 

upstream of the rimO transcription start site. After mass spectrometry, only one 

transcription factor, NtcA, was detected in the 21 identified proteins that eluted from the 

column (Table 4.2). Several enzymes involved in DNA replication and repair, subunits of 

the RNA polymerase and ribosome, and phycobiliproteins were also detected that do not 

immediately appear to have a plausible role in CrhR expression. Bioinformatics analysis 

of the rimO promoter identified two putative NtcA binding sites having similarity to the 

NtcA consensus sequence of GTAN8TAC (287) centered at -52.5 bp (GTAN8CAC, 

genomic position 2885980-2885993) and -16 bp (GTAN7TAC, genomic position 

2886017-2886029) (Figure 4.17). In support of our observation, Giner-Lamia, et al. (288) 

subsequently identified rimO as a putative member of the NtcA regulon using ChIP-seq. 

In these experiments, rimO transcript abundance was also observed to decrease during 

nitrogen starvation, consistent with the observations here. 
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Table 4.2: Mass spectrometry analysis of proteins co-purified with the rimO 

promoter. 

Locus tag Gene 
code Description PSM # Gene ontology Uniprot 

accession # 

slr2058 topA DNA topoisomerase 216 DNA topological 
change P73810 

slr0707 polA DNA polymerase I 214 DNA replication Q55971 

sll0766 radC DNA repair protein RadC 79 DNA repair P52601 

sll1423 ntcA Global nitrogen regulator 55 Transcription P33779 

sll1577 cpcB C-phycocyanin beta chain 52 Photosynthesis Q54714 

slr1689 mutM Formamidopyrimidine-DNA glycosylase 30 DNA repair P74290 

sll0416 groL2 60 kDa chaperonin 2 17 Protein folding P22034 

sll1580 cpcC1 Phycobilisome 32.1 kDa linker 
polypeptide, phycocyanin-associated, rod 1 17 Photosynthesis P73203 

slr2076 groL1 60 kDa chaperonin 1 16 Protein folding Q05972 

slr1844 uvrA UvrABC system protein A 15 DNA repair P73412 

sll1579 cpcC2 Phycobilisome 32.1 kDa linker 
polypeptide, phycocyanin-associated, rod 2 14 Photosynthesis P73204 

sll1804 rpsC 30S ribosomal protein S3 13 Translation P73314 

sll1578 cpcA C-phycocyanin, alpha chain 11 Photosynthesis Q54715 

sll0947 hpf Ribosome hibernation promotion factor 5 Translation P74518 

slr1265 rpoC1 DNA-directed RNA polymerase subunit 
gamma 4 Transcription P74177 

slr0164 clpR Putative ATP-dependent Clp protease 
proteolytic subunit-like 4 Protein 

degradation P74466 

slr1986 apcB Allophycocyanin, beta chain 4 Photosynthesis Q01952 

slr0009 cbbL Ribulose biphosphate carboxylase large 
chain 3 Photorespiration P54205 

sll1945 dxs 1-deoxy-D-xylulose-5-phosphate synthase 2 Terpenoid 
biosynthesis P73067 

slr2067 apcA Allophycocyanin, alpha chain 2 Photosynthesis Q01951 

slr0335 apcE Phycobiliprotein ApcE 2 Photosynthesis Q55544 
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Figure 4.17: Putative NtcA binding sites in the rimO promoter.  

The sequence of the 333 bp biotinylated-DNA fragment used in the DNA affinity 

purifications is displayed. Base numbering corresponds to the Synechocystis genome 

(34). The transcription start site for the rimO-crhR operon is located immediately after 

the end of the sequence, at genomic position 2886039. The putative -10 promoter element 

is underlined. Two putative binding sites for NtcA, similar to the cyanobacterial 

consensus sequence, GTAN8TAC (287), are highlighted in blue (2885980-2885993; 

GTAN8CAC) and green (2886017-2886029; GTAN7TAC).  
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4.5 Discussion 

In this chapter, it is shown that the Synechocystis DEAD-box RNA helicase, CrhR, is 

required for normal cellular responses to changes in the availability and source of fixed 

nitrogen. Changes in nitrogen source produce differing effects in physiological markers, 

including growth rate and photosynthetic pigmentation, between wild type Synechocystis 

and the crhRTR strain. In addition, expression of CrhR is regulated by both the availability 

and type of fixed nitrogen, with transient enhancement of CrhR abundance observed 

following changes in the nitrogen compound available to the organism, while depletion 

of fixed nitrogen resulted in proteolytic degradation of CrhR. Evidence supporting a role 

for the global nitrogen regulator NtcA in mediating transcriptional regulation of crhR in 

response to nitrogen at sites upstream of the rimO-crhR operon is also presented. These 

results indicate a putative role for CrhR RNA helicase in mediating genetic responses in 

nitrogen uptake and assimilation pathways in Synechocystis, expanding the complement 

of abiotic stress responses that include CrhR. 

The lack of growth and reduction in pigmentation observed with ammonium-

based media was contrary to observations from other groups who routinely culture wild 

type Synechocystis at 10-15 mM ammonium concentrations (296, 320-322). A study 

specifically examining ammonium toxicity in Synechocystis found no effects on 

photosynthetic activity at 10 mM ammonium chloride (322), whereas here, growth and 

pigmentation effects were observed with concentrations as low as 1 mM. As was 

discussed in Chapter 1, there is heterogeneity at the genomic level in the sub-strains of 

Synechocystis maintained in research facilities (39, 40), with resulting differences in sub-

strain phenotypes and stress responses (323). As the severe ammonium-sensitive 

phenotype exhibited is specific to the sub-strain of Synechocystis that has been 

maintained at the University of Alberta for over 20 years (41), it has likely been acquired 

during that time. Genome sequencing of the wild type Synechocystis sub-strain used in 

this study and comparison to the other characterized Synechocystis sub-strains may 

identify a lab-acquired mutation that is causing the ammonium-sensitive phenotype 

observed. Similar growth defects in ammonium have previously been observed in 

Synechocystis deficient in ammonium uptake (320), or turnover in PSII subunits that are 

susceptible to photodamage (322, 324). Based on the absence of chlorosis, as observed 
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with nitrogen deprivation, ammonium uptake is still able to occur in the ammonium-

grown Synechocystis, intimating that the cause of the ammonium sensitive phenotype 

observed is likely related to the PSII repair cycle. The D1 protein, part of the reaction 

centre of PSII, is highly sensitive to irreversible photooxidative damage, an effect that is 

increased by ammonium (322). Proteolytic degradation of photodamaged D1 protein by 

the FtsH2 protease allows for its replacement in the reaction centre with de novo D1 

(322) and continued photoautotrophic growth. Deficiencies in either proteolysis or de 

novo synthesis of D1 protein would result in loss of photosynthetic capacity and 

accumulating damage in PSII, consistent with the impaired growth and pale blue 

pigmentation observed. Alternatively, as accumulation of ammonium in the cell may 

affect intracellular pH, the acquired mutation(s) in this strain may be in pathways that 

maintain pH homeostasis in the cell. 

CrhR expression in ammonium was also likely affected by ammonium toxicity, 

particularly at 20°C, where CrhR abundance was initially similar to urea and nitrate, then 

suddenly was undetectable. Depletion of CrhR could be an unintended consequence of 

the ammonium toxicity, or it could reflect a larger shift in the metabolism and energetics 

of the organism as it responds to the accumulating effects of ammonium toxicity. The 

maintenance of elevated CrhR abundance in media containing combined nitrate and 

ammonium at 20°C was insightful. If the decrease in CrhR abundance was due to normal 

nitrogen signalling, rather than an ammonium toxicity response, this would be 

unexpected, as ammonium repression of gene expression through NtcA is classically 

considered the basis of nitrogen-based regulation of gene expression in cyanobacteria 

(275, 325). This indicates that growth in nitrate is able to rescue effects of the 

ammonium-sensitivity on CrhR gene expression; however, it must occur via a mechanism 

that bypasses the global nitrogen control of ammonium repression. 

As severe morphological and physiological defects have been previously reported 

for crhRTR during low temperature stress when grown in the nitrate-based BG-11 medium 

(104), restoration of the growth rate of the crhRTR strain at low temperature to near wild 

type levels by growth in media containing 2 mM urea was unexpected. Currently, the 

cause of the severe low temperature phenotype of crhRTR is posited to be due to 

deficiencies in photosynthetic carbon fixation resulting from reduced electron flow 

150



through the photosynthetic electron transport chain (104). Similarly, Sireesha et al. (158) 

also attributed the phenotypic effects of crhR mutation to an inability to acclimate the 

photosynthetic pathways to low temperature stress, particularly with energy distribution 

between the photosystems and photosystem stoichiometry. Low-temperature induced 

nitrogen limitation in nitrate-based media was previously observed in another 

cyanobacterium, Synechococcus sp. PCC 7002, at 15°C, resulting in chlorosis and 

supressed growth, phenotypes that were not observed with low-temperature growth in 

urea (326). Unlike nitrate reduction, urea hydrolysis does not require reducing power 

from ferredoxin (283); thus, the reduction in the cold-sensitive phenotype observed in 

urea may indicate that nitrogen deprivation, due to lower rates of nitrate reduction, 

contributes to the severity of growth impairment and chlorotic pigmentation changes 

when crhRTR is grown in nitrate.  

The sensing and signal transduction pathway that regulates CrhR expression in 

response to nitrogen source or availability is of particular interest. Linking the regulation 

of carbon and nitrogen metabolism is essential in a photosynthetic organism, such as 

cyanobacteria, to ensure that the utilization of energy from photosynthesis is balanced 

between carbon and nitrogen acquisition. Regulation of the related regulatory proteins 

NtcA, PII, PipX and NAGK is one of the best examples of this, as their activity is 

modulated by the balance between 2-oxoglutarate, a measure of carbon availability, and 

ammonium, a measure of nitrogen availability (327). Further tuning of these regulators 

by altering the phosphorylation of PII occurs in response to photosynthetic electron 

transport in Synechocystis (328, 329), ensuring a balance between the reductant required 

for carbon fixation and nitrogen assimilation. Redox regulation of CrhR expression in 

response to a range of abiotic stresses occurs though a convergent sensing pathway 

dependent on the redox poise of the quinones located at either the QB site of PSII or the 

plastoquinone pool (163). The increased overall abundance of CrhR observed at low 

temperature in both urea and nitrate, in comparison to CrhR abundance at 30°C, can be 

attributed to the sensing of decreased temperature due to its effects on the redox state of 

the plastoquinone pool. The signal regulating the decrease in CrhR abundance in 

ammonium or urea in comparison to nitrate-based media observed by 24 hours could also 

be the redox status of the plastoquinone pool, as the electron transport chains and 
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energetics of photosynthesis, nitrogen metabolism and respiration are highly 

interconnected in cyanobacteria (319). Electron transport chain inhibitors, DCMU and 

DBMIB, have been utilized previously to verify if stresses are sensed through 

plastoquinone (163, 330); however, they are not well suited to use with nitrogen stress, as 

treatment with DCMU or DBMIB artificially oxidizes the downstream electron transport 

chain, including ferredoxin. This slows or halts carbon fixation, nitrate reduction and 

nitrogen assimilation via the GS/GOGAT pathway, simultaneously affecting regulation 

of NtcA and its regulon. 

The glutamine synthetase inhibitor L-methionine-sulfoximine (MSX) was used to 

simulate nitrogen starvation in the presence of nitrate to allow for decoupling of nitrogen 

metabolic and redox signals (312). Growth of cyanobacteria, including Synechocystis, 

under conditions of nitrogen deprivation stress results in chlorosis, a quiescence 

mechanism that visually manifests as a yellowing of the cells due to the degradation of 

the phycobiliproteins (306, 314). Both the wild type and crhRTR strains exhibited a 

plateau in growth, and depletion of phycobiliproteins in BG-11o medium, consistent with 

chlorosis. Unexpectedly, following treatment with MSX, regardless of concentration of 

MSX or nitrogen source in the media, visible degradation of the phycobiliproteins was 

not observed. This was not consistent with the observations of Klotz et al. (312), who 

were able to induce bleaching of Synechococcus elongatus PCC 7942 with concentrations 

as low as 2 μM MSX. Degradation of phycobiliproteins during chlorosis, the cause of the 

bleaching phenotype, is mediated by the Clp-protease adaptor protein NblA (331, 332). 

