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Abstract 

The Sm superfamily’s central role in RNA processing and regulation, combined with their 

existence in all three domains, makes them a model system for exploring RNA processing 

evolution. Sm-mediated interaction between RNAs play vital roles in important pathways such as 

virulence, quorum sensing, cell death and aging, and mRNA splicing. The largest gap in our 

knowledge of the Sm superfamily is in the archaeal branch. Many archaeal systems can provide 

invaluable knowledge about their more complicated analogous eukaryal systems by supplying a 

simpler model to work with. Initial work on the Sm-like archaeal proteins (SmAPs) were crucial to 

our understanding of how Sm proteins oligomerize and bind RNA. Unfortunately, since this early 

work, the study of SmAPs has been limited, and SmAP in vivo functions are virtually unknown. 

Understanding these in vivo functions of SmAPs would allow us a better understanding of basic 

Sm protein function, provide a window into the evolution of the large eukaryal ribonucleoprotein 

complexes, and possibly link the evolution of bacterial Hfq and eukaryal Sm proteins.  

The crenarchaea Pyrobaculum aerophilum is a deep-branching, hyperthermophile that 

encodes multiple SmAP paralogs. The two known Pae SmAP structures (SmAP1, SmAP3) 

illuminated Sm protein evolution and assembly, and implied that these homologs may represent an 

ancestral form of the complexes that developed into the extant heteromeric Sm assemblies of 

eukaryotes, such as those at the heart of the spliceosome. Our work on the final Pae SmAP, SmAP2, 

reveals that Pae SmAP2 oligomerizes as a unique octamer (unseen in previous SmAPs) in two rare 

space groups, and binds both A-rich and U-rich RNA reminiscent of the bacterial Hfq (chaperone). 

The crystal structure revealed that Pae SmAP2 lacks the conserved residues seen in the common 

U-rich and A-rich binding pockets of other Sm proteins, but does contain the aromatic (Tyr-42) 

necessary for lateral-rim binding. Further research is necessary to determine the specific binding 
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mechanisms of Pae SmAP2···RNA binding, the Pae SmAP2 solution state, and determine the 

individual functions of the SmAP paralogs in Pyrobaculum aerophilum. 

Many deep-branching bacteria share a high degree of similarity (genomically) with 

archaea, including the hyper-thermophilic Thermotoga maritima. T. maritima Hfq is an interesting 

homolog because of its simplicity (no C-terminal tail) and the aforementioned archaeal genome. 

The two studies reported here, one in archaea and one in bacteria, will help to illuminate the 

functions of ancient Sm proteins, supply a window into RNA processing in archaea, and the 

evolution of Sm proteins. In this study, we found that the putative Hfq homolog from the 

thermophillic Thermotoga maritima (Tma) heterologously co-purifies with U/C-rich nanoRNAs, 

binding with a nanomolar affinity. Identified nanoRNA sequences all contain a 5’ monophosphate 

and a 3’ hydroxyl and compete with U-rich sequences for the proximal face of Hfq. Data suggests 

that the position of cytosine within the sequence, rather than the absolute number of cytosines is 

the key factor in determining affinity. The crystal structure shows that, even under denaturing 

condition, a small amount of the heterologous nanoRNA remains bound. Tma Hfq forms a hexamer 

within the crystal, agreeing with previous studies on the functional form of Hfq in Escherichia coli 

(Eco) and other bacterial species. However, our studies of Tma Hfq suggest that an equilibrium 

exists between a homo-hexamer and a homo-dodecamer. Both oligomeric states are capable of 

binding poly-adenine and poly-uracil RNA with low nanomolar binding affinities, with poly-A and 

poly-U RNA preferentially binding to the dodecamer and hexamer, respectively. This leads to a 

shift in equilibrium between the states; poly-U shifting the equilibrium toward the hexameric state, 

and poly-A having no effect.     
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Figure 1. Overview of the Sm superfamily. The Sm superfamily is found in all domains of life. 

(A) Sm proteins exhibit a conserved fold consisting of a small highly bent β-sheet preceded by a 

small α-helix which oligomerizes into toroid oligomers. Key features are Loop 3 (L3) and Loop 4 

(L4) which differentiate the faces, commonly referred to as proximal (L3) or distal (L4) to the α-

helix. (B) Sm proteins bind RNA and are involved in a variety of RNA related processes across all 

domains. A simple phylogenetic tree schematic shows the early development of the Sm family and 

represents the closer relationship between the archaea and eukarya branches. 
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Chapter 1: Sm proteins: An Ancient RNA-binding Superfamily 

Peter Randolph 

University of Virginia, Department of Chemistry, Charlottesville, VA 22904 

 

1 Sm Protein Research: A Brief History 

1.1 In Bacteria 

Sm proteins were originally discovered in the late 1960s while researching the replication 

of the RNA bacteriophage Qβ in Escherichia coli [1]. Replication was found to depend on an E. 

coli protein dubbed host-factor I for replication of Qβ  or ‘Hfq’ [2]. Over the next 30 years, Hfq 

was found to be a highly abundant, heat-resistant, stable homo-hexamer that binds both adenine-

rich and uridine-rich single-stranded RNA (ssRNA) [3-6]. It was not until the 1990s that the in vivo 

functions of E. coli Hfq became apparent [7]. Hfq knockout (Δhfq) studies in E. coli displayed a 

pleiotropic phenotype, including vulnerability to stress and an abnormal growth rate [7] (later, Δhfq 

studies in pathogenic bacteria revealed a decreased virulence). The majority of the observed 

phenotypes were similar to those of bacteria with a disrupted rpoS gene, which encodes the 

stationary phase sigma factor of RNA polymerase σs [8,9]. Later studies elucidated the relationship 

by demonstrating that Hfq is a positive regulator of post-transcriptional rpoS expression. While 

rpoS regulation accounted for many of the phenotypes found for Δhfq mutants, many phenotypes 

remained unclear suggesting additional targets for Hfq regulation [10]. Since then multiple Hfq 

targets including additional messenger RNAs (mRNAs) and regulatory small RNAs (sRNAs) have 

been identified. Hfq’s main function role appears to be that of a chaperone, assisting sRNAs in 
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binding their target mRNAs. Hfq’s flexibility in binding various sRNAs and mRNAs allows it to 

serve as a central hub in a vast array of post-transcriptional regulatory pathways.  

1.2 In Eukarya 

In an unrelated line of inquiry dating to the late 1970s, the canonical Sm core proteins were 

discovered [11] as a group of small antigens involved in the autoimmune disease systemic lupus 

erythematosus [12,13]. Named for the original patient whom the extracts were taken, Smith [14], 

seven Sm proteins were found to associate with various ribonucleoprotein (RNP) complexes [15]. 

Canonical Sm core proteins were revealed to form the core of the uracil-rich small nuclear RNPs 

(U snRNPs) that are the major components of the intron removing spliceosome [16-18]. Continued 

work showed that Sm proteins held the catalytic small nuclear RNA (snRNA) components in place, 

allowing the various protein components to also bind, essentially serving as scaffolding for RNP 

biogenesis [19]. Sm proteins were ascertained to bind a uracil-rich region common to all U 

snRNAs. The first Sm structures solved in 1999 were a hetero-dimer (SmD1·SmD2) and a hetero-

trimer (SmF·SmE·SmG) [20]. Biophysical studies revealed that canonical Sm core proteins did not 

form their full hetero-heptamer unless their target RNA was present [21]. Bioinformatic studies 

identified an additional Sm protein group in eukarya called the Sm-like (like Sm, Lsm) proteins 

[18,22]. Lsm proteins are more stable than Sm core proteins and, while Lsm proteins are also 

involved in splicing, they also have additional functions in various RNA processing pathways [23]. 