Expression of NblA is regulated by metabolic signals (333), the redox status of the 

electron transport chain (312) and a network of proteins, including response regulators 

(327, 333-335), ensuring degradation of phycobiliproteins is responsive to environmental 

stresses. Characterization of the majority of the proteins and conditions that regulate 

NblA expression has been conducted in Synechococcus elongatus and Nostoc sp. PCC 

7120, with minimal investigation in Synechocystis. Interestingly, Synechocystis encodes a 

dicistronic operon with two gene copies of NblA which form a functional heterodimer 

(336, 337), in contrast to the homodimeric functional units of other cyanobacteria. A 

difference in regulatory organization may also accompany the altered gene structure in 
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Synechocystis, rendering inhibition of glutamine synthetase insufficient to initiate 

degradation of phycobiliproteins.  

In the absence of bleaching as a visual measure of glutamine synthetase 

inhibition, transcript abundance of two NtcA-regulated genes, glnB, encoding a PII signal 

transduction protein (288), and gifA, encoding a glutamine synthetase inactivating factor 

(300) was used to identify a concentration of MSX that successfully mimicked nitrogen 

starvation. Unlike Synechococcus elongatus (312), 2 μM MSX was insufficient to induce 

gene expression changes in Synechocystis similar to those observed during nitrogen 

depletion. We also tested MS at 400 μM, a concentration in the same order of magnitude 

as previous experiments using MSX treatment with Synechocystis (338, 339). At 400 μM, 

the expected NtcA-dependent changes in gifA and glnB transcript abundance were 

induced. Treatment with 400 μM MSX was sufficient to induce CrhR proteolysis in the 

presence of nitrate-based medium, indicating that the regulatory signal for CrhR 

proteolysis during nitrogen depletion is the accumulation of 2-oxoglutarate in the absence 

of ammonium, with NtcA regulating an aspect of the proteolytic mechanism, likely 

expression of an adaptor or chaperone. 

The identification of the transcription factor NtcA binding the promoter for the 

rimO-crhR operon expands the complement of transcription factors that affect expression 

of crhR. This adds NtcA regulation of the dicistronic operon promoter upstream of rimO 

as a mechanism of transcriptional regulation, in addition to the already characterized 

repression of the promoter immediately upstream of crhR by a redox-regulated LexA 

ortholog (165). In Synechocystis, expression of NtcA is driven from two promoters, one 

constitutive and one regulated in response to both nitrogen and the redox status of the 

electron transport chain, sensed through the reduction of the thiol residues on the NtcA 

protein (340). Thus, ntcA expression bears similarities to that of crhR, which is also 

dependent on light illumination and responsive to changes in the redox status of the 

photosynthetic electron transport chain. As crhR expression is enhanced under reducing 

conditions (341), the same conditions in which the NtcA protein is active, NtcA would be 

expected to act as a transcriptional activator of the rimO-crhR operon; however, the only 

condition in which NtcA has thus far been observed to bind strongly to the rimO 

promoter, nitrogen deprivation, resulted in decreased expression of rimO (288). Timing 

153



differences in the experiments may explain some of this discrepancy, as, at least in 

response to temperature stress, accumulation of the rimO transcript is very short-lived, 

lasting less than an hour, (Chapter 3), while the transcriptome in Giner-Lamia et al. (288) 

was generated after four hours of nitrogen starvation. It is also possible that a second 

signal regulates transcription from the rimO-crhR operon promoter during nitrogen 

starvation, as the rimO transcript accumulation observed with MSX treatment, simulating 

nitrogen starvation, unexpectedly increased after 4 hours, while the abundance observed 

in nitrogen-deplete medium decreased, consistent with Giner-Lamia et al. (288). This 

observation implies that while NtcA may act as a repressor of the rimO-crhR operon 

transcript, other transcriptional regulators also likely modulate expression of the 

discistronic operon in response to nitrogen signalling. 

Regulation of CrhR expression in response to changes in the source of fixed 

nitrogen is complex, seemingly involving multiple regulators acting at various stages of 

expression. This is consistent with CrhR expression at low temperature, where expression 

is regulated at transcriptional, post-transcriptional and even post-translational levels by a 

complex network of regulators (164). During low temperature expression, CrhR 

expression was auto-regulatory, with some, but not all of these regulatory checkpoints 

CrhR-dependent (164). At 20°C, CrhR had previously been observed to accumulate to a 

maximal level in both wild type and crhRTR; however, upon transfer from the nitrate-

based BG-11 growth medium to a urea-based medium, CrhR continued to accumulate. In 

wild type Synechocystis, this increased accumulation of CrhR protein was transient, but 

in crhRTR, the truncated protein continued to accumulate, even after return to the nitrate-

based medium. This indicates that some of the additional levels of regulation observed 

for CrhR expression during nitrogen stress are auto-regulatory. It is of interest to note that 

many of the auto-regulatory checkpoints in CrhR expression involve decreasing CrhR 

protein levels from an elevated state. Perhaps CrhR auto-regulation occurs when 

abundance of CrhR is sufficient to exceed that required for its function, allowing free and 

active CrhR to interact with regulatory pathways that decrease CrhR expression including 

the induction of proteolysis. Alternatively, a protein motif required for targeting of excess 

CrhR protein for degradation may be absent in CrhRTR, allowing it to accumulate in 

excess. 
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Regulation of CrhR expression in response to nitrogen stress may provide some 

insights into the function of CrhR in Synechocystis. Similar to CrhR, expression of many 

bacterial DEAD-box RNA helicases are regulated by temperature and/or salt (102-106, 

161, 342). An increased requirement for the helicase protein during these abiotic stresses 

has been explained in the context of the increased stability of nucleic acid secondary 

structure at lower temperatures and increased salt concentrations (74). Unlike those other 

DEAD-box proteins, CrhR is regulated in response to an increased complement of 

stresses, many of which are sensed through the redox poise of the photosynthetic electron 

transport chain (163), which does not have a direct link to increased RNA stability. 

Nitrogen has now been shown to be another stress that affects CrhR expression but does 

not directly affect RNA stability. During nitrogen deprivation, CrhR is rapidly degraded, 

even at lower temperature, when RNA secondary structures are more stable and the 

activity of an RNA helicase is presumed to be important. Proteolysis of CrhR occurs in 

the early stages of chlorosis, when the cell is still upregulating genes for transport and 

assimilation of nitrogen, prior to degradation of the phycobiliproteins and other 

preparations for senescence (302). This is significant, as it indicates CrhR is not required 

in expression of the nitrogen transport and assimilation pathways while cells are 

scavenging for available nitrogen, nor is it required during cellular preparations for 

senescence. Rather, CrhR is only expressed when nitrogen is freely available and cellular 

metabolism is proceeding normally. Considered together with the common sensing of 

other stresses that regulate CrhR through the photosynthetic electron transport chain 

(163), the trends of CrhR expression in nitrogen may indicate that CrhR expression in 

nitrogen is also linked to the redox poise of the electron transport chain. CrhR 

accumulates when conditions near the plastoquinone pool are reducing (163). There is 

careful coordination of the availability of reductants with metabolic processes and stress 

in cyanobacteria, particularly to avoid accumulation of excess reducing power within the 

electron transport chain (319). Even in the early stages of chlorosis, reductants, a source 

of energy for the cell, are conserved where possible. Down-regulation of CrhR under this 

condition, and upregulation when reductants are plentiful may indicate that CrhR 

regulates the expression of proteins, such as electron sinks, to help remove excess 

electrons from the electron transport chain. Consistent with this proposal, crhR mutation 
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has been shown to reduce abundance of transcripts for subunits for ATP synthase and 

NADH dehydrogenase, as well as flavoproteins (147). This may link redox regulation of 

CrhR expression with nitrogen stresses, as the reduction of nitrite and nitrate has been 

shown to be an electron sink for the photosynthetic electron transport chain (312). 

In this chapter, CrhR expression was shown to be sensitive to changes in the 

source and availability of fixed nitrogen. In particular, nitrogen depletion induced rapid 

proteolysis of CrhR. Regulation of CrhR expression during nitrogen stresses was shown 

to be related to both global nitrogen control, through NtcA, as well as the redox status of 

the photosynthetic electron chain, with some of these regulatory checkpoints CrhR-

dependent. As regulation of CrhR expression is also known to be responsive to salt (161), 

temperature (104), heavy metals (163) and light (41), a model of CrhR RNA helicase as a 

modulator of RNA secondary structures in response to an increasing variety of stresses is 

emerging. 
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5.1 Summary 

DEAD-box RNA helicases have roles in many RNA processes, modulating RNA 

structures and mediating interactions between functional protein complexes and RNA. In 

cyanobacteria, DEAD-box RNA helicase proteins form three distinct clades. Two of 

these clades, the CsdA-like and RhlE-like helicases, cluster with the homologous proteins 

from E. coli. The third clade, the CrhR-like helicases, is unique to cyanobacteria and 

characterized by a conserved sequence motif in the C-terminal extension of the helicase. 

Distribution of the CrhR-like helicases throughout cyanobacterial diversity and 

conservation of the rimO-crhR operon suggest that the CrhR-like helicases evolved early 

in the cyanobacterial lineage. Functions for the CrhR-like, CsdA-like, and RhlE-like 

helicases in expression and maintenance of photosynthetic systems, ribosome biogenesis, 

and coordination of CrhR/CsdA function, respectively, are proposed. 

 

5.2 Introduction 

Regulation of the expression of gene products occurs at many levels. At the post-

transcriptional level, modulation of RNA structure can regulate gene expression by 

altering RNA stability or translation efficiency. In many cases, these RNA structural 

changes require interactions with proteins, such as chaperones (343, 344) or helicases 

(77, 231, 345). RNA helicases function in all aspects of RNA metabolism, regulating a 

diverse range of cellular processes by unwinding and, more rarely, annealing RNA 

duplexes, performing local strand separation, and by mediating RNA-protein interactions 

(64, 72, 231, 346). Generally, RNA helicases share a conserved structure, with two 

RecA-like functional domains containing a series of conserved sequence motifs that 

participate in RNA binding, and ATP binding and hydrolysis (see Figure 1.4) (76, 78, 

82). The largest family of RNA helicases, the DEAD-box proteins, have 12 highly 

conserved sequence motifs (72), conferring a biochemical activity of ATP-dependent 

local RNA strand separation (86). Some DEAD-box proteins can also displace proteins 

from RNA or clamp to RNA and serve as a nucleation site for the recruitment of other 

proteins to form functional complexes (72, 87, 346). In eukaryotes, DEAD-box helicases 

are essential for survival, as they are intimately involved in almost all cellular processes, 

including translation, splicing and RNA degradation (72). Prokaryotic DEAD-box 
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proteins are also involved in ribosome biogenesis, translation and RNA processing and 

degradation; however, their function is generally only required under non-optimal 

conditions (75). 

 Classification of prokaryotic DEAD-box helicases is often based on the RNA 

processes the protein participates in (67, 182), but phylogenetic methods have also started 

to be used (75, 107). Based on conserved sequence domains, Lopez-Ramirez et al. (107) 

classified bacterial DEAD-box proteins into three major groups: proteins that contain a 

DbpA RNA binding domain (including CsdA and DbpA from E. coli, and DeaD/YxiN 

from B. subtilis), proteins lacking the DbpA domain (including SrmB and RhlB from E. 

coli, and CshA, CshB and YfmL from B. subtilis), and RhlE-like proteins. These 

classifications, based on sequence and structure, generally relate well to the cellular 

functions of the DEAD-box protein. For example, the DbpA RNA binding domain 

facilitates recognition and binding of hairpin 92 of the 23S rRNA precursor by a DEAD-

box RNA helicase (114, 118, 347). All of the well-characterized DEAD-box proteins 

containing this domain, DbpA, CsdA, and YxiN, participate in maturation of the 50S 

ribosomal subunit, and specifically the 23S rRNA precursor (109, 113, 119). These 

phylogenetic classifications aid in deducing putative functions of DEAD-box helicases 

from protein sequences as they are annotated in newly sequenced genomes. 

 The quantity and diversity of sequenced cyanobacterial genomes available in 

publicly accessible databases has increased substantially since these phylogenetic studies 

of bacterial DEAD-box proteins (75, 107). Cyanobacteria have metabolic and lifestyle 

differences to other bacteria as they are the only prokaryotes that perform oxygenic 

photosynthesis. It was therefore of interest to explore how DEAD-box proteins in this 

divergent group of organisms relate to those found in other bacteria.  

Four DEAD-box RNA helicases have been experimentally identified in 

cyanobacteria to date: CrhA from Anabaena variabilis UTCC 387 (148), CrhB and CrhC 

from Nostoc sp. PCC 7120 (105), and CrhR from Synechocystis sp. PCC 6803 (41), with 

two examples, CrhA and CrhB, receiving only limited study. CrhC is a cold-induced 

protein (105) that interacts with ribosomes and localizes to the cytoplasmic face of the 

plasma membrane near the cell poles (152). Expression of CrhR is regulated in response 

to the redox poise of the plastoquinone pool of the photosynthetic electron transport chain 
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(41, 163). In Chapter 2, CrhR was shown to cosediment with polysomes and RNA 

degradosome components and localize to the thylakoid membrane. Consistent with 

localization to the thylakoid membrane, crhR mutation results in disruption to 

photosynthesis, particularly at low temperatures (104, 158). As the cyanobacterial 

DEAD-box proteins, and in particular CrhR, demonstrate localizations unique to 

cyanobacteria, further study of these proteins across the diversity of cyanobacteria is 

warranted. 

 In this chapter, it was demonstrated that cyanobacterial DEAD-box proteins form 

three major groups, two with homology to the E. coli DEAD-box proteins CsdA and 

RhlE, and a third unique to cyanobacteria, the CrhR-like helicases. The CrhR-like 

proteins are found throughout cyanobacteria diversity and share a conserved sequence 

domain in the C-terminal extension that identifies them as a separate clade within the 

DEAD-box RNA helicase family. In addition, synteny of the dicistronic rimO-crhR 

operon is well conserved, suggesting early acquisition of CrhR-like proteins in the 

cyanobacterial lineage. CsdA-like helicases, which occur only in Synechococcales, have 

a DbpA RNA binding motif in the C-terminus and may have been acquired following a 

loss of the CrhR-like helicase in the ancestral lineage. Strains with RhlE-like helicases 

also encode at least one other DEAD-box protein in the genome. Based on similarities to 

characterized homologs, functions for CsdA, CrhR and RhlE in ribosome biogenesis, 

expression and maintenance of photosynthetic systems, and coordination of CsdA/CrhR 

function, respectively, are proposed. 

 

5.3 Methods 

 

5.3.1 Sequence data 

Predicted and known amino acid sequences of cyanobacterial DEAD-box RNA helicases 

were obtained from the NCBI non-redundant (nr) protein database. The helicase core 

domain (amino acids F9-R338) of the sole DEAD-box RNA helicase in Synechocystis sp. 

PCC 6803, CrhR, was retrieved from NCBI (accession WP_010873784.1) for use as the 

query sequence. A BLASTp search, restricted to cyanobacteria (taxid: 1117), yielded 461 

unique DEAD-box RNA helicase sequences. These sequences were curated for full-
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length sequences that contained the 12 conserved motifs of the DEAD-box helicase 

protein family (see Figure 1.4), resulting in a total of 362 sequences from 280 strains of 

cyanobacteria. The sequences of the five DEAD-box proteins from Escherichia coli were 

also retrieved from NCBI to verify correct branching. 

 

5.3.2 Sequence alignments and phylogenetic analysis 

The helicase sequences were collected in MEGA7 v7.0.21 (348), where multiple 

sequence alignments of the protein sequences were generated using the integrated 

MUSCLE algorithm (349) with default parameters. This alignment was exported in 

FASTA format and converted to relaxed Phylip format using NCLconverter v2.1 (350), 

accessed via the CIPRES science gateway (351). 

The maximum likelihood tree was created using RAxML-HPC Blackbox v8.2.10 

(352), accessed via CIPRES (351) using default settings, with the exception of the amino 

acid substitution matrix, which was set to LG (353). Rapid bootstrapping ran for 252 

replicates before auto-termination with MRE-based bootstrapping criteria (354). The 

output tree was visualized in iTOL v4.3.2 (355). Taxa colours correspond to the 

cyanobacterial order. 

 The Euler diagram representing the distribution of the helicase families across 

cyanobacterial strains was created as a three-set Euler diagram in EulerAPE v.3.0 (356), 

consisting of CrhR-like, CsdA-like and RhlE-like helicases. The fourth set, for the 

unclassified helicases, was added with approximate scaling in Adobe Illustrator to 

visually demonstrate the intersection of the unclassified helicases with the CrhR-like and 

RhlE-like proteins. 

 

5.3.3 Gene context analysis 

Genes surrounding each DEAD-box protein in the respective cyanobacterial genome 

were identified using the NCBI Genome Viewer. Related genes were identified from 

annotations of conserved motifs. 
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5.3.4 C-terminal motif identification 

Alignments of the C-terminal domains for sequences from each helicase subfamily were 

generated in MUSCLE (349). Alignments of a selection of sequences from the subfamily 

were used for visualization of the alignments. Alignments including all sequences in the 

subfamily were used to generate sequence logos in WebLogo3 (357). 

 

5.3.5 Pfam domain identification 

Protein sequences were searched against the Pfam database (358) using the EMBL-EBI 

web portal with an E-value cut-off of 1.0. 

 

5.3.6 rpoC neighbour-joining tree 

rpoC2 gene sequences were identified by searching the genome sequences with the 

RpoC2 protein of Synechocystis sp. PCC 6803 (BA000022.2: 853497-857450). rpoC2 

sequences were used instead of 16S rDNA as the genome for Phormidesmis preistleyi 

ANA is incomplete, and lacks sequences for the 16S rDNA and several core conserved 

genes often used in concatenated gene trees. rpoC2 nucleotide sequences were aligned by 

MUSCLE (349) with default parameters. A neighbour-joining tree was generated in 

Jalview v.2.11 using a BLOSUM62 scoring matrix (359). 

 

5.4 Results 

 

5.4.1 Cyanobacterial DEAD-box RNA helicases form 3 distinct clades 

The amino acid sequence of the Synechocystis sp. PCC 6803 DEAD-box protein, CrhR, 

was used to generate a query sequence that included all 12 of the conserved sequence 

motifs characteristic of DEAD-box RNA helicases. The query sequence (F9-R338) was 

utilized as it contained amino acids corresponding to the RNA helicase core, which is 

highly conserved in all DEAD-box RNA helicases (72) This sequence included the 12 

conserved sequence motifs characteristic of DEAD-box proteins, containing all amino 

acids between the conserved phenylalanine upstream of the Q motif (80) and the final 

arginine of motif VI (360) (see Figure 1.4). The NCBI non-redundant (nr) protein 

database was searched with this query, returning 461 unique cyanobacterial records, 
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which were further curated to remove sequences from other superfamily 1 and 2 helicase 

families, as well as incomplete sequences. The resulting 362 cyanobacterial DEAD-box 

protein sequences (Table 5.1) were aligned, and the phylogenetic relationships were 

identified by construction of an unrooted maximum likelihood tree using RAxML (352).  

The majority of the cyanobacterial DEAD-box RNA helicase proteins cluster into 

three clades, each having a bootstrap value ≥95% (Figure 5.1). Two of the E. coli 

helicase sequences, RhlE and CsdA, fall within these groups, while the remaining three, 

DbpA, RhlB and SrmB, do not group with the cyanobacterial helicase sequences. These 

three clades are labelled CsdA-like and RhlE-like, corresponding to the E. coli helicases 

that cluster with them, and CrhR-like, for the most characterized protein sequence in the 

group, CrhR, from Synechocystis sp. PCC 6803 (41). Of the 362 cyanobacterial DEAD-

box proteins in this analysis, 185 fall within the CrhR-like helicases, 92 in CsdA-like, and 

71 in RhlE-like (Figure 5.1A). 14 of the cyanobacterial helicase proteins do not cluster 

with any of these three protein groups. 

 Examining the distribution of helicases belonging to the three groups 

demonstrates that 199 cyanobacterial strains contain a single type of DEAD-box protein, 

67 strains contain two types, and 4 strains contain three types (Figure 5.1A). Of the 

strains encoding ungrouped DEAD-box proteins, three strains also encode either a CrhR-

like or RhlE-like protein, while the remaining seven encode solely DEAD-box proteins 

that do not cluster with the three protein subfamilies defined in this study. It is important 

to note that the methodology of this study does not allow for enumeration of the rare 

examples of cyanobacterial strains that do not encode DEAD-box RNA helicases, such as 

the model organism Synechococcus elongatus, of which there are several genome 

sequences available (361). DEAD-box proteins were also not identified in the proposed 

basal-branching order Gloeomargaritales, which only has one sequenced representative 

genome (362). Based on the currently available sequence data, it can be concluded each 

cyanobacterium can encode between zero and three different DEAD-box proteins, with a 

strong tendency for helicase-specific clustering within related cyanobacterial lineages.  
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Table 5.1: DEAD-box RNA helicase proteins encoded in cyanobacterial genomes.  

The list of sequence identifiers obtained by the search of the NCBI non-redundant 

sequences database using the helicase core domain (F9-R338) of the DEAD-box protein 

CrhR from Synechocystis sp. PCC 6803. The order, species, strain and accession number 

for each protein is indicated, as well as the corresponding group (CrhR, CsdA or RhlE) 

within the DEAD-box protein family.  
Order Species Strain Accession Number Group 
          
Chroococcales       
  Aphanothece halophytica  PCC 7418 WP_015227798.1 CrhR 
  Candidatus Atelocyanobacterium thalassa isolate  ALOHA WP_012954034.1 CrhR 
  Candidatus Atelocyanobacterium thalassa isolate  SIO64986 KFF41262.1 CrhR 
  Chroogloeocystis siderophila  5.2 s.c.1 WP_073551513.1 CrhR 
  Crocosphaera watsonii  WH 8501 WP_007303466.1 CrhR 
  Cyanobacterium aponinum  PCC 10605 WP_015219980.1 CrhR 
  Cyanobacterium sp.  IPPAS B-1200 WP_069789285.1 CrhR 
  Cyanobacterium stanieri  PCC 7202 AFZ47545.1 CrhR 
  Geminocystis herdmanii PCC 6308 WP_017294180.1 CrhR 
  Geminocystis sp.  NIES-3708 WP_066348995.1 CrhR 
  Geminocystis sp.  NIES-3709 WP_066117391.1 CrhR 
  Gloeocapsa sp.  PCC 7428 WP_015190184.1 CrhR 
  Gloeocapsa sp.  PCC 73106 WP_006530822.1 CrhR 
  Microcystis aeruginosa  KW WP_079208639.1 CrhR 
  Microcystis aeruginosa  NIES-44 WP_045361726.1 CrhR 
  Microcystis aeruginosa  NIES-88 WP_061432786.1 CrhR 
  Microcystis aeruginosa  NIES-98 WP_069474107.1 CrhR 
  Microcystis aeruginosa  NIES-843 WP_012265913.1 CrhR 
  Microcystis aeruginosa  NIES-2481 WP_066030023.1 CrhR 
  Microcystis aeruginosa  NIES-2549 WP_046662813.1 CrhR 
  Microcystis aeruginosa  PCC 7005 WP_024970412.1 CrhR 
  Microcystis aeruginosa  PCC 7806 WP_002741230.1 CrhR 
  Microcystis aeruginosa  PCC 9432 WP_002733094.1 CrhR 
  Microcystis aeruginosa  PCC 9443 WP_002769059.1 CrhR 
  Microcystis aeruginosa  PCC 9701 WP_004268339.1 CrhR 
  Microcystis aeruginosa  PCC 9717 WP_002763242.1 CrhR 
  Microcystis aeruginosa  PCC 9806 WP_002781592.1 CrhR 
  Microcystis aeruginosa  SPC777 WP_016516037.1 CrhR 
  Microcystis panniformis  FACHB-1757 WP_052277776.1 CrhR 
  Microcystis sp.  T1-4 WP_008198520.1 CrhR 
  Rubidibacter lacunae  KORDI 51-2 WP_022606644.1 CrhR 
          
Chroococcidiopsidales       
  Chroococcidiopsis thermalis  PCC 7203 WP_015155494.1 CrhR 
          