1.3 In Archaea 

Bioinformatics also expanded our knowledge of the Sm family into the archaeal domain. 

Initially, Sm proteins were not expected to exist in the archaeal domain because of the absence of 

introns necessitating splicing in the archaeal genome. These Sm-like archaeal proteins (SmAPs) 

were observed to be homo-heptameric and much more stable than the canonical Sm core proteins 
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making them ideal for structural studies. The first structure of a fully-formed Sm ring was released 

in 2001, with three separate SmAP structures published [24-26]. SmAPs were found to bind RNA 

and DNA but few functional experiments have been attempted [24-26] and thus much is still 

unknown about the function of this branch of the Sm family. 

1.4 A Superfamily of Proteins 

It was not until the early 2000s that structural studies identified the bacterial Hfq as 

belonging to the Sm family [27]. Weak sequence similarity in the N-terminal section had previously 

hinted at a relationship, but it was not until the first Hfq crystal structure was determined that Hfq 

was confirmed as the third branch of the Sm family [28-30]. With the three lines of inquiry 

described above merged, it became clear that the various Sm homologs were in fact a large 

superfamily of RNA binding proteins heavily involved in general RNA processing across all 

domains [31]. For an overview of the Sm superfamily see Figure 1. 

2 Nomenclature 

 Nomenclature for the separate lines of research in the Sm superfamily (bacterial, eukaryal, 

archaeal) became fairly ingrained before unification. In the present work, the bacterial Sm protein 

will be referred to by its commonly used name, ‘Hfq’. Many archaeal Sm proteins were originally 

referred to as either Sm1 or Sm2, which is commonly confused with the Sm1 and Sm2 motif, so 

all Sm archaeal proteins will be denoted ‘SmAPs’ (SmAP1, SmAP2, etc.). The eukaryal Sm 

proteins, discovered and named first, will herein be called the canonical Sm core proteins, and other 

eukaryal Sm proteins will follow the common nomenclature of Like-Sm (Lsm) proteins. The use 

of ‘canonical Sm core proteins’ will differentiate these particular homologs from the more generic 

term ‘Sm proteins’ in reference to elements common to the entire superfamily.  
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3 Evolution of the Sm Superfamily 

Sm proteins are likely one of the most ancient protein superfamilies [32], and they may 

give insight into the transition from the primordial RNA world to the contemporary protein-based 

world. The diversity of the Sm superfamily appears to have arisen from a series of gene duplication 

events and divergence of these copies, leading to the development of multiple hetero-oligomers in 

eukarya from the homo-oligomers in bacteria and eukarya. However, horizontal gene transfer also 

may have played a role in the increasing number of Sm genes [33]. Progressing from bacteria to 

archaea to eukarya, increase in the number of Sm paralogs steadily increases. Bacteria generally 

encode one conserved Hfq, though recent studies have identified a second hfq gene in some bacteria 

(dubbed hfq2) [34,35]. Many archaea encode multiple SmAP paralogs (2 or 3), however no hetero-

oligomers have been seen. Because of the seven-fold symmetry in eukaryal Sm/Lsm and SmAPs, 

a full seven paralogs must arise before a hetero-heptamer is possible. Converting from homo-

oligomers to hetero-oligomers is a relatively frequent event in the evolution of prokarya to eukarya 

(e.g. exosome, ubiqituin-like proteins, type II chaperones [36-38]). Typically, this is thought to be 

the result of gene duplication followed by sequence divergence (“diversification-duplication” 

model) leading to unique paralogs which can oligomerize into a complex similar to the original. 

While this seems a waste of genetic resources, the homomer to heteromer transition allows 

functions to become more specific and results in tighter regulation of such complexes necessary 

with specific sequence of steps to generate the oligomer [39].  

A key step in the evolution of Sm proteins is the introduction of non-self-splicing introns, 

necessitating a spliceosome to recover function. It is speculated that spliceosomal introns arose 

when self-splicing type II introns began to diverge, and some lost their ability to form the necessary 

structures/sequence for self-splicing, or became early snRNA genes [40-42]. This theory is 

supported by the similarity in the internal base-pairing of self-splicing type II introns and the pre-
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mRNA···snRNA base-pairing in the Spliceosomal complex [43]. The U6 snRNA shares a 

particularly close sequence similarity to the catalytic domain of the self-splicing group II intron 

[44]. From these observations, it is proposed that one ancient Sm gene was duplicated multiple 

times, resulting in seven paralogs which diverged; this, in turn, led to functional specialization of 

each of the components, culminating in a hetero-heptamer. Eukaryal Lsm proteins are considered 

the earliest forming Sm hetero-oligomers because of their involvement in mechanisms which arose 

before splicing (see section 1.2) and conservation of specific introns in the encoding genes of the 

Lsms.  Lsm6 has been predicted as the most likely ‘original’ Sm protein which all eukaryal Sm’s 

originated from based on its relatively equal homology with the others; however, this is difficult to 

confirm [33]. A second round of gene duplication likely generated the canonical Sm core proteins 

from the Lsm proteins, as each Sm protein has a greater sequence similarity to a corresponding 

Lsm protein than any of the other Sm core (Lsm1/SmB, Lsm2/SmD1, Lsm3/SmD2, Lsm4/SmD3, 

Lsm5/SmE, Lsm6/SmF and Lsm7/SmG) [18,32,33]. As the complexity of the splicing regulation 

and spliceosome itself increased, the Lsm proteins had multiple functional restraints resulting from 

its role in various functions. Gene duplication of the Lsm proteins removed the restraint from the 

canonical Sm core proteins and allowed them to become more specialized until they were solely 

used in splicing. Additional Sm proteins arose after the last eukaryal common ancestor (LECA). 

Lsm10 and Lsm11 are encoded by animals, fungi, and amoeba but absent from plants; and SmN is 

only present in mammals [45-47].  

4 The Sm Fold and RNA-binding Properties 

4.1 Monomers and Oligomers 

Crystal structures show that the Sm protomer is highly conserved between domains of life, 

even with low sequence similarity between bacteria and eukarya/archaea (Figure 2B). Two Sm  
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Figure 2. Sm topology, conservation, and oligomeric plasticity. (A) Topology of the Sm fold. 