Gloeobacterales    
  Gloeobacter kilaueensis  JS1 WP_023172363.1 No group 
  Gloeobacter violaceus  PCC 7421 (a) WP_011142503.1 No group 
  Gloeobacter violaceus  PCC 7421 (b) WP_011142321.1 No group 
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Nostocales    
  Anabaena cylindrica  PCC 7122  WP_015216841.1 CrhR 
  Anabaena cylindrica  PCC 7122 WP_015217396.1 RhlE 
  Anabaena sp.  90 WP_015081159.1 CrhR 
  Anabaena sp.  90 WP_015079554.1 RhlE 
  Anabaena sp.  AL09  OBQ05623.1 CrhR 
  Anabaena sp.  AL09 OBQ03207.1 RhlE 
  Anabaena sp.  ATCC 33047 WP_066377041.1 CrhR 
  Anabaena sp.   CRKS33 OBQ40729.1 CrhR 
  Anabaena sp.  CRKS33 OBQ32742.1 RhlE 
  Anabaena sp.  LE011-02 OBQ04690.1 CrhR 
  Anabaena sp.  LE011-02 OBQ05997.1 RhlE 
  Anabaena sp.  PCC 7108 WP_016953324.1 CrhR 
  Anabaena sp.  PCC 7108 WP_016951584.1 RhlE 
  Anabaena sp.  WA102 WP_053540454.1 CrhR 
  Anabaena sp.  WA102 WP_053539369.1 RhlE 
  Anabaena sp.  WA113  OBQ22342.1 CrhR 
  Anabaena sp.  WA113  OBQ18746.1 RhlE 
  Anabaena variabilis   ATCC 29413 ABA20266.1 CrhR 
  Anabaena variabilis   ATCC 29413 ABA21574.1 RhlE 
  Aphanizomenon flos-aquae  2012/KM1/D3  WP_039204634.1 CrhR 
  Aphanizomenon flos-aquae  2012/KM1/D3  WP_039200299.1 RhlE 
  Aphanizomenon flos-aquae  LD13  OBQ18590.1 CrhR 
  Aphanizomenon flos-aquae  LD13  OBQ22990.1 RhlE 
  Aphanizomenon flos-aquae  NIES-81  WP_027404570.1 CrhR 
  Aphanizomenon flos-aquae  NIES-81  WP_027401622.1 RhlE 
  Calothrix sp.  336/3 WP_035153586.1 CrhR 
  Calothrix sp.  HK-06 WP_073618868.1 CrhR 
  Calothrix sp.  HK-06 WP_073622274.1 RhlE 
  Calothrix sp.  PCC 6303 WP_015200162.1 CrhR 
  Calothrix sp.  PCC 6303 WP_015195959.1 RhlE 
  Calothrix sp.  PCC 7103 WP_019489262.1 CrhR 
  Calothrix sp.  PCC 7103 WP_035173265.1 RhlE 
  Calothrix sp.  PCC 7507  WP_015131393.1 CrhR 
  Calothrix sp.  PCC 7507  WP_015132072.1 RhlE 
  Chlorogloeopsis fritschii PCC 6912 WP_016873588.1 CrhR 
  Chlorogloeopsis sp.  PCC 7702 WP_017322836.1 CrhR 
  Chrysosporum ovalisporum UAM-MAO CEJ43554.1 CrhR 
  Cylindrospermopsis raciborskii  CS-505 WP_006276327.1 CrhR 
  Cylindrospermopsis raciborskii  MVCC14 WP_071250936.1 CrhR 
  Cylindrospermopsis sp.  CR12 WP_057176886.1 CrhR 
  Cylindrospermum stagnale  PCC 7417  WP_015206929.1 CrhR 
  Cylindrospermum stagnale  PCC 7417  WP_015209745.1 RhlE 
  Dolichospermum circinale  AWQC131C WP_028090653.1 CrhR 
  Dolichospermum circinale  AWQC131C WP_028091112.1 RhlE 
  Dolichospermum circinale  AWQC310F WP_028084471.1 CrhR 
  Dolichospermum circinale  AWQC310F WP_028084089.1 RhlE 
  Fischerella major  NIES-592 WP_073555827.1 CrhR 
  Fischerella muscicola  PCC 73103 WP_016860456.1 CrhR 
  Fischerella muscicola  PCC 7414 WP_026085820.1 CrhR 
  Fischerella sp.  JSC-11 WP_009453863.1 CrhR 
  Fischerella sp.  NIES-3754 WP_062246540.1 CrhR 
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Nostocales    
  Fischerella sp.  PCC 9339 WP_017311292.1 CrhR 
  Fischerella sp.  PCC 9605 WP_026731393.1 CrhR 
  Fortiea contorta PCC 7126 WP_017654089.1 CrhR 
  Hapalosiphon sp.  MRB220 WP_026721223.1 CrhR 
  Hassallia byssoidea  VB512170  KIF28888.1 CrhR 
  Hassallia byssoidea  VB512170 (a) KIF30245.1 No group 
  Hassallia byssoidea  VB512170 (b) KIF31317.1 No group 
  Mastigocladopsis repens PCC 10914 WP_017315850.1 CrhR 
  Mastigocoleus testarum  BC008 WP_027842873.1 CrhR 
  Nodularia spumigena  CCY9414  WP_006195458.1 CrhR 
  Nodularia spumigena  CCY9414  WP_006195497.1 RhlE 
  Nodularia spumigena  CENA596 WP_063873820.1 CrhR 
  Nostoc azollae  0708 WP_013190002.1 CrhR 
  Nostoc azollae  0708 ADI63752.1 RhlE 
  Nostoc calcicola  FACHB-389 WP_073642635.1 CrhR 
  Nostoc piscinale  CENA21 WP_062295266.1 CrhR 
  Nostoc punctiforme  PCC 73102  WP_012410842.1 CrhR 
  Nostoc punctiforme  PCC 73102 WP_012409963.1 RhlE 
  Nostoc sp.  KVJ20 WP_069069063.1 CrhR 
  Nostoc sp.  KVJ20 WP_069072171.1 RhlE 
  Nostoc sp.  MBR 210 OCQ99908.1 CrhR 
  Nostoc sp.  NIES-3756  WP_067773294.1 CrhR 
  Nostoc sp.  NIES-3756  WP_067768693.1 RhlE 
  Nostoc sp.  PCC 7107  WP_015111687.1 CrhR 
  Nostoc sp.  PCC 7107  AFY45650.1 RhlE 
  Nostoc sp.  PCC 7120  WP_010995395.1 CrhR 
  Nostoc sp.  PCC 7120  WP_010998849.1 RhlE 
  Nostoc sp.  PCC 7524 WP_015138780.1 CrhR 
  Raphidiopsis brookii  D9 WP_009343384.1 CrhR 
  Richelia intracellularis  HH01 WP_008231885.1 CrhR 
  Richelia intracellularis  RC01 CDN14942.1 CrhR 
  Rivularia sp.  PCC 7116 WP_015121796.1 CrhR 
  Scytonema hofmanni  UTEX B 1581 WP_029631515.1 RhlE 
  Scytonema hofmanni  UTEX B 1581  WP_029633835.1 CrhR 
  Scytonema hofmannii  PCC 7110 WP_017746800.1 CrhR 
  Scytonema sp.  HK-05 WP_073628368.1 CrhR 
  Scytonema tolypothrichoides  VB-61278 WP_048871842.1 CrhR 
  Tolypothrix bouteillei  VB521301 WP_038078122.1 CrhR 
  Tolypothrix campylonemoides VB511288 WP_071838559.1 No group 
  Tolypothrix campylonemoides  VB511288 WP_041035416.1 CrhR 
  Tolypothrix sp.  PCC 7601 WP_045867700.1 CrhR 
  Trichormus sp.  NMC-1  WP_071190055.1 CrhR 
  Trichormus sp.  NMC-1  WP_071190771.1 RhlE 
          
Oscillatoriales       
  Arthrospira maxima  CS-328 WP_006670629.1 CrhR 
  Arthrospira platensis  C1 WP_035760177.1 CrhR 
  Arthrospira platensis  NIES-39 WP_043468916.1 CrhR 
  Arthrospira platensis  Paraca WP_006617243.1 CrhR 
  Coleofasciculus chthonoplastes  PCC 7420 WP_006102098.1 CrhR 
  Crinalium epipsammum  PCC 9333 WP_015205239.1 CrhR 

166



Order Species Strain Accession Number Group 
     
Oscillatoriales    
  Cyanothece sp.  ATCC 51142 WP_009543508.1 CrhR 
  Cyanothece sp.  CCY0110 WP_008276945.1 CrhR 
  Cyanothece sp.  PCC 7425 WP_012629831.1 CrhR 
  Cyanothece sp.  PCC 7822 WP_013323350.1 CrhR 
  Cyanothece sp.  PCC 8801 WP_015785253.1 CrhR 
  Desertifilum sp.  IPPAS B-1220 WP_069967535.1 CrhR 
  filamentous cyanobacterium  ESFC-1 WP_018396245.1 CrhR 
  Geitlerinema sp.  PCC 7105 WP_017661231.1 No group 
  Geitlerinema sp.  PCC 7407 WP_015173091.1 CrhR 
  Geitlerinema sp.  PCC 9228 WP_071517408.1 CrhR 
  Limnoraphis robusta  CS-951 WP_046278382.1 CrhR 
  Lyngbya aestuarii  BL J WP_023065801.1 CrhR 
  Lyngbya confervoides BDU141951 WP_044150923.1 RhlE 
  Lyngbya confervoides  BDU141951 WP_063776105.1 No group 
  Lyngbya sp.  PCC 8106 WP_039896992.1 CrhR 
  Microcoleus sp.  PCC 7113 WP_015182542.1 RhlE 
  Microcoleus sp.  PCC 7113  WP_015184396.1 CrhR 
  Microcoleus vaginatus  FGP-2 WP_006633595.1 CrhR 
  Moorea bouillonii  PNG5-198 WP_075900005.1 CrhR 
  Moorea producens  3L WP_008177600.1 CrhR 
  Moorea producens  JHB WP_071104591.1 CrhR 
  Moorea producens  PAL-8-15-08-1 WP_070393209.1 CrhR 
  Oscillatoria acuminata  PCC 6304 WP_015146953.1 CrhR 
  Oscillatoria nigro-viridis  PCC 7112 WP_015177386.1 CrhR 
  Oscillatoria sp.  PCC 10802 WP_017715337.1 CrhR 
  Oscillatoria sp.  PCC 6506 WP_007354567.1 CrhR 
  Oscillatoriales cyanobacterium  CG2_30_40_61 OIP73250.1 CrhR 
  Oscillatoriales cyanobacterium  CG2_30_44_21  OIP71395.1 CrhR 
  Oscillatoriales cyanobacterium CG2_30_44_21  OIP71446.1 RhlE 
  Oscillatoriales cyanobacterium  JSC-12 WP_009557052.1 CrhR 
  Oscillatoriales cyanobacterium  MTP1 WP_058883613.1 CrhR 
  Oscillatoriales cyanobacterium  USR001 OCR00684.1 CrhR 
  Phormidium ambiguum  IAM M-71 WP_073595642.1 RhlE 
  Phormidium ambiguum  IAM M-71 WP_073595739.1 CrhR 
  Phormidium sp.  OSCR KPQ34456.1 No group 
  Phormidium tenue  NIES-30 WP_073610295.1 RhlE 
  Phormidium tenue  NIES-30 WP_073607089.1 CrhR 
  Planktothricoides sp.  SR001 WP_054466936.1 CrhR 
  Planktothrix agardhii  NIVA-CYA 126/8 WP_042151026.1 CrhR 
  Planktothrix agardhii  PCC 7805 CUM60384.1 CrhR 
  Planktothrix paucivesiculata  PCC 9631 CUR15004.1 CrhR 
  Planktothrix rubescens 7821 WP_026787128.1 CrhR 
  Planktothrix serta  PCC 8927 CUR16751.1 CrhR 
  Planktothrix sp.  PCC 11201 WP_079680322.1 CrhR 
  Planktothrix tepida  PCC 9214 WP_072718935.1 CrhR 
  Roseofilum reptotaenium  AO1-A OJJ22692.1 CrhR 
  Trichodesmium erythraeum  IMS101 ABG52788.1 CrhR 
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Pleurocapsales       
  Hydrococcus rivularis  NIES-593 WP_073598826.1 CrhR 
  Myxosarcina sp.  GI1 WP_036485380.1 CrhR 
  Pleurocapsa sp.  PCC 7319 WP_019508420.1 CrhR 
  Pleurocapsa sp.  PCC 7327 WP_015145756.1 CrhR 
  Stanieria cyanosphaera  PCC 7437 WP_015194510.1 CrhR 
  Stanieria sp.  NIES-3757 BAU65148.1 CrhR 
  Xenococcus sp.  PCC 7305 WP_006508547.1 CrhR 
          
Spirulinales       
  Spirulina major PCC 6313 WP_072621974.1 CrhR 
  Spirulina subsalsa PCC 9445 WP_017305715.1 CrhR 
          
Synechococcales       
  Acaryochloris marina  MBIC11017  WP_012162240.1 CrhR 
  Acaryochloris marina  MBIC11017  WP_012160835.1 CsdA 
  Acaryochloris sp.  CCMEE 5410  WP_010476696.1 CrhR 
  Acaryochloris sp.  CCMEE 5410  WP_010469002.1 CsdA 
  Aphanocapsa montana  BDHKU210001 (a) KIF26984.1 No group 
  Aphanocapsa montana  BDHKU210001 (b) KIF27867.1 No group 
  Candidatus Synechococcus spongiarum   WP_074457638.1 CsdA 
  Candidatus Synechococcus spongiarum  142 KKZ10452.1 CsdA 
  Candidatus Synechococcus spongiarum  LMB bulk15M OOV28380.1 CsdA 
  Candidatus Synechococcus spongiarum  SH4 WP_025782217.1 CsdA 
  Candidatus Synechococcus spongiarum  SP3 KKZ12789.1 CsdA 
  Chamaesiphon minutus  PCC 6605 AFY93922.1 CrhR 
  Cyanobium gracile  PCC 6307 AFY27888.1 RhlE 
  Cyanobium gracile  PCC 6307  WP_015108547.1 CsdA 
  Cyanobium sp.  CACIAM 14 KEF42712.1 RhlE 
  Cyanobium sp.  CACIAM 14  KEF42202.1 CsdA 
  Cyanobium sp.  NIES-981 SBO41936.1 RhlE 
  Cyanobium sp.  NIES-981  SBO42872.1 CsdA 
  Cyanobium sp.  PCC 7001 WP_006910544.1 RhlE 
  Cyanobium sp.  PCC 7001  EDY39500.1 CsdA 
  Dactylococcopsis salina  PCC 8305 WP_015230714.1 CrhR 
  Leptolyngbya boryana  IAM M-101 WP_036045359.1 CrhR 
  Leptolyngbya sp. 'hensonii' WP_075596736.1 CrhR 
  Leptolyngbya sp.  'hensonii' WP_075601042.1 RhlE 
  Leptolyngbya sp.  Heron Island J WP_023075084.1 RhlE 
  Leptolyngbya sp.  Heron Island J  WP_023073685.1 CrhR 
  Leptolyngbya sp.  Heron Island J  WP_036052321.1 CsdA 
  Leptolyngbya sp.  JSC-1 WP_036003541.1 CrhR 
  Leptolyngbya sp.  KIOST-1 WP_035986653.1 RhlE 
  Leptolyngbya sp.  KIOST-1  WP_035986580.1 CrhR 
  Leptolyngbya sp.  NIES-2104 WP_058994620.1 CrhR 
  Leptolyngbya sp.  NIES-3755 WP_068384456.1 CrhR 
  Leptolyngbya sp.  O-77  BAU42382.1 CrhR 
  Leptolyngbya sp.  O-77  BAU44142.1 RhlE 
  Leptolyngbya sp.  PCC 6406 WP_008312463.1 RhlE 
  Leptolyngbya sp.  PCC 7375 WP_006514332.1 RhlE 
  Leptolyngbya sp.  PCC 7375  WP_006515861.1 CrhR 
  Leptolyngbya sp.  PCC 7375  WP_006517045.1 CsdA 
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Synechococcales    
  Leptolyngbya sp.  PCC 7376 WP_015132458.1 RhlE 
  Leptolyngbya sp.  PCC 7376 WP_015135334.1 CrhR 
  Leptolyngbya valderiana  BDU 20041 (a) OAB57648.1 No group 
  Leptolyngbya valderiana  BDU 20041 (b) WP_063718621.1 No group 
  Limnothrix rosea  IAM M-220 WP_075890464.1 RhlE 
  Limnothrix rosea  IAM M-220 WP_075892628.1 CrhR 
  Limnothrix sp.  CACIAM 69d OKY70165.1 CrhR 
  Limnothrix sp.  P13C2 OCQ91779.1 CrhR 
  Neosynechococcus sphagnicola sy1 WP_052128427.1 RhlE 
  Neosynechococcus sphagnicola  sy1 WP_052128892.1 CrhR 
  Nodosilinea nodulosa PCC 7104 WP_017300039.1 RhlE 
  Nodosilinea nodulosa  PCC 7104 WP_017300013.1 CrhR 
  Phormidesmis priestleyi  Ana KPQ37420.1 RhlE 
  Phormidesmis priestleyi  Ana KPQ34081.1 CrhR 
  Phormidesmis priestleyi  Ana KPQ31693.1 CsdA 
  Phormidesmis priestleyi  BC1401 WP_068814569.1 CrhR 
  Phormidesmis priestleyi  ULC007  WP_073069542.1 CrhR 
  Phormidesmis priestleyi  ULC007  WP_073074629.1 RhlE 
  Prochlorococcus marinus  AS9601 WP_011818638.1 CsdA 
  Prochlorococcus marinus  GP2 WP_032524576.1 CsdA 
  Prochlorococcus marinus  MIT 1312 KZR62459.1 CsdA 
  Prochlorococcus marinus  MIT 1313 KZR69712.1 CsdA 
  Prochlorococcus marinus  MIT 1320 KZR74671.1 CsdA 
  Prochlorococcus marinus  MIT 1323 KZR76670.1 CsdA 
  Prochlorococcus marinus  MIT 1342 KZR84025.1 CsdA 
  Prochlorococcus marinus  MIT 9107 WP_032514218.1 CsdA 
  Prochlorococcus marinus  MIT 9201 WP_032522590.1 CsdA 
  Prochlorococcus marinus  MIT 9202 WP_002807683.1 CsdA 
  Prochlorococcus marinus  MIT 9211 WP_012195637.1 CsdA 
  Prochlorococcus marinus  MIT 9215 WP_012007924.1 CsdA 
  Prochlorococcus marinus  MIT 9301 WP_011863159.1 CsdA 
  Prochlorococcus marinus  MIT 9302 WP_032527473.1 CsdA 
  Prochlorococcus marinus  MIT 9303 ABM77716.1 CsdA 
  Prochlorococcus marinus  MIT 9312 WP_011376662.1 CsdA 
  Prochlorococcus marinus  MIT 9313 CAE21258.1 CsdA 
  Prochlorococcus marinus  MIT 9314 WP_032515082.1 CsdA 
  Prochlorococcus marinus  MIT 9321 WP_032516671.1 CsdA 
  Prochlorococcus marinus  MIT 9322 WP_032518542.1 CsdA 
  Prochlorococcus marinus  MIT 9515 WP_011820499.1 CsdA 
  Prochlorococcus marinus  NATL1A WP_011824061.1 CsdA 
  Prochlorococcus marinus  NATL2A WP_011294736.1 CsdA 
  Prochlorococcus marinus  PAC1 WP_036906556.1 CsdA 
  Prochlorococcus marinus  SB WP_032519145.1 CsdA 
  Prochlorococcus marinus  SCGC AAA795-F05 WP_075508085.1 CsdA 
  Prochlorococcus marinus  SCGC AAA795-I15 WP_075448480.1 CsdA 
  Prochlorococcus marinus SCGC AAA795-J16 WP_075487375.1 CsdA 
  Prochlorococcus marinus SCGC AAA795-M23 WP_075438860.1 CsdA 
  Prochlorococcus marinus subsp. marinus  CCMP1375 WP_011125246.1 CsdA 
  Prochlorococcus marinus subsp. pastoris  CCMP1986 WP_011132734.1 CsdA 
  Prochlorococcus sp.  HOT208_60m_805A16 WP_079293733.1 CsdA 
  Prochlorococcus sp.  HOT208_60m_808G21 WP_079292895.1 CsdA 
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Synechococcales    
  Prochlorococcus sp.  HOT208_60m_808M21 WP_079339458.1 CsdA 
  Prochlorococcus sp.  HOT208_60m_810B23 WP_079300013.1 CsdA 
  Prochlorococcus sp.  HOT208_60m_813B04 WP_079331862.1 CsdA 
  Prochlorococcus sp.  HOT208_60m_813E23 WP_079334503.1 CsdA 
  Prochlorococcus sp.  HOT208_60m_813G15 WP_079322771.1 CsdA 
  Prochlorococcus sp.  HOT208_60m_813I02 WP_079330881.1 CsdA 
  Prochlorococcus sp.  HOT208_60m_813O14 WP_079317072.1 CsdA 
  Prochlorococcus sp.  HOT212_60m_824E10 WP_079342754.1 CsdA 
  Prochlorococcus sp.  MIT 0601 KGG12263.1 CsdA 
  Prochlorococcus sp.  MIT 0602 WP_036917918.1 CsdA 
  Prochlorococcus sp.  MIT 0604 WP_042850581.1 CsdA 
  Prochlorococcus sp.  MIT 0701 KGG25182.1 CsdA 
  Prochlorococcus sp.  MIT 0801 WP_038653462.1 CsdA 
  Prochlorococcus sp.  MIT 1303 KZR65207.1 CsdA 
  Prochlorococcus sp.  MIT 1306 KZR62829.1 CsdA 
  Prochlorococcus sp.  RS50 WP_077142451.1 CsdA 
  Prochlorococcus sp.  SS52 WP_036974731.1 CsdA 
  Pseudanabaena biceps  PCC 7429  WP_009629066.1 CrhR 
  Pseudanabaena biceps  PCC 7429  WP_009629206.1 RhlE 
  Pseudanabaena sp.  PCC 6802 WP_019503121.1 CrhR 
  Pseudanabaena sp.  PCC 7367 WP_015166541.1 CrhR 
  Pseudanabaena sp.  Roaring Creek  WP_055074499.1 CrhR 
  Pseudanabaena sp.  Roaring Creek  WP_055074844.1 RhlE 
  Synechococcus sp.  BL107 WP_050749884.1 RhlE 
  Synechococcus sp.  BL107 WP_009789521.1 CsdA 
  Synechococcus sp.  CB0101 WP_050778783.1 RhlE 
  Synechococcus sp.  CB0101 WP_043716891.1 CsdA 
  Synechococcus sp.  CB0205 WP_029626348.1 RhlE 
  Synechococcus sp.  CB0205 WP_029626387.1 CsdA 
  Synechococcus sp.  CC9311 WP_011619228.1 RhlE 
  Synechococcus sp.  CC9311 WP_011618985.1 CsdA 
  Synechococcus sp.  CC9605 ABB35397.1 CsdA 
  Synechococcus sp.  CC9616 WP_028951803.1 CsdA 
  Synechococcus sp.  CC9902  WP_011360193.1 CsdA 
  Synechococcus sp.  CC9902  WP_071818395.1 RhlE 
  Synechococcus sp.  KORDI-49 WP_043691566.1 CsdA 
  Synechococcus sp.  KORDI-52 WP_038557033.1 CsdA 
  Synechococcus sp.  KORDI-100 AII43180.1 CsdA 
  Synechococcus sp.  MIT S9504 KZR88066.1 RhlE 
  Synechococcus sp.  MIT S9504  WP_067325214.1 CsdA 
  Synechococcus sp.  MIT S9508 WP_067097210.1 RhlE 
  Synechococcus sp.  MIT S9508  WP_067096793.1 CsdA 
  Synechococcus sp.  MIT S9509 WP_066905108.1 CsdA 
  Synechococcus sp.  NIES-970 BAW96345.1 RhlE 
  Synechococcus sp.  NIES-970 BAW95895.1 CrhR 
  Synechococcus sp.  NKBG15041c WP_024544561.1 RhlE 
  Synechococcus sp.  NKBG15041c WP_024544991.1 CrhR 
  Synechococcus sp.  PCC 7002 WP_012306248.1 CrhR 
  Synechococcus sp.  PCC 7003 WP_065713301.1 CrhR 
  Synechococcus sp.  PCC 7335 WP_038016552.1 RhlE 
  Synechococcus sp.  PCC 7335 WP_006457592.1 CrhR 
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  Synechococcus sp.  PCC 7335 WP_006457666.1 CsdA 
  Synechococcus sp.  PCC 7336 WP_017325424.1 CsdA 
  Synechococcus sp.  PCC 7502 WP_015169589.1 CrhR 
  Synechococcus sp.  RCC307 WP_011935977.1 CsdA 
  Synechococcus sp.  RS9916 WP_007097992.1 RhlE 
  Synechococcus sp.  RS9916  WP_038023305.1 CsdA 
  Synechococcus sp.  RS9917 WP_050752552.1 RhlE 
  Synechococcus sp.  RS9917 WP_007100168.1 CsdA 
  Synechococcus sp.  SynAce01 WP_071800114.1 RhlE 
  Synechococcus sp.  SynAce01 WP_071799904.1 CsdA 
  Synechococcus sp.  Tous  OON11948.1 CsdA 
  Synechococcus sp.  Tous  OON11565.1 RhlE 
  Synechococcus sp.  WH 5701 WP_050751433.1 CsdA 
  Synechococcus sp.  WH 5701 WP_006170577.1 RhlE 
  Synechococcus sp.  WH 7803 WP_050815880.1 RhlE 
  Synechococcus sp.  WH 7803 WP_011933414.1 CsdA 
  Synechococcus sp.  WH 7805 EAR18874.1 RhlE 
  Synechococcus sp.  WH 7805 WP_006041683.1 CsdA 
  Synechococcus sp.  WH 8016 WP_038013123.1 RhlE 
  Synechococcus sp.  WH 8016 WP_006852341.1 CsdA 
  Synechococcus sp.  WH 8020 WP_048348119.1 RhlE 
  Synechococcus sp.  WH 8020 WP_048346274.1 CsdA 
  Synechococcus sp.  WH 8102 WP_011127785.1 CsdA 
  Synechococcus sp.  WH 8103 WP_049691925.1 CsdA 
  Synechococcus sp.  WH 8109 AHF63353.1 CsdA 
  Synechocystis sp.  PCC 6714 AIE75077.1 CrhR 
  Synechocystis sp.  PCC 6803  BAA10556.1 CrhR 
  Synechocystis sp.  PCC 7509 WP_009633465.1 RhlE 
  Synechocystis sp.  PCC 7509 WP_009631343.1 CrhR 
          
Unclassified       
  Cyanobacteria bacterium  13_1_20CM_4_61_6 OLE96526.1 No group 
  cyanobacterium endosymbiont of Epithemia turgida WP_044107193.1 CrhR 
          
Enterobacterales       
  Escherichia coli  K-12 WP_001295553.1 CsdA 
  Escherichia coli  K-12 WP_000123737.1 DbpA 
  Escherichia coli  K-12 WP_000047499.1 RhlB 
  Escherichia coli K-12 WP_000007101.1 RhlE 
  Escherichia coli  K-12 WP_000219193.1 SrmB 
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Figure 5.1: Cyanobacterial DEAD-box proteins cluster into three clades.19 

The maximum likelihood tree shows the 362 cyanobacterial DEAD-box proteins form 

three major groups with bootstrap values ≥95%, corresponding to CsdA-like and RhlE-

like proteins, and a clade unique to cyanobacteria, CrhR-like proteins, named for the sole 

DEAD-box RNA helicase encoded in the genome of Synechocystis sp. PCC 6803. 