The Sm fold consists of a small five stranded β-barrel preceded by a small α-helix. The monomer-

monomer interface for oligomer formation is between the β4 and β5 strands. Loop L4 is variable, 

and can be quite extended in eukarya and archaea, but shortened in bacterial hfq. (B) Backbone 

overlay (Cα) of Sm monomers from bacteria (S. aureus Hfq), archaea (P. aerophilum SmAP1 and 

SmAP2), and eukarya (H. sapiens SmD3) demonstrate the conserved nature of the Sm fold across 

the domains. (C) While the Sm fold is highly conserved at the level of the monomer, the Sm family 

shows immense plasticity in its oligomerization, existing as a pentamer (3BY7), hexamer (1KQ1), 

heptamer (1I8F), octamer, and tetradecamer (1M5Q). 
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monomers from even distantly related species will usually have between 1-2 Å backbone root-

mean-square deviations (RMSDs). The Sm fold is a highly conserved ~70 residue structure 

consisting of a small highly bent, five-stranded β-barrel preceded by an α-helix (Figure 1A, Figure 

2A) which forms into a toroid or ring multimer (Figure 1A, Figure 2C). Loop 3 is on the α-helix 

face which is commonly known as the proximal or L3 face, while Loop 4 is on the distal or L4 face 

Figure 1A). Highly conserved glycines located in β-strands 2, 3, and 4 permit the structural 

variability required for Sm proteins to form the bent fold [48]. Two conserved motifs, Sm 1 (~32 

residues) and Sm 2 (~14 residues), are recognized (though there is some dispute on whether they 

should be considered distinct motifs) and separated by a non-conserved linker [48,49]. The Sm1 

motif consists of β-strands 1, 2, and 3 and is the most conserved section between domains. The 

Sm2 motif contain β-strands 4 and 5, and form the monomer···monomer interface of the multimer 

[50]. The Sm2 motif varies between bacterial Hfq and the eukaryal Sm/Lsm proteins, possibly 

leading to the difference in oligomeric form. Loop 4 (L4) contains a variable region that can be 

lengthy (up to 25 residues) in archaeal and eukaryal Sm proteins but is extremely short in the 

bacterial Hfq. In addition to the Sm fold, many Sm proteins are known to have a C-terminal domain 

which can vary drastically in both electrostatics and size between orthologs, ranging from a few 

residues (e.g. Aquifex aeolicus) to over three times the length of the core Sm fold itself (e.g. 

Moraxella catarhallis) [51].  

While the Sm fold is highly conserved (Figure 2B), the Sm family shows immense 

plasticity in its oligomer formation (Figure 2C). Most Sm proteins have been found as either 

hexamers (bacterial Hfq) or heptamers (eukaryal Sm proteins and SmAPs); a pentamer  and an 

octamer structure have been found (in the latter case a dimer combined with four-fold 

crystallographic symmetry could mean the octamer is an artifact) [24-26,52-55]. Sm proteins rings 

are usually ≈ 60 to 80 Å in diameter, 35 Å in height, with a variable-width pore. Hfq forms highly 

stable, heat resistant homo-hexamers, while the eukaryal canonical Sm core proteins (SmB, SmD1, 
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SmD2, SmF, SmE, SmG, SmD3) form dimers or trimers until bound to their target RNA (formation 

is assisted by chaperone proteins in vivo, including SMN; but is spontaneous in vitro when the 

hetero-protomers are incubated with corresponding U snRNA [20,56,57]). The eukaryal Lsm 

proteins and SmAPs are intermediates between Hfq and the canonical Sm core proteins, with the 

eukaryal Lsm proteins forming stable hetero-heptamers in two forms, one containing Lsm1 through 

Lsm7 (Lsm1-7); and the other exchanging Lsm1 for Lsm8 (Lsm2-8). Most SmAPs oligomerize as 

highly thermostable homo-heptamers, though one has been found to transition between a hexamer 

and a heptamer in a pH and RNA-dependent manner [58]. Pyrobaculum aerophium SmAP3 was 

identified and structurally characterized with a large stable C-terminal domain which interacts with 

the same domain of another SmAP3, forming a tetradecamer that consists of two heptamers face-

to-face surrounded by interlocking C-terminal domains (Figure 2B) [59]. Differences in oligomeric 

variation and the RNA dependence of oligomerization, result in distinct binding profiles between 

the bacterial Hfq and the eukaryal Sm core proteins.  

4.2 Eukaryal Sm/Lsm···RNA Interactions 

The canonical Sm core proteins bind to the uridine-rich Sm sites of U snRNAs. U snRNAs 

thread around and through the pore of the Sm ring [57,60,61]. A recent structure of the U1 snRNP 

demonstrates the specific binding pockets necessary to guide the U1 RNA through the pore, as 

shown in Figure 3 [62]. The first nucleotides of the Sm binding site that contact the Sm ring are 

Adenine-125, which contacts SmD2 and SmF, followed by Adenine-126 which binds to SmE. 

Uracil-127, Uracil-128, and Uracil-129 comprise a uracil patch that binds SmG, SmD3, and SmB, 

respectively. Steric clashes prevent Guanine-130 from fitting in the binding pocket and instead it 

lies above Uracil-124, while its purine base contacts SmB. The nucleotide corresponding to this 

Guanine-130 on the U4 snRNA Sm site is a uracil, which fits into the uracil binding pocket in 

SmD1, expanding the uracil-rich patch. Uracil-131 binds in a pocket on SmD2 and Guanine-132 
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begins the descent into the pore, making several interactions with the ribose phosphate backbone 

of neighboring nucleotides, and stacking with residues on Loop 2 of SmD2 and SmD1. Guanine-

132, Guanine-133, and Uracil-134 traverse the pore, exiting on the Loop 4 face. In summary, the 

Sm binding site of U snRNAs begins at SmE and goes in a counter-clockwise manner (viewed from 

above, proximal to the α-helix face) around the pore with the snRNA binding SmG, SmD3, SmB, 

SmD1, SmD2 (in that order) and exiting on the far face at SmF [56]. Each nucleotide on the Sm 

binding site of the U snRNAs is specific for each Sm protomer. While there are currently no 

structures detailing binding of U6 snRNA to Lsm 2-8, based on homology, it is expected that U6 

snRNA binds to Lsm5 first, then counter-clockwise to Lsm7, Lsm4, Lsm8, Lsm2, Lsm3, exiting at 

Lsm6.  

4.3 Bacterial Hfq···RNA Interactions 

Both Hfq and eukaryal Sm/Lsm are known to bind uracil-rich single-stranded RNA 

(ssRNA) near the pore on the face proximal to the α-helix (L3 face). The eukaryotic heptamer has 

a wider pore than the hexameric Hfq, which allows the ssRNA to thread through the pore, rather 

than simply running along the face as in Hfq. Because ssRNA cannot traverse the Hfqpore, this Sm 

has distinct binding faces. Hfq has at least four distinct surfaces that interact with macromolecules: 

i) L3 face, ii) L4 face, iii) lateral rim, and iv) the C-terminal domain (Figure 4A) [55,63]. In addition 

to the binding of U-rich RNA to the proximal (L3) face, adenine-rich sequences bind on the distal 

(L4) face, and non-specific UA-rich RNA have recently been found to bind on the lateral rim 

(Figure 4B).  

Uracil-rich binding on the L3 face is constrained to a ring directly around the pore, with a 

one-to-one nucleotide to monomer ratio [64,65]. The uracil-binding site is formed by amino acid 

residues of two adjacent monomers (Figure 4C). Uracil stacks with a conserved aromatic residue, 

(Phe-42 in E. coli) while the O2 and O4 atoms of uracil hydrogen bond with residues from the  
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Figure 3. Canonical Sm core protein···RNA interactions. (A) Canonical Sm core proteins bind 

U RNA around the L3 face with the U RNA contacting each subunit as the RNA threads through 

the pore and exits on the L4 face. The nucleotide binding pockets are many times located between 

adjacent monomers, contacting both. (B) The U1 snRNP core demonstrates the specific canonical 

Sm core protein···RNA interactions necessary to guide the RNA through the pore. (C) Adenine-

125 with SmD2 and SmF, (D) Adenine-126 and SmE, (E) Uracil-127 and SmG, (F) Uracil-128 and 

SmD3, (G) Uracil-129 and SmB, (H) Guanine-130 is positioned above the pore contacting SmD1 

as the RNA begins to enter the pore, with (I) Uridine-131 completing the spiral around the pore, 

returning to SmF. (J) Guanine-132, 133, and 134 traverse the pore exiting on the L4 face. 
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adjacent subunit (His-47), supplying uracil specificity (Figure 4D) [27,55,64-67]. On the distal or 

L4 face, Hfq binds to an adenine rich repeating sequence of Adenine-Purine-Any Nucleotide 

(ARN-repeat) (Figure 4E) [68]. The binding on the L4 face is farther from the pore and has a three-

to-one nucleotide to monomer ratio. Interestingly, for the L4 face, in the N-site the nucleotide is 

oriented with the base-pairing edge exposed to the solvent, though currently no base pairing has 

been observed (Figure 4H). The A-site is located between adjacent monomers of Hfq. E. coli crystal 

structure shows hydrophobic contact between the adenine and Leu-32 in addition to hydrogen 

bonds formed between adenine and Gln-52, Leu-32, and Gln-33 (Figure 4F). R-site binding is 

highly dependent on a conserved aromatic residue (Tyr-45 in E. coli) which stacks with the base, 

though additional hydrophobic interactions from other residues (Thr-61 and Gln-52) contribute 

(Figure 4G) [68-71].  