Bootstrap values at the root of each clade, as well as the positions of the 5 DEAD-box 

proteins of Escherichia coli and CrhR from Synechocystis sp. PCC 6803, are indicated. 

The distribution of the DEAD-box protein clades identified in the 280 cyanobacterial 

strains used in the analysis is represented by the Euler diagram shown in inset panel (A).  

19 This analysis was inspired by a preliminary phylogenetic analysis by J. Georg and W.R. Hess (166) that 
included 72 cyanobacterial DEAD-box RNA helicases. 
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5.4.2 CrhR-like proteins are conserved across cyanobacterial diversity 

The maximum-likelihood tree of the cyanobacterial DEAD-box RNA helicases was also 

visualized with the species, strain and order of the cyanobacteria encoding each protein 

indicated (Figure 5.2). CrhR-like proteins occur in every order of cyanobacteria that 

encode DEAD-box proteins except Gloeobacteriales (Figure 5.2), the oldest branching 

extant group of cyanobacteria (363). This genera represents a unique branch of 

cyanobacteria that lack thylakoid membranes, with photosynthesis occurring in the 

cytoplasmic membrane (9). While Gloeobacter violacius PCC 7421 and Gloeobacter 

kilaueensis JS1 still encode DEAD-box proteins, only one of the Gloeobacter proteins 

clusters weakly with any of the three cyanobacterial DEAD-box helicase subfamilies 

defined in this chapter. Conservation of the CrhR-like helicases throughout the diversity 

of cyanobacteria that evolved following branching from the Gloeobacterales and 

Gloeomargaritales, and absence of these proteins from organisms other than 

cyanobacteria, indicates that it is likely that the ancestral CrhR-like protein arose early in 

the radiation of the cyanobacterial crown group.  

Conservation of the CrhR-like helicases in cyanobacteria can also be examined by 

looking at the gene neighbourhood of the helicase. In Synechocystis sp. PCC 6803, crhR 

is expressed from a dicistronic operon with the gene for the ribosomal protein S12 

methylthiotransferase rimO (Chapter 3). Of the 185 cyanobacterial strains that encode 

CrhR-like helicases in this study, only 19 (10.3%) do not preserve the synteny of the 

rimO-crhR operon from Synechocystis (Figure 5.3). Many strains of cyanobacteria 

conserve additional genes in the genetic neighborhood of crhR (Figure 5.3), with 62.7% 

of strains encoding a vitamin K epoxide reductase (VKOR) and photosystem I stabilizing 

protein (btpA) upstream of the rimO-crhR operon. Of those, 57.7% also encode a 

diguanylate cyclase (wspR), L-aspartate oxidase (nadB) and photosystem II complex 

extrinsic protein (psbU) further upstream. These proteins have roles in photosynthesis, 

membrane protein stability, protein folding and cellular energetics. The strong 

conservation of the rimO-crhR gene pair, as well as upstream genes in many strains, 

supports an early acquisition of the CrhR-like proteins in cyanobacteria. Maintenance of 

the rimO-crhR operon structure throughout cyanobacterial diversity also intimates that  
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Figure 5.2: Maximum likelihood tree of cyanobacterial DEAD-box RNA helicase 

proteins. 

The mid-point rooted maximum likelihood tree shows three major clades, corresponding 

to CrhR-like, CsdA-like and RhlE-like proteins. The DEAD-box proteins of E. coli 

(CsdA, DbpA, RhlB, RhlE and SrmB) are included to verify classification of the 

cyanobacterial proteins. The branches are scaled to show evolutionary distance with 

bootstrap values ≥ 50% shown at the nodes. The strain names are coloured to denote the 

common taxonomic orders.  
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Figure 5.3: Conserved gene sequence surrounding CrhR-like DEAD box RNA 

helicases. 

Gene synteny surrounding the DEAD-box RNA helicase in strains containing CrhR-like 

proteins. Percentages represent the relative proportion of cyanobacterial strains in this 

analysis possessing the indicated gene sequence surrounding CrhR. Functionally related 

genes have similar colours. The cutoff to be considered as a separate example of 

conserved gene context was conservation in 2% of the strains.  
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the functions of the RimO and CrhR proteins are likely related, as products of highly 

conserved gene pairs are typically functionally related and often physically interact (364). 

 

5.4.3 A conserved sequence motif in the C-terminus of CrhR-like proteins 

characterizes the CrhR-like clade 

The C-terminal extension in CrhR-like helicases extends 150-200 amino acids past the 

conserved helicase motif VI (HRIGR, see Figure 1.4). Within the C-terminal extension, a 

conserved sequence motif of 50 amino acids can be found in all CrhR-like helicases 

(Figure 5.4). This sequence motif is unique to cyanobacterial DEAD-box RNA helicases, 

with no other sequences containing this motif identified by either a search of the Pfam 

protein families database (358) or a search of the NCBI protein database by BLAST. The 

DEAD-box protein from Gloeobacter violaceus PCC 7421 (WP_011142503.1), the 

nearest branching protein to the CrhR-like group of DEAD-box proteins, also does not 

have the conserved CrhR sequence motif in its C-terminus; however, it does have shorter 

regions of sequence conservation with the CrhR-like proteins in the C-terminal extension 

(Figure 5.5). This was unexpected, as, other than proteins containing the DbpA RNA 

binding domain, sequence conservation in the C-terminal extension of DEAD-box RNA 

helicases is generally minimal (107). It is therefore likely that both the CrhR-like 

helicases and the DEAD-box protein from Gloeobacter violaceus PCC 7421 share a 

common ancestral protein, with evolution of the CrhR-specific C-terminal motif 

occurring after the divergence of Gloeobacter sp.  

 

5.4.4 CsdA-like proteins are found in primarily unicellular strains of the order 

Synechococcales 

Proteins of the CsdA-like subfamily are solely encoded in the order Synechococcales, 

primarily in unicellular strains, excepting three filamentous Synechococcales strains, 

Leptolyngbya sp. Heron Island J, Leptolyngbya sp. PCC 7375 and Phormidesmis 

preistleyi Ana. These three filamentous strains, as well as the unicellular Synechococcus 

sp. PCC 7335, are the only strains that encode DEAD-box proteins from all three 

subfamilies and will be discussed below. Other than the four strains encoding proteins 

from all three groups, CsdA-like proteins are only found in species of Acarychloris,   
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Figure 5.4: The C-terminal extension of CrhR-like helicases contains a unique, 

highly conserved sequence motif. 

(A)Alignment of the C-terminal extensions of selected CrhR-like DEAD box proteins 

generated by MUSCLE. The unique conserved sequence motif is marked with a grey 

background on the alignment. (B) Sequence logo of the conserved CrhR-specific 

sequence motif. The sequence logo was generated from an alignment of all 185 CrhR-like 

DEAD-box RNA helicase sequences. 
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Figure 5.5: Gloeobacter violaceus PCC 7421 DEAD box helicase lacks the CrhR-

specific domain. 

Muscle alignment was performed using selected representatives of the CrhR-like helicase 

clade against the CrhR-related protein from Gloeobacter violaceus PCC 7421. Note the 

divergence of the G. violaceus helicase in the C-terminal domain, where the conserved 

sequence motif which defines the cyanobacterial CrhR clade is highlighted in grey. 
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Cyanobium, Prochlocococcus and Synechococcus. The strains from the Cyanobium, 

Prochlorococcus and Synechococcus genera that encode CsdA are monophyletic, based 

on both 16S rRNA (363) and concatenated gene (365) phylogenies. The most closely 

related species of cyanobacteria to these strains is Synechococcus elongatus (365), which 

does not encode a DEAD-box protein in its genome. 

Co-occurrence of CrhR-like and CsdA-like proteins, excepting the four strains 

that encode all three subfamilies, is restricted to the genera Acharychloris (Figure 5.2). 

Cyanobacteria belonging to Acharychloris, like Gloeocapsa, have divergent 

photosynthetic pathways, as they are capable of photosynthesis using the far-red 

spectrum, with chlorophyll d as the primary photosynthetic pigment and an altered 

complement of phycobiliproteins that do not form phycobilisomes at the surface of the 

thylakoid membrane (366). As Acharychloris sp. and the four strains that encode all three 

subfamilies are more distantly related to the other Cyanobium, Prochlorococcus and 

Synechococcus strains that encode CsdA (365), it is possible that CsdA-like proteins were 

acquired separately by the different cyanobacterial lineages. 

 

5.4.5 CsdA-like proteins contain a DbpA RNA binding domain in the C-terminal 

extension 

As the E. coli DEAD-box RNA helicase CsdA, which has a DbpA RNA binding motif in 

its C-terminal extension, clustered within the cyanobacterial CsdA-like clade, the C-

terminal extension of helicases in this chapter were also examined for a DbpA RNA 

binding motif. The C-terminal extension of the CsdA-like DEAD-box RNA helicases 

extends 200-235 amino acids past the final motif of the helicase core region, the HRIGR 

motif VI (see Figure 1.4). In CsdA-like cyanobacterial helicases, the C-terminal 

extension contains a DbpA RNA binding motif (Figure 5.6). Two other cyanobacterial 

helicases also contain a DbpA RNA binding motif in their C-terminus: proteins from an 

unclassified cyanobacteria bacterium strain 13_1_20CM_4_61_6 (OLE96526.1) and 

Hassallia byssoidea VB512170 (KIF31317.1). These strains cluster near the CsdA-like 

proteins and E. coli DbpA, respectively, with low bootstrapping support, suggesting a 

more distant relation within the same larger group of DbpA-containing DEAD-box 

proteins.   
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Figure 5.6: The C-terminal extension of the CsdA-like helicases contains a DpbA 

RNA binding domain. 

(A) A schematic showing the Pfam domains present in the CsdA-like helicases: the 

DEAD/DEAH box helicase domain (DEAD, PF00270), the helicase conserved C-

terminal domain (Helicase_C, PF00271), and the DbpA RNA binding domain (DbpA, 

PF03880). (B) Alignments generated with MUSCLE of the C-terminal extensions of 

selected CsdA-like helicases. The conserved DbpA RNA binding domain is marked with 

a grey background. Note that this domain is not present in members of the CrhR-like 

clade. 
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5.4.6 RhlE-like helicases co-occur with another DEAD-box protein 

RhlE-like proteins essentially only occur in strains of cyanobacteria with at least one 

other DEAD-box protein (Figure 5.7). Leptolyngbya sp. PCC 6406 is the only 

cyanobacteria in this chapter that encodes an RhlE-like helicase as its only identified 

DEAD-box protein (Table 5.1); however, as the genome sequence of this organism is a 

high-quality draft sequence, it is possible that an additional DEAD-box RNA helicase is 

encoded in the remaining gapped regions. Genomes that encode both CsdA-like and 

RhlE-like proteins are restricted to unicellular cyanobacteria of the genera Cyanobium 

and Synechococcus. Similarly, co-occurrence of CrhR-like and RhlE-like proteins is 

found in filamentous cyanobacteria of the orders Nostocales, Oscillatoriales and 

Synechococcales. The three exceptions are the unicellular strains Synechocystis sp. PCC 

7509, Synechococcus sp. NIES-970 and Synechococcus sp. NKBG15041c, which encode 

both a CrhR-like and RhlE-like helicase. Polyphyly has long been a known issue in the 

genera Synechococcus (367), and Synechocystis (368), so I suggest that these strains are 

likely misclassified. The RhlE-like proteins cluster into two major related groups that, 

apart from the four strains that encode all three types of cyanobacterial DEAD-box 

proteins, correlate with the co-occurrence of CsdA- or CrhR-like helicases (Figure 5.7). 

This suggests that RhlE-like helicases were acquired at least twice in cyanobacterial 

lineages, once in the lineage with CsdA-like helicases and at least once in strains with 

CrhR-like proteins.  

The RhlE like proteins have a short C-terminal extension of approximately 75-

100 amino acids that lacks sequence conservation (Figure 5.8). It was also noted from the 

alignments that all RhlE-like proteins from Nostocales had a substitution of 

phenylalanine for the serine in the conserved motif III (84), resulting in a sequence 

change from SAT→FAT. 

 

5.4.7 Proteins from all three helicase clades are only encoded in four related strains 

of cyanobacteria 

The only cyanobacterial strains that encode a CrhR-like, CsdA-like and RhlE-like 

helicase within the same genome are Leptolyngbya sp. PCC 7375, Leptolyngbya sp.   
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Figure 5.7: Co-occurrence of RhlE-like helicases with CsdA- and CrhR- like 

proteins. 

The RhlE-like maximum likelihood helicase tree was extracted from Figure 5.2. 

Annotations indicate whether the second DEAD-box protein in each strain is from the 

CrhR-like or CsdA-like groups. Essentially, RhlE is only found in conjunction with either 

CrhR or CsdA. Taxa colours indicate the cyanobacterial taxonomic order: purple-

Synechococcales, light green-Nostocales, dark green-Oscillatoriales. The position of E. 

coli RhlE is provided to verify the classification. 
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Figure 5.8: Conservation in the C-terminal extension of cyanobacterial DEAD-box 

proteins. 

Comparisons of the conservation in the C-terminal extensions of the three clades of 

cyanobacterial DEAD-box RNA helicases are shown using sequence logos, with the size 

of the amino acid indicating its conservation. The CrhR-specific sequence motif is 

indicated in pink and the DbpA RNA binding domain is marked in blue. Sequence logos 

were generated in WebLogo3 from alignments of all cyanobacterial DEAD-box proteins 

in each clade. 
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Heron Island J, Phormidesmis priestleyi ANA, and Synechococcus sp. PCC 7335 (Figure 

5.2). Although these four strains are annotated as members of three separate genera, 16S 

rDNA, rpoC and/or concatenated gene phylogenies indicate they are more closely related 

than another closely related strain, Leptolyngbya sp. PCC 6406 (365, 369, 370). As all 

four of these strains have not been included in the same phylogenetic analysis to date, an 

rpoC gene tree was constructed (Figure 5.9) to confirm that the strains were closely 

related. As expected, Leptolyngbya sp. PCC 7375, Leptolyngbya sp. Heron Island J, 

Phormidesmis priestleyi ANA, and Synechococcus sp. PCC 7335 clustered together, with 

the closely related Leptolyngbya sp. PCC 6406 and Nodosilinea nodulosa PCC 7104 

forming the outgroups (Figure 5.9). This confirms that, despite the differences in current 

taxonomy and cellular morphology, the four strains of cyanobacteria that encode 

examples of all three groups of cyanobacterial DEAD-box proteins are closely related. 

 

5.5 Discussion 

Cyanobacteria are unique among prokaryotes, as they are the only bacteria that perform 

oxygenic photosynthesis. In this chapter, it was shown that the complement of DEAD-

box RNA helicases encoded by cyanobacteria is also unique, as proteins with homology 

to the helicases of E. coli, the CsdA-like and RhlE-like protein groups, are only encoded 

within the genomes of select cyanobacterial taxa. In contrast, the DEAD-box RNA 

helicase group that can be found across cyanobacterial diversity, the CrhR-like proteins, 

is unique to all organisms. The C-terminal extension domain of the DEAD-box RNA 

helicase was found to be a defining characteristic of this unique clade.  

The CsdA-like helicases have a DbpA RNA binding domain near the C-terminal 

end of the protein, similar to the canonical family member CsdA in E. coli (107). The 

presence of the DbpA RNA binding domain, which assists DbpA in binding specifically 

to hairpin 92 of the 23S rRNA (347, 371) may indicate that the cyanobacterial CsdA-like 

helicases have a role in ribosome biogenesis, and more specifically maturation of the 23S 

rRNA precursor, similar to DbpA (113, 115). The domain may also provide more general 

RNA chaperone properties for the helicase, as some proteins with a DbpA RNA binding 

domain, including CsdA, do not bind to the 23S rRNA at hairpin 92 (106). As these 

proteins have significant homology with CsdA, the cyanobacterial CsdA-like proteins   
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Figure 5.9: rpoC2 neighbour-joining tree of cyanobacteria that encode CrhR-, 

CsdA- and RhlE-like helicases. 

Nucleotide sequences for the RNA polymerase beta’ subunit, rpoC2, were aligned by 

MUSCLE and used to construct a neighbour-joining tree showing that the four 

cyanobacterial strains that encode DEAD-box proteins from all three clades of 

cyanobacterial DEAD-box proteins are closely related.  
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may constitute a multifunctional helicase that can function in ribosome biogenesis, 

translation initiation and RNA degradation (106, 109, 113, 123, 124, 178). 

A sequence motif of approximately 50 amino acids that is unique to the CrhR-like 

group of cyanobacterial DEAD-box RNA helicases is located within the C-terminal 

extension of the CrhR-like proteins. This sequence motif does not occur as a module in 

other proteins; however, CrhR-like proteins containing this motif are widely distributed 

among cyanobacteria. Thus, it is likely that the CrhR-specific domain arose as a 

specialization of a DEAD-box protein in the ancestral cyanobacterial lineage. This 

suggests that CrhR-like helicases have a particular function that is unique to 

cyanobacteria. As CrhR-like helicases are often the sole DEAD-box protein in a 

cyanobacterial genome, it is likely that they function in multiple RNA processes. We 

propose that the unique function of CrhR-like helicases likely relates to oxygenic 

photosynthesis, a metabolic process that is only performed by cyanobacteria in the 

prokaryotic world. This conjecture is supported by the co-precipitation of CrhR from 

Synechocystis with polysomes and RNA degradosome components (Chapter 2) and the 

altered expression of ~10% of the Synechocystis transcriptome, consisting of both mRNA 

and ncRNAs, in a crhR truncation mutant (147). Physiologically, and consistent with the 

altered expression profiles, CrhR mutation results in significant disruption to 

photosynthesis, with cells exhibiting reduced pigment abundance, oxygen evolution rates 

and carbon dioxide fixation rates (104). These physiological changes can also be 

associated with the regulation of crhR expression by a range of abiotic stresses (41, 160, 

163, 164), including nitrogen stress (Chapter 4). Taken together, these effects are 

consistent with CrhR RNA helicase localization to the thylakoid membrane space 

(Chapter 2), the site of light harvesting and ATP and NADPH formation in 

Synechocystis. We therefore propose that CrhR-like RNA helicases perform a unique 

function, coordinating expression of genes required to maintain oxygenic photosynthesis 

in response to abiotic stresses in cyanobacteria.  

Support for this proposed function of the CrhR-like helicases may also be found 

in the conserved gene synteny surrounding the CrhR-like proteins. The rimO-crhR 

operon of Synechocystis is conserved in 89.8% of strains with CrhR-like helicases. Over 

60% of strains also have further conservation of synteny, with conserved genes relating to 
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photosynthesis, energy transfer from the electron transport chain and membrane protein 

stability. In particular, the activities of many of these proteins could protect the 

photosynthetic electron transport chain from oxidative damage if an excess of reductant 

was to accumulate. For example, PsbU stabilizes the oxygen-evolving complex of PSII 

and protects it from inactivation in response to stress, such as heat (372). The vitamin K 

epoxide reductase (VKOR) and L-aspartate oxidase (nadB) act as electron sinks, as they 

both can use quinones from the electron transport chain as the source of energy for their 

biochemical activity (373, 374). Expression of these proteins may be regulated under 

similar conditions as CrhR, which is induced in response to increasing reduction of the 

photosynthetic electron transport chain (163). 

The RhlE-like helicases in cyanobacteria lack a conserved C-terminal domain. 

Interestingly, DEAD-box proteins from this group are essentially only encoded in 

genomes with at least one other DEAD-box helicase. This is consistent with the 

distribution of RhlE-like proteins generally in prokaryotes, with only a limited number of 

genomes encoding solely an RhlE-like DEAD-box helicase (107). This also supports 

conservation of the proposed function of the RhlE helicase in E. coli as a helicase that 

functions cooperatively with other DEAD-box proteins during ribosome biogenesis 

(111). 

Distribution of these three groups of DEAD-box RNA helicases in cyanobacteria 

suggest DEAD-box proteins were acquired independently by cyanobacteria several times. 

The CrhR-like proteins, with functional links to photosynthesis, are widely distributed 

throughout cyanobacterial diversity and contain a sequence domain unique to the CrhR-

like group of DEAD-box RNA helicases. This suggests that the precursor of CrhR-like 

DEAD-box helicases arose early in cyanobacterial evolution, allowing it to be present in 

the majority of cyanobacterial orders. A common ancestor of the Synechococcus and 

Prochlorococcus genera likely lost the CrhR-like helicase. Early branching 

Synechococcus and Prochlorococcus phyla, based on 16S rRNA (363), contain CrhR-like 

helicases; however, CrhR-like proteins are absent from Synechococcus elongatus PCC 

7942 and the strains with CsdA-like helicases. It is possible that the CsdA-like helicases 

were acquired by horizontal gene transfer in this lineage that lacked a CrhR-like helicase 

and were maintained as they conferred an advantage to cyanobacteria lacking DEAD-box 
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RNA helicases. Acquisition of RhlE-like helicases in cyanobacteria was likely also by 

horizontal gene transfer, possibly several events, as they are generally only found in 

proteobacteria (107).  

In summary, DEAD-box RNA helicases encoded in cyanobacterial genomes can 

generally be classified into three protein groups on the basis of conserved sequences in 

the C-terminal extension of the helicase. Two of these groups, the CsdA-like and RhlE-

like helicases, have significant similarity to the E. coli proteins of the same name. The 

third group, the CrhR-like helicases, are unique to cyanobacteria and are characterized by 

a sequence motif in the C-terminal extension of the protein that is only found in CrhR-

like helicases. Based on prior characterization of the namesake protein, CrhR, it is likely 

that CrhR-like proteins are multifunctional helicases, with a role related to maintenance 

of photosynthesis and the integrity of the thylakoid membrane. 
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Chapter 6: Conclusions 
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DEAD box RNA helicases are ubiquitous enzymes that interact with and remodel cellular 

RNAs participating in major RNA processes, such as ribosome biogenesis, translation 

and RNA degradation (73, 75, 176). In prokaryotes, some of these enzymes are strictly 

specialized to a perform a unique function, such as DbpA of E. coli, which recognizes 

and binds to hairpin 92 of the 23S rRNA precursor (114) to assist maturation of the large 

ribosomal subunit. Other DEAD-box proteins appear to function more as a generalist in 

the cell. An example would be CsdA in E. coli, which performs roles in a variety of RNA 

metabolic processes. These include roles in the maturation of the large ribosomal subunit, 

particularly at low temperature, by processing the 5’ terminus of the 23S rRNA (109), 

translation initiation (106, 123, 124) and as a member of the RNA degradosome, possibly 

creating a cold-adapted degradosome (178). Cyanobacterial genomes typically encode 

only a few DEAD-box proteins, for example one in Synechocystis (41) and two in Nostoc 

(105). Since cyanobacteria encode a limited complement of DEAD-box RNA helicases, 

understanding the functional role(s) they fulfill in the cell and the diversity and 

distribution of DEAD-box proteins throughout cyanobacteria was of interest. 

Two cyanobacterial DEAD-box RNA helicases have been characterized 

experimentally: CrhC from Nostoc and CrhR from Synechocystis. Expression of crhC is 

regulated in response to temperature- and light-derived metabolic capacity, with 

expression induced specifically by low temperature in the light (105, 149). CrhC exhibits 

limited dsRNA unwinding (151) and thus potentially functions primarily as an RNA 

chaperone, clamping the RNA to maintain correct secondary structure and acting as a 

scaffold for recruitment of other proteins (72). CrhC protein co-localizes with ribosomes 

to the cytoplasmic face of the plasma membrane, with a bias to the cell poles (152). It has 

also been shown that inactivation of a close homolog of CrhC, crhA, in Anabaena 

variabilis results in truncation of the Anabaena filaments (148). Together, these results 

suggest that CrhC primarily functions at the cell poles to promote translation and co-

translocation of proteins across the cytoplasmic membrane in Nostoc and Anabaena, 

contributing to maintenance of the organism’s filamentous morphology (148, 152). 