While most structural studies have focused on Gram-negative bacteria, the structure of the 

Gram-positive Bacillus subtillus Hfq bound with (AG)3A RNA, determined in 2011, shows notable 

differences in the A-rich binding site (Figure 4I) [72]. B. subtillus has a much lower affinity for A18 

RNA than E. coli but a higher affinity for AG-repeat RNA. In the crystal structure of B. subtillus 

Hfq bound to (AG)3A RNA there appears to be only two binding pockets per protomer instead of 

three. The A-site is the same as the R-site for Gram-negative, with the adenine stacking between 

two highly conserved phenylalanines (Phe-24 and Phe-29), with additional contribution from 

hydrogen bonds between the adenine and Ser-60 and Thr-61 (Figure 4J). The guanine site appears 

to only form a hydrogen bond with Arg-32, which is highly conserved in Gram-positive bacteria 

(Figure 4K) [72].  

The adenine-rich and uridine-rich binding surfaces, described above, correspond closely to 

elements of mRNA and sRNA, respectively. Many sRNAs contain a uracil-rich stretch at the 3’ 

end, which is a common feature for RNAs produced via Rho-independent termination pathways 

[73]. mRNAs usually have an adenine-rich region in their 3’ untranslated region (UTR) [74,75]. 
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The lateral rim-binding mode recently observed in E. coli Hfq consists of a conserved aromatic 

(Phe-39 in E. coli) and a positive patch of residues (Arg16, Arg17,  and Arg19) on the edge of the 

L3 face of each monomer [76,77]. This lateral rim has been shown to be necessary for many 

biological functions, including RybB sRNA binding [78]. The lateral rim appears to play a role in 

binding and stabilization by contacting UA-repeat regions of either mRNA or sRNA. Very recent 

work has shown  that the  lateral rim can serve  as a transition junction  for sRNA···mRNA  pairing, 

allowing either the sRNA or mRNA to bring base pairing elements into proximity [78]. Others have 

suggested that the lateral rim plays a role in Hfq cycling, allowing a site for RNA association and 

dissociation [79].  

4.4 SmAP···RNA Interactions and Homology 

SmAPs are closer in sequence and structure to the eukaryotic Sm/Lsm proteins than the 

bacterial Hfq. Structural alignments have shown Pae SmAP1 monomer and dimer structures to be 

almost identical to the SmD1-SmD2 and SmD3-SmB heterodimers and most previous SmAP 

structures have been heptamers, though they form stable homo-oligomers, similar to the bacterial 

Hfq. SmAPs have been shown to bind RNA and one of the first SmAP structures shows binding to 

uridine on the L3 face similar to eukaryal Sm and Hfq, but whether RNAs bound to SmAPs then 

thread through the pore (eukaryal Sm) or just stay along the face (bacterial Hfq) is unknown [24-

26,80]. Crystal structures from Archaeoglobus fulgidus bound to U3 RNA, Methanobacterium 

thermautotrophicum bound to single UMP nucleotides, and Pyrococcus abyssi bound to UMP 

nucleotides detail a conserved uracil binding pocket on the L3 face of SmAPs, analogous with 

eukaryal Sm/Lsm and bacterial Hfq pockets (Figure 5A, 5B, 5C). The ligands bind in a conserved 

crevice near the pore, with the uracil base intercalated between conserved arginine and histidine 

residues (Figure 5C, 5D, 5E)[24,80,81].  
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Figure 4. Hfq···RNA interactions. (A) The L3 face of Hfq binds uridine-rich RNA analogous to 

the eukaryal Sm proteins. The RNA cannot thread through the pore, allwing the L4 face to function 

independently, binding adenine-rich RNA. The lateral rim has recently been shown to bind UA-

rich RNA. (B) Hfq can bind RNA simultaneously on both faces. (C) The U-rich binding site is 

similar to the eukaryal Sm site, (D) and involves a conserved aromatic residue (F42 in E. coli) with 

additional hydrogen bonding for specificity. (E) Hfq from Gram-negative bacteria displays an 

ARN-repeat binding motif on the L4 face. (F) The A-site is near the edge of the monomer, while 

the (G) R-site is between monomers, stacking with a conserved aromatic residue (Y42 in E. coli). 

(H) The N-site is above the protein and lacks specificity. (I) Hfq from Gram-positive bacteria bind 

an AG-repeat on the L4 face. (J) The A-site is the same as the R-site for gram-negative but with 

additional hydrogen bonding from S60 supplying A-specificity. The (K) G-site is located at the 

same location as the A site in ARN-motif, but does not have the specificity. 
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Figure 5. SmAP···RNA interactions. Only a few structures are available demonstrating SmAP 

binding to RNA. All show conserved U-rich binding on the L3 face in the pore. Structures from 

(A) Methanobacterium therautotrophicum bound to single UMP nucleotides, (B) Archaeoglobus 

fulgidus bound to U3 RNA, and (C) Pyrococcus abyssi bound to UMP detail a conserved uracil 

binding pockets on the L3 face of SmAPs, analogous with the eukaryal Sm/Lsm and bacterial Hfq 

pockets. (C, D, E) The ligands bind in a conserved crevice near the pore, with the uracil base 

intercalated between conserved arginine and histidine residues. (G) P. abyssi SmAP was also co-

crystallized with U6 RNA, which binds on the lateral rim close to the L3 face with the RNA (H) 

bridging two P. abyssi SmAPs. (I) U6 runs across the lateral rim, with (J) U-4 π-stacking Y34, in 

the same location as the conserved aromatic for Hfq’s lateral binding site (K) U-5 π-stacking H19, 

and (L) U-6 hydrogen bonding P5. 
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P. abyssi SmAP structure is also bound to a small U6 RNA strand on the lateral-rim binding 

surface previously mentioned for Hfq (Figure 5G, 5H, 5I). The U6 strand bridges two P. abyssi 

SmAPs, with three nucleotides bound to each SmAP. Interestingly, this means that the RNA 

extends in different directions on each SmAP (5’ to 3’ on one SmAP and 3’ to 5’ on the other) and 

the U6 RNA  does  not  make  contact  with  any  residues  farther  down  the   outer rim, where the 

arginine-patch in Hfq is located. The lateral rim-binding site in P. abyssi consists of U-3/U-4 π-

stacking with Tyr-34 (equivalent position as Phe-39 in E. coli), U-2/U-5 π-stacking with His-10 

located on the α-helix, and U-1/U-6 hydrogen bonding the backbone amide of Pro-5 (Figure 5J, 

5K, 5L). Whether this lateral binding-rim is conserved in SmAPs is unknown. Many other details 

on SmAP binding are lacking, including whether it binds adenine-rich RNA, or whether the uracil-

rich RNA extends through the pore.  

5 Physiological Roles of the Sm Family 

5.1 Non-coding RNA Biology 

 The biological roles of the Sm family can be closely linked with the roles of noncoding 

RNAs (ncRNAs) within the three domains of life. The RNA world model for early life holds that 

information/genetic storage and functional components entirely devised of RNA (no DNA or 

proteins) [82-84]. Over time the introduction of proteins and DNA allowed more diverse/expanded 

functionality and more stable information/genetic storage, respectively. RNA was initially 

considered to have been relegated to an intermediate role, with its main function taking the 

information from DNA (mRNA) and assisting in the creation of functional proteins (rRNA and 

tRNA); but over the last 30 years it has become apparent that RNA plays many vital roles in the 

cell beyond direct involvement in protein production. While many catalytic RNAs were discovered 

previously (snRNAs, ribosome, etc), in the early 1990s regulatory RNAs were first discovered in 

the eukarya, demonstrating that even small RNA strands play an important role in cell function 
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[85]. Eukaryal non-coding RNAs are involved in many crucial pathways: RNA 

processing/regulation (H/ACA box and C/D box small nucleolar RNAs (snoRNAs)), splicing 

(Uridine-rich small nuclear RNAs (U snRNAs)), DNA replication (Y RNAs), genome defense 

(Piwi-interaction RNAs (piRNAs)), chromosome structure (telomerase RNA), and gene regulation 

(microRNAs (miRNAs), small interfering RNA (siRNA)) [see review 86 for citations]. In higher 

eukarya it is estimated that >50% of genes are regulated by small non-coding RNAs [87].  

Bacterial regulatory RNAs were found in the early 1980s in non-chromosomal genetic 

elements and were dubbed small regulatory RNAs (sRNAs) or noncoding RNAs (ncRNAs) 

[88,89]. Bacterial sRNAs are analogous in function to eukaryal miRNAs but vary significantly in 

length (between 50 and 250 nucleotides) and structure (can contain multiple stem-loops), while all 

miRNAs are processed to be about 22 nucleotides. sRNAs have been found to bind and directly 

affect specific proteins, but the majority target specific mRNAs in an antisense manner. Since their 

discovery, over a 100 sRNAs have been identified in bacteria, many active in high impact areas 

such as drug resistance and virulence [90,91]. mRNA targeting sRNAs in bacteria fall into two 

categories, cis- or trans-encoded. Cis-encoded sRNAs are encoded on the antisense strand of the 

target gene and will have perfect base-pairing complementary with their target mRNA, while trans-

encoded are in an intergenic region and have imperfect pairing. Conserved 5’ regions in 

homologous sRNAs are commonly referred to as ‘seed’ regions, and serve to recognize the mRNA 

target [92].  

In the early 2010s, regulatory RNAs were bioinformatically predicted and identified  in 

archaea, though less is known about these than in bacteria and eukarya [93]. Small guide RNAs 

(related to and named after snoRNAs) were the first ncRNAs found in archaea and are involved in 

the modification of RNA nucleotides on ribosomal RNA [94,95]. A number of cis-encoded and 

trans-encoded sRNAs have also been identified, but their functions are currently unknown; they 

may be involved in gene regulation similar to the bacterial sRNAs [96]. Some of the sRNAs 
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discovered in archaea contain short regions of open reading frames (ORFs), seemingly combining 

the functions of both mRNA and regulatory RNA [97].  

5.2 The Bacterial Hfq  

5.2.1 A Global Post-transcriptional Regulator 

The perception of Hfq as the core component of a global post-transcriptional regulatory 

network arises from its role in chaperoning imperfect base-pairing interactions between trans-

encoded sRNAs and their mRNA targets. The imperfect base-pairing of trans-encoded sRNAs 

mean that many of them do not bind their target mRNA without Hfq present. As mentioned 

previously, these sRNAs are heterogeneous in size and structure, and are involved in diverse 

processes including quorum sensing, stress response, virulence. Hfq···sRNA interactions can have 

a variety of downstream effects: e.g. Hfq can inhibit (down-regulate) translation by assisting sRNA 

in base-pairing mRNA near the ribosomal binding site (RBS) preventing ribosomal binding and 

translation (Figure 6A) [98-100]. Conversely, if the mRNA forms a secondary structure that blocks 

the RBS, Hfq can promote translation by unmasking the RBS. sRNA, assisted by Hfq, binds near 

or on the secondary structure blocking the RBS, melting the blocking secondary structure and 

freeing the mRNA for translation (Figure 6B) [101,102]. Hfq plays a role in the degradation of 

RNAs either stabilizing sRNA, by protecting from RNases (including RNase E) (Figure 6C), or 

promoting degradation by assisting sRNA and mRNA binding, in turn signaling for degradation by 

RNase E (Figure 6D) [103,104]. Hfq is involved in the poly(A) polymerase (PAP) degradation 

pathway by binding mRNA and recruiting PAP which polyadenylates the mRNA targeting it for 

exoribonuclease (Exo) 3’-to-5’ degradation (Figure 6E) [105]. The different modes of Hfq action 

are dependent on the specific sRNA···mRNA pairing. 
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Figure 6. Hfq is an RNA chaperone, guiding interactions between various RNAs. 

While the chaperoning function is generic, the specific RNA targets determine function. (A) Hfq 

can assist sRNA in binding mRNA, blocking the ribosomal binding site (RBS) leading to 

suppression of expression. (B) Hfq and sRNA can relieve an internal structural element that is 

blocking the RBS on an mRNA, leading to upregulation of expression. (C) Hfq can stabilize and 

protect RNA from degradation, or (D) can promote degradation by recruiting RNase E. (E) Hfq 

may stimulate polyadenylation though interactions with poly(A)polymerase (PAP) leading to 

degradation.   
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Initial in vitro analysis of Hfq function considered the ternary sRNA···Hfq···mRNA 

complex as the biological regulatory unit [29,74,106]. However, the biologically stable unit has 

been revised because of the excess amount of RNA available compared to Hfq [79,107]. In vivo 

there is constant cycling of RNA on and off of the Hfq, and  Hfq  can be  considered  as  more of a 

‘catalyst’, facilitating the formation of sRNA···mRNA complexes, and being cycled back for 

further rounds of pairing [108]. As mentioned previously, Hfq can bind both sRNA and mRNA 

simultaneously on either face (or lateral rim), this close contact of mRNA and sRNA reduces the 

entropic cost for pairwise encounters between RNAs. sRNAs are not limited to an individual 

mRNA target, some sRNAs have been found to target multiple mRNAs, and similarly, multiple 

sRNAs will target the same mRNA. It is predicted in some bacteria that 40% or more of genes are 

regulated by sRNA (both trans- and cis-acting) [109]. In addition to their interactions with RNA, 

Hfq is also predicted to interact with various proteins. The ribonuclease RNase E is a prime 

candidate for interaction with Hfq [110,111], and is thought to interact directly with Hfq, instead 

of indirectly through a Hfq···RNA···protein bridge. This line of enquiry into Hfq···protein 

interactions is ongoing. 

5.2.3 Hfq-based Responses to Environmental Conditions 

As mentioned previously, many of the initial phenotypes associated with Hfq were a result 

of their role in regulating subunits of RNA polymerase known as sigma (σ) factors. σ factors are 

responsible for direct responses to stimuli by focusing gene expression towards specific regulons. 

σ70 is known as the primary σ factor, and is responsible for transcribing most of the genes in a cell 

[112]. Alternative σ factors allow bacteria to quickly react to environmental factors by targeting 

specific regulons [113,114]. Regulation of rpoS mRNA, which encodes the stationary phase or 

stress σs factor, is one of the most studied Hfq-dependent σ factors [8,115]. Depending on 

environmental conditions, multiple Hfq-dependent sRNAs can interact with rpoS; i) DsrA in 

response to temperature stress, RprA for envelope stress, and OxyS for oxidative stress [100-
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102,116-118]. DsrA and OxyS down-regulate translation of rpoS while RprA up-regulates 

translation [119]. Hfq-dependent regulation of rpoS (σs) and rpoE (σe, extracytoplasmic response 

to misfolding of proteins in the cell envelope) has been detailed in Salmonella enterica, 

Pseudomonas aeruginosa, and Klebseialla pneumonia [8,120,121]. A significant percentage of the 

genes regulated by Hfq in P. aeruginosa and K. pneumonia belong to either the rpoS pathway (66% 

in P. aeruginosa, 17.3% in K. pneumonia) or rpoE pathway (19.5% K. pneumonia) [122,123]. 

Within bacterial species lacking rpoS and rpoE (e.g. Francisella tularensis) Δhfq still has a 

deleterious pleiotropic affect. F. tularensis Hfq was found to regulate 6% of all F. tularensis genes, 

and a Δhfq mutation caused almost identical pleiotropic affect as Δhfq mutant studies in rpoS and 

rpoE encoding bacteria [124]. In many bacteria Hfq also plays a role in regulating iron metabolism. 

A conserved sRNA known as rhyB  regulates iron metabolism, depends on Hfq for its activity 

[125,126]. In E. coli when environmental iron is low, suppression of Fur (global iron uptake 

regulator) is removed, and rhyB expression is induced, which represses translation of ferrous 

proteins allowing the levels of intracellular iron to increase [125,127].  

5.2.4 Hfq and Bacterial Pathogenicity 

 Bacteria can fall into three general categories, i) primary pathogens cause disease simply 

as a result of their presence/activity, ii) opportunistic pathogens can cause disease only in a host 

with a compromised immune system, and iii) non-pathogenic bacteria do not result in disease states 

[128]. A combination of factors can lead to a disease state including the current state of the host, 

quantity of infecting bacteria, localization and route of entry, and virulence factors expressed by 

the bacteria to evade the hosts immunosuppression. Hfq, while not present in all pathogenic 

bacteria, is considered a virulence factor because of the phenotypes associated with Δhfq mutants, 

including the previously mentioned growth restraints. To date, Δhfq mutants of 34 different 

pathogenic species have elucidated Hfq’s role in virulence. Hfq plays a role in many virulence 
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pathways including biofilm formation, quorum sensing, polysaccharide biosynthesis, secretion 

systems, and outer membrane protein expression. 

Biofilm formation is an important pathogenic trait for many bacteria as biofilms provide 

protection from immunosuppression [129]. Biofilms are organized colonies of bacteria clustered 

together to form micro-colonies which secrete an extracellular matrix attaching the colony to a 

surface. The extracellular matrix consists of a variety of secreted macromolecules including DNA, 

proteins, and polysaccharides (referred to as exopolysaccharides or EPS). Hfq-dependent sRNAs 

are required for biofilm formation in a number of pathogens (both primary and opportunistic) 

including E. coli, Stenotrophomonas maltophilia, S. enterica, Proteus mirabilis, and multiple 

Burkholderia species [130-134]. While EPSs have a variety of functions, they are studied mainly 

for their role in forming biofilms, and protective outer capsules. The Burkholderia cepacia EPS 

known as cepacian plays a role in phagocytosis evasion[135]. B. cepacia Δhfq mutants showed an 

almost 50% decrease in cepacian production. K. pneumoniae Hfq modulates the production of 

capsular polysaccharide most likely through downregulation of the transcriptional activators of the 

capsular genes rmpA and rcsA [34]. Another class of polysaccharides important for bacterial 

virulence are lipopolysaccharides (LPSs). LPSs are composed of a polysaccharide chain with a 

lipid base. LPSs are well-studied virulence factors, in fact they were originally identified as causing 

a host immune response in the late 1890s by Dr. Richard Pfeiffer [136]. S. enterica and E. coli Δhfq 

mutants show an increase in lipopolysaccharide core completion, suggesting Hfq is involved in 

suppression of this system possibly an effect of the Hfq-dependent sRNA mgrR [131,137].  

Hfq has recently been identified as a factor in the biogenesis and localization of outer 

membrane proteins (OMPs). OMPs are highly regulated because of their roles maintaining 

membrane integrity and their roles as gatekeepers of the cell. OMPs are often the targets of 

immunosuppression because OMPs are the main environmentally exposed proteins, similar to LPSs 

[138]. Δhfq strains of M. catarrhalis, B. militensis, and S. enterica Typhimurium exhibit 
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upregulated OMPs [51,137,139,140], increasing their susceptibility to immunosuppression. 

Genomic studies have identified a variety of sRNAs that down-regulate OMP, including many 

previously shown to require Hfq for function (MicA, MicF, MicC, MicM, and CyaR) [119,131,141-

143]. A number of other virulence factors have Hfq-dependent regulation including: Bordatella 

pertussis adenylate cyclase toxin, pertussis toxin, and filamentous hemagglutinin, Haemophilus 

ducreyi LspB and LspA2, autotransporter DsrA, P. aeruginosa quorum sensing regulator and 

exotoxin, Vibrio parahaemolyticus hemolysin, and Yersinia enterocolitica enterotoxin [144-148].  

5.2.5 Hfq Expression 

While Hfq regulation of gene expression itself is an ever growing field of research, very 

little is known about the regulation of the hfq gene. E. coli studies suggest that Hfq suppresses its 

own expression [7]. Hfq binds to the 5’ UTR region of the hfq mRNA, exposing an RNase E binding 

site encouraging degradation [149]. Recent studies have shown that Hfq expression is dependent 

on a number of regulators beyond itself (e.g. LetA, and σs) [150]. In many bacteria, Hfq expression 

is dependent on the growth stage. P. aeruginosa Hfq levels are 200% greater in the stationary phase 

than the exponential phase [123]. This is not universal though, there is no change in Hfq abundance 

at different growth phases in N. meningitides [151]. Interestingly, recent bioinformatic studies have 

found multiple putative hfq genes in some bacteria. B. cepacia appears to encode two Hfq paralogs, 

hfq1 and hfq2, while Bacillus anthracis appears to have three Hfq paralogs, two encoded on the 

chromosome and one on a plasmid [34,152]. The B. cepacia Hfqs are phase dependent, with one 

Hfq having a higher abundance in the exponential phase, the other in the stationary phase. In B. 

anthracis one of the chromosomal encoded Hfqs and the plasmid Hfq have traditional sRNA 

chaperone roles, with growth phase dependent expression. The third Hfq’s (chromosomal encoded) 

function is unknown, but it does not appear to play a role as a chaperone or have growth phase 

dependent expression [152]. Hfq is not equally dispersed throughout the cell, instead Hfq appears 

to localize in subcellular pockets. Hfq is found throughout the cytoplasm, but has a much higher 
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abundance in nucleoid, in fact is one of the most abundant proteins in the nucleoid [153,154]. In 

addition, electron microscopy has revealed a high concentration of Hfq near the outer membrane, 

though the reason is still unknown [155]. 

5.3 Eukaryal Sm/Lsm Proteins Function as Structural Scaffolds 

5.3.1 Splicing Overview 

Compared to bacteria, eukarya encode a variety of Sm homologs that form hetero-rings 

with different localizations and functions, though all of their functions are based off their roles as 

scaffolds. The majority of studies in eukarya have focused on the seven canonical Sm core proteins: 

SmB, SmD1, SmD2, SmD3, SmE, SmF, and SmG. SmB has a splice variant called SmB’ and a 

neuronal variant called SmN. Canonical Sm core proteins along with the U small nucleolar 

(snRNAs) are the major components of the large (4.8MD) macromolecular machines known as the 

major and minor spliceosome [17,156]. Spliceosomes excise non-coding introns from precursor 

mRNA (pre-mRNA) and splice the resultant exons together to form mature mRNA for translation 

[157,158]. Most human genes contain multiple introns that need to be removed, and many mRNAs 

can be spliced in alternative manners, combining exon components of the same mRNA in different 

orders resulting in multiple protein [157,158]. Alternative splicing is one of the major ways that 

the relatively small genome of some organisms can display such variety of phenotypes [159,160]. 

There are two main classes of U snRNPs, those with the canonical Sm core proteins, and those 

utilizing Lsm proteins. Spliceosomal U snRNPs containing the canonical Sm core heptamer are 

U1, U2, U4, U4atac, U5, U11, and U12, and Lsm2-8 forms the core of the U6 and U6atac snRNPs 

[161].  
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5.3.2 RNA Splicing 

While the splicing mechanism is a fairly simple chemical reaction consisting of two 

transesterifications, eukarya employ an immense amount of regulation and energy (ATP) to ensure 

accuracy. The basic reaction is as follows: i) the 2’OH of branch point within the intron attacks the 

first nucleotide of the 5’ splice site, forming a loop or lariat structure. ii) The 3’OH of the now 

released 5’ exon attacks the last nucleotide of the intron at 3’ splice site, sealing the gap and 

releasing the intron [41]. To control the reaction, eukarya engage a stepwise ATP-dependent 

assembly of the spliceosome components. i) U1 and U2 snRNPs identify and bind to the 5’ and 3’ 

splice site, respectively, by base pairing of the U1 and U2 snRNAs to the mRNA forming initial 

complex E. ii) U1 and U2 snRNP are recruited to form the pre-spliceosome complex A, iii) which 

is followed by pre-assembled U4-U6/U5 tri-snRNP, complex B. iv) U1 and U4 snRNPs are released 

(complex B*) and v) the first catalytic step occurs freeing one exon end (complex C). vi) ATP-

dependent rearrangement of complex C causes the second catalytic step, removing the intron and 

bringing the exons together. vii) The excised intron is now released, along with the U2 and U6/U5 

snRNPs which re-enter the splicing cycle [156].  

The minor spliceosome is functionally analogous to the major spliceosome, but deals with 

a specific type of rare introns (<0.5% in humans) called U12-introns  (major spliceosomal introns 

are referred to as U2-type) [162]. Both the major and minor spliceosome contain U5 snRNP, but 

the minor has analogous substitutions for the other snRNP components: U1 is replaced with U11, 

U2 with U12, U4 with U4atac, and U6 with U6atac [163]. U12-introns are typically found in genes 

related to information processing pathways (transcription, RNA processing, DNA 

replication/repair, etc.) but have been identified in other processes (vesicular transport, ion 

channels, etc.). Interestingly, U12-introns are absent in genes related to energy metabolism and 

biosynthesis [164].  
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Because splicing is such a crucial step in the generation of viable mRNAs, any issues with 

splicing regulation results in serious diseases including retinitis pigmentosa, chronic lymphocytic 

leukemia, and myelodysplasia [165-167]. Full disruption of the Sm core proteins leads to a 

complete loss of splicing, which makes the organism non-viable. The minor spliceosome plays a 

role in development, and defects can lead to developmental disorders such as Peutz-Jeghers 

syndrome, spondyloepiphyseal dysplasia tarda, and Taybi-Linder syndrome or microcephalic 

osteodysplastic primordial dwarfism type I (TALS/MOPD1) [168]. 

5.3.3 Biogenesis of the snRNP Core 

Genesis of a U snRNP core is a complicated process involving a host of chaperone proteins, 

and includes exportation from the nucleus into the cytoplasm then importation back. Most snRNAs 

are generated in the nucleus by a process similar, but not identical, to mRNA biogenesis (both 

utilize RNA polymerase II (PolII), but have different promoters and post-transcription processing) 

[169,170]. Co-transcriptional processing includes capping of the 5’ end and cleavage of the 3’ end 

by a large multi-subunit factor called the integrator complex [171]. 3’-end processing is a highly 

regulated and complicated system that is dependent on three features: snRNA-specific promoter, a 

cis-acting 3’-box element downstream of the cleavage site, and a variety of trans-acting factors that 

interact with the C-terminal domain of polymerase II [172]. Even though snRNAs function in the 

nucleus, after initial processing precursor snRNAs are exported into the cytoplasm through Cajal 

bodies [173,174]). In the cytoplasm pre-snRNAs undergo additional processing and are bound by 

canonical Sm core proteins to form the early snRNP core. Only after snRNA forms the snRNP core 

with the canonical Sm core proteins are they imported back into the nucleus. It is speculated that 

requiring an alternate location for final processing prevents immature snRNA from interacting with 

precursor mRNA substrate [156].  
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U snRNA binding canonical Sm core partners (Figure 7) involves a host of chaperone 

proteins. In the cytoplasm, canonical Sm core proteins do not form a typical Sm ring after 

translation, instead are dimers (SmD1·SmD2, SmD3·SmB) and trimers (SmF·SmE·SmG) 

[20,57,175]. The canonical Sm core proteins are recruited by the protein Arginine N-

methyltransferase 5 (PRMT5) complex, which methylates the C-terminal arginines in SmB, SmD1, 

and SmD3 [176] (Figure 7A). After methylation, canonical Sm core proteins oligomerize with 

pICln, an Sm-dimer mimic protein, to form an initial pseudo-Sm ring complex called the 6S 

complex (Figure 7B) [177,178]. The 6S complex contains SmD1·SmD2, SmF·SmE·SmG and 

pICln replacing SmD3·SmB [179]. The 6S complex is recruited into the SMN complex with 

proteins SMN and GEMIN2 forming the 8S complex (Figure 8C). Even though it is named the 

SMN complex, research now suggests that GEMIN2 is actually the primary architect of the Sm 

core snRNP, rather than SMN. GEMIN2 binds across multiple canonical Sm core proteins, and can 

hold a subset of the Sm proteins in a horseshoe shape without SMN [180,181]. Concomitant with 

8S complex formation, the mature U snRNA is recognized by a separate GEMIN protein called 

GEMIN5 and another SMN which are thought to recognize the Sm site and 3’ stem-loop of the U 

snRNA [182]. SMN·U snRNA·GEMIN5 associates with the 8S complex, expelling pICln. At the 

same time, the SmB·SmD3 dimer is recruited and the Sm ring is closed around the U snRNA [178].  

Much of the mechanism of how this rearrangement works is unknown, even though the 

specific elements involved have been identified. SMN remains complexed with the now fully 

formed U snRNP core which is imported back into the nucleus (after 5’ 2,2,7-trimethylguanosine 

(TMG) capping [183,184] and 3’ trimming by exonuclease of the U snRNA). Within the nucleus, 

the U snRNP core releases SMN and localizes in Cajal bodies for final processing and assembly 

[185,186]. The complicated, highly-regulated U snRNP biogenesis pathway stands in stark contrast 

to the spontaneous assembly of Hfq and Lsm proteins. Interestingly, if the correct components are 

present, U snRNP cores will assemble spontaneously in vitro. The detailed, ATP-dependent [187],  
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Figure 7. U snRNP core formation. U snRNPs are composed of two main elements, the canonical 

Sm core proteins and the U snRNA. (A) In the PRMT5 complex, the canonical Sm core proteins 

form a pseudo Sm-ring with pICln substituting the SmD2·SmD1 dimer, referred to as the (B) 6S 

complex. (C) The 6S complex is recruited into the SMN complex with the addition of GEMIN2 

and SMN to form the8S complex. U snRNA with GEMIN5 and an additional SMN protein reacts 

with the 8S complex, causing a rearrangement forming (D) the full U snRNP core is, which is then 

imported into the nucleus.  
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PRMT5 and SMN requiring, stepwise in vivo assembly is thought to prevent canonical Sm core 

proteins from forming on non-target RNAs  and to prevent kinetically trapped intermediates 

[179,182,188].   

Spinal muscular atrophy (SMA) arises from a defection in SMN translation. Normally, 

there are two SMN genes, SMN1 which encodes a viable SMN protein, and SMN2 which differs 

by a  single  nucleotide  mutation  from  SMN1.  Production  of   SMN  from   SMN2   necessitates 

alternative splicing, with only a fraction becoming viable [189]. In SMA, homozygous deletion of 

SMN1 causes a large drop in the abundance of SMN (if both SMN1 and SMN2 are impaired than 

the organism is not viable [190]). Why the drop in SMN abundance leads to muscle atrophy is not 

currently understood, but splicing defects are seen especially in the late stages of the disease, most 

likely from the limited amount of Sm core···U snRNA complexes being formed [191-193].  

U6 snRNA deviates significantly from the other U snRNAs by being transcribed by RNA 

polymerase III and containing a γ-monomethyl cap [194]. In addition, U6 snRNA is the only 

snRNA to never leave the nucleus [195]. The Lsm2-8 ring is assembled in the cytoplasm in the 

absence of U snRNA, and is transported into the nucleus to bind U6 snRNA and form the U6 

snRNP core without the necessity for chaperone proteins. The simplicity of U6 snRNP formation 

compared to the other U snRNPs could be the result of the different locations of the Sm/Lsm 

binding sites, which are near the 3’ termini of U6 snRNA (and thus more accessible), but are located 

in the middle of the other U snRNAs [168].  

5.3.4 Other Roles of Sm Proteins in RNA Processing 

While splicing is the most well-studied function of eukaryal Sm proteins, they are involved 

in a variety of other RNPs. Additionally, some U snRNPs have alternative functions. U1 snRNP 

was found to protect premature cleavage/polyadenylation by binding to mRNA and preventing the 
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binding of the cleavage and polyadenylation specificity factor (CPSF), which cleaves mRNA at the 

3’ end. The U6 snRNP appears to also assist in degradation of pre-mRNAs and mRNAs in the 

nucleus [196]. Lsm2-8 can form the U8 snRNP with U8 snRNA. U8 snRNP appears to process 

ribosomal and transfer RNA [197,198].When U6 snRNA is complexed with Lsm1-7 instead of 

Lsm2-8, it localizes in the cytoplasm instead of the nucleus, and is involved in degrading mRNA 

ribonucleoprotein complexes, assisting in the turnover of mRNA [199,200]. Additional Sm rings 

in eukarya include the Sm10/Sm11 ring, where Lsm10 and Lsm11 replace SmD1 and SmD2, 

respectively. Lsm11 is a unique Sm protein with an extended C-terminal domain. The Sm10/Sm11 

ring binds with U7 snRNA, forming the U7 snRNP, which mediates processing of the 3’ UTR 

stem-loop of the histone mRNA in the nucleus [201]. A number of two domain Sm/methyl 

transferases (Lsm12-16) have been discovered [202,203]. Currently the specific function of them 

is unknown, although some studies have suggested a role in mRNA translational control (Lsm13, 

Lsm14, Lsm15) or formation of P-bodies (Lsm16) [204-207].  

5.4 The Enigma of SmAP Function 

 While Sm-like Archaeal Proteins or SmAPs, were the first Sm proteins for which atomic-

resolution structures of the full intact oligomeric ring were resolved [24-26], knowledge of their 

biology lags behind the other domains. Currently, there is very little information on the 

physiological role of SmAPs, and no answer to the key questions of whether SmAPs function as 

chaperones or scaffolding, or what type of macromolecules (RNA, protein), SmAPs interact with 

in vivo. Since the function of Sm proteins in bacteria and eukarya is dependent on their interactions 

with regulatory RNAs and RNA processing, a closer look at the known RNA processing of archaea 

may give insight into SmAP function. 

5.4.1 Archaeal Non-coding RNAs 
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 Though they lack the large macromolecular complexes in eukarya, archaea share many 

features with eukarya in terms of their information processing pathways [208]. One of the major 

differences between eukarya and archaea information processing as it relates to Sm function, is the 

lack of pre-mRNA introns that require splicing, removing the need for a spliceosome homolog. 

However, both eukarya and bacteria, archaea do contain introns in transfer RNA (tRNA) and 

ribosomal RNA (rRNA). Interestingly, archaea contain higher percentages of introns per tRNA 

than the other domains. Commonly, 15% of archaeal tRNAs contains intros, but in 

Thermoproteales, the percentage can rise to 70% [209,210]. tRNA introns can vary in length 

between 16 and 44 nucleotides, and some tRNAs can contain multiple introns needing to be spliced. 

At the highest end of the spectrum, 87% of Pyrobaculum calidifontis tRNAs contain introns, with 

half of them containing more than one intron [209]. Most tRNA introns in archaea and eukarya 

require a homologous splicing endonuclease protein complex (RNase P for the 5’ end and tRNase 

Z for the 3’ end) which recognize a conserved bulge-helix-bulge structure motif (BHB) [211,212]. 

Archaeal tRNAs can require additional type of processing, such as split tRNA, which are trans-

spliced from different loci, and permuted tRNA, where the 3’ half is upstream of the 5’ half 

[213,214]. As previously mentioned (Section 3), the exosome is another RNA processing pathway 

conserved between archaea and eukarya, and demonstrates the same evolutionary progression as 

Sm proteins, from simple homo-oligomers to complicated hetero-oligomers [37]. Exosomes are 

responsible for degrading RNA including mRNA, rRNA, and sRNA.  

RNA-seq high-throughput sequencing has identified a growing repertoire of noncoding 

RNAs in archaea. C/D box sRNAs (related to small nucleolar RNAs (snoRNAs) in eukarya) were 

the first identified sRNAs in archaea [94], and were unexpected because archaea lack a nucleolous. 

Both archaeal and eukaryal C/D box snoRNAs guide methylation of the ribosome. Following the 

discovery of C/D box snRNAs came H/ACA sRNAs, which are also components of ribosome 

processing, and CRISPR RNAs (crRNAs) which defend against foreign DNA [95,215,216]. 
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Regulatory sRNAs were found in archaea shortly after the discovery of archaeal snoRNAs. sRNAs 

were found in multiple archaea species including M. janaschii, Pyrococcus furiosus, A. fulgidus, 

Sulfolobus solfataricus