Cyanobacterial RNA helicase redox (CrhR), the focus of this thesis, is the sole 

DEAD-box RNA helicase encoded in the Synechocystis genome. In vitro, CrhR exhibits 

the classic biochemical activities of a DEAD-box RNA helicase (72): it possesses ATP-
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dependent RNA binding and RNA-dependent ATPase activities (153); however, CrhR is 

also capable of annealing complementary RNA strands and possibly performing strand 

exchange (153), biochemical activities that are relatively rare in DEAD-box proteins 

(154-156). While CrhR has been shown to perform this diverse range of biochemical 

activities in vitro, how this biochemical potential relates to the physiological function of 

the protein is unknown. 

Mutational and expression studies involving crhR provide some suggestions as to 

the physiological role CrhR performs in Synechocystis. crhR expression is regulated in 

response to a variety of abiotic stresses, including temperature, salt, light and heavy metal 

stress (41, 104, 161, 163). Induction of crhR expression during these stresses is regulated 

in response to their effect on the redox poise of the photosynthetic electron transport 

chain in Synechocystis (163). crhR expression is also regulated through alteration of 

transcript stability (164) by processing and degradation, as well as proteolysis (160), 

processes that are CrhR-dependent and thus auto-regulatory. Truncation of crhR produces 

a range of physiological effects, resulting in a severe cold sensitive phenotype 

exemplified by a reduced growth rate and pigmentation, changes to the cell ultrastructure 

including disordered thylakoid membranes, and decreased photosynthetic capacity (104). 

Taken together, these results indicate that CrhR likely functions in pathways that allow 

the cell to adapt its photosynthetic apparatus to abiotic stresses, although the mechanisms 

by which CrhR functions in those pathways are unknown. Thus, the aim of this thesis 

was to use CrhR as a model helicase in cyanobacteria to further explore the physiological 

function of cyanobacterial DEAD-box RNA helicases. The major conclusions of the 

thesis, summarized below, are also presented in Figure 6.1. 

In Chapter 2, evidence was presented for co-localization of CrhR with 

Synechocystis polysome complexes and RNA degradation proteins. Co-precipitation of 

CrhR with polysomes was RNA-dependent and required stalling of the polysome 

complexes with a translation inhibitor, such as chloramphenicol, indicating association of 

CrhR with polysome complexes occurs via binding of either a ribosomal RNA or the 

mRNA template during translation. Association of CrhR with actively translating 

polysome complexes, rather than ribosomal subunits, was unexpected as most well 

characterized DEAD-box proteins from E. coli and B. subtilis have documented roles in 
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ribosome maturation (109, 110, 116, 119, 176). CrhR is expressed from a conserved 

discistronic operon, rimO-crhR, with the ribosomal protein S12 methylthiotransferase, 

and could be predicted to also function in ribosomal modification; however, CrhR was 

found to only associate with polysome complexes, rather than 30S, 50S or 70S ribosome 

subunits. While this does not preclude a role in ribosome biogenesis, particularly as 

expression of the sll1799-ssl3441 ribosomal protein operon is affected by CrhR 

truncation (147), the interaction of CrhR with polysome complexes specifically suggests 

a function for CrhR in translation. 

Functions in protein translation are frequently proposed for prokaryotic DEAD-

box RNA helicases, where helicase activity would be beneficial in resolving inhibitory 

secondary structures in the mRNA, allowing for enhanced translation especially under 

specific growth stresses (73, 376). Circumstantial evidence exists that CsdA in E. coli and 

P. aeruginosa may enhance translation initiation of select proteins, likely by resolving 

inhibitory structures in the 5’ UTR (123-125). While CrhR and homologous 

cyanobacterial helicases were shown to form a unique protein clade distinct from any of 

the E. coli DEAD-box RNA helicases (Chapter 5), the E. coli helicase with the highest 

homology to CrhR was CsdA. This may suggest that CrhR helicases have some 

functional similarity to CsdA, most likely involving translation; however, the mechanism 

by which CsdA and CrhR participate in translation appears to differ based on the 

divergence of the conserved sequence motifs in the C-terminal extensions of the proteins.  

 RNA degradosome components were also co-precipitated with polysome 

complexes (Chapter 2). CrhR was not identified as part of the Synechocystis minimal 

degradosome in a prior study (192); however, the experiments were performed under 

conditions where CrhR is known to be minimally expressed (164). In Chapter 3, it was 

shown that the dicistronic rimO-crhR transcript is rapidly processed into two 

monocistronic transcripts of differing fates at low temperature, destabilizing the upstream 

rimO and stabilizing the downstream crhR transcript (Chapter 3). Processing of the rimO-

crhR transcript occurs at a site possessing both conserved secondary structure and an 

RNase E cleavage consensus sequence (250, 256) that is cleaved in vitro by recombinant 

RNase E. While CrhR is not required for the processing event, unprocessed dicistronic 

transcripts gradually accumulate in the crhR truncation mutant, suggesting CrhR auto-
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regulates processing of its own transcript. Thus, while it is not known if CrhR interacts 

directly with the degradosome complex in Synechocystis, it does affect the activity of 

RNase E, a component of the minimal degradosome (192). CrhR may function as an 

RNA clamp, generating and/or maintaining the ssRNA structure required for RNase E 

cleavage, thereby accelerating the processing event. Considering CrhR is the sole DEAD-

box protein encoded in Synechocystis, it is possible that CrhR, like other bacterial RNA 

helicases (144, 176-178), performs multiple, divergent roles in vivo. One E. coli helicase, 

RhlB, has been suggested to have a simultaneous role in translating polysomes and RNA 

degradation, mediating interactions between the 50S ribosomal subunit in polysome 

complexes and the scaffolding domain of RNase E (144). Similar roles have been 

suggested for H. pylori RhpA and S. aureus CshA helicases, which also co-localize with 

both ribosome and degradosome proteins (120, 143). These examples of helicases from 

other eubacteria that associate with both ribosomes and RNA degradosomes support roles 

for CrhR in both translation and RNA processing/degradation. 

 Depending on the substrates of CrhR, a function for CrhR RNA helicase activity 

in translation and possibly RNA processing and degradation could allow CrhR activity to 

affect expression of many genes in Synechocystis. Indeed, microarray and proteomic 

studies (147, 159, 375) show that mutation of crhR, whether by truncation (147) or 

inactivation (159, 375), has profound effects on gene expression in Synechocystis. 

Altered trends in expression were demonstrated for approximately 10% of annotated 

mRNAs and ncRNAs (147) and at least 55 proteins (375) relating to diverse functional 

categories. A few of the differentially regulated proteins, the phycobiliprotein subunits 

and PsbO, a photosystem II component (375), and transcripts, encoding subunits of ATP 

synthase and NADH dehydrogenase and flavodiiron proteins (147), have functions in 

photosynthesis and energy metabolism. Transcripts and proteins with protein degradation 

and chaperone activities were also affected by crhR mutation (147, 159, 375). In 

particular, many of these gene products function to protect the photosynthetic proteins 

from oxidative damage, either by acting as electron sinks for excess reductant or assisting 

in turnover of damaged proteins. A function for CrhR in the translation, maturation and 

possibly degradation of these transcripts would provide a possible mechanism for the 

deleterious effects of crhR mutation on photosynthesis. 
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 Interaction of CrhR with the photosynthetic thylakoid membrane is not limited to 

the effects of CrhR on expression of its components, as CrhR localizes to the thylakoid 

membrane region in Synechocystis (Chapter 2). Interestingly, although localization of 

CrhR to the thylakoid membrane is dependent on protein-protein interactions, the 

specialized CrhR-specific sequence domain conserved in the C-terminus of CrhR-like 

helicases in cyanobacteria is not required for this interaction, as a truncation mutant of 

crhR, CrhRTR, localizes properly to the thylakoid membrane (Chapter 2). 

Compartmentalization of CrhR to the thylakoid membrane may allow the cyanobacterium 

to enhance the rapidity and specificity with which it can adapt the photosynthetic 

apparatus to abiotic stresses. For example, the photosystem II reaction centre protein D1 

is differentially expressed depending on light quantity and quality (377). In the dark, 

translation of this protein is pre-initiated, then elongation is paused at a conserved site 

(187, 378). Following exposure to light, the D1 mRNA-bound polysome is targeted to the 

thylakoid membrane where translation continues (187). The mechanisms regulating this 

translational arrest process are not known. If an RNA duplex or interaction with the 

nascent polypeptide chain were blocking translation elongation, the helicase activity of 

thylakoid membrane-localized CrhR could assist in the resumption of translation 

elongation by resolving the inhibitory interaction. It is important to note that CrhR 

localization to the thylakoid membrane space is RNA-independent, while its association 

with polysomes is RNA-dependent. Thus, although CrhR compartmentalization to the 

thylakoid membrane space is likely to enhance its effects on expression of proteins that 

are embedded in or interact with the thylakoid membrane, that localization occurs 

independently of CrhR association with polysome complexes. 

 Induction of crhR expression in response to diverse abiotic stresses is regulated by 

the redox poise of the quinones at QB or the plastoquinone pool in the photosynthetic 

electron transport chain (163). In Chapter 4, an additional stress, nitrogen availability, 

was identified that affects crhR expression. CrhR protein is expressed when exogenous 

fixed nitrogen is available; however, under nitrogen-deplete conditions, CrhR protein is 

rapidly degraded and expression of crhR from the rimO-crhR promoter is repressed by 

the global nitrogen regulator NtcA. This suggests the activity of CrhR is required under 

conditions when fixed nitrogen is freely available, but is deleterious to the organism 
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during nitrogen starvation, even prior to the visible effects of chlorosis. As genes for 

nitrogen transport and assimilation are up-regulated during early stages of the chlorotic 

response, when CrhR is absent, it is unlikely that CrhR regulates these genes. Nitrogen 

stress also relates to the redox poise of photosynthesis, as the energetics of nitrogen 

assimilation are linked to reducing equivalents provided from the photosynthetic electron 

transport chain (283, 319) and some nitrogen responsive genes are also regulated in 

response to the redox poise of the electron transport chain (312, 328, 329, 338). Thus, we 

propose that the role of CrhR during nitrogen stress, like other abiotic stresses, is to 

maintain the efficiency of photosynthesis and electron transfer in the thylakoid 

membrane. 

 The conservation of CrhR-like proteins across the diversity of cyanobacterial 

lineages suggests that DEAD-box RNA helicases from the CrhR-like clade likely 

perform an important, conserved function in photosynthetic cyanobacteria. Based on the 

evidence presented in this thesis, a role for CrhR in regulating translation, particularly of 

substrate RNAs related to the maintenance of photosynthesis and electron transfer in the 

thylakoid membrane space, is proposed. Although it does not aid in thylakoid membrane 

localization, the unique C-terminal sequence motif characteristic of the CrhR-like 

proteins may function to mediate interaction with the polysomes, either by binding the 

ribosomal RNAs and/or proteins or, more likely, by interacting with its complement of 

substrate RNAs. The results presented here indicate that the conserved CrhR-specific 

sequence motif, identifying a unique clade within DEAD-box RNA helicases, may also 

be a component required for the auto-regulation of CrhR abundance, most likely 

mediating interactions with other regulators that act on crhR transcript and protein. Other 

cyanobacterial DEAD-box proteins group into two clades, the CsdA-like and RhlE-like 

helicases, with homology to the respective proteins in E. coli. Helicases from these two 

clades are restricted to select cyanobacterial lineages, reflecting later acquisition of the 

genes in comparison to CrhR-like helicases and a function that is likely less specialized to 

cyanobacteria. 

Overall, the results reported in this thesis provide unique insights into the 

regulation of CrhR expression by RNA processing and nitrogen metabolism, as well as 

auto-regulation of CrhR expression. From CrhR localization and expression, 
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understanding of the physiological role of this helicase has also increased. These findings 

contribute to our understanding of CrhR as a redox-regulated RNA helicase, and indicate 

that CrhR functions in the cellular processes of translation and RNA 

processing/degradation, primarily mediating expression of genes related to the 

maintenance of photosynthesis and electron transfer in the thylakoid membrane. This 

connects expression of CrhR with its cellular effect, providing a paradigm in which a 

shift in redox poise of the photosynthetic electron transport chain to become more 

reducing induces expression of crhR, which then adjusts expression of electron sinks, 

protein chaperones and proteases to protect the photosynthetic membranes from oxidative 

damage. This protective regulatory mechanism may be conserved across cyanobacteria, 

as DEAD-box RNA helicases homologous to CrhR are found in various cyanobacterial 

lineages. 
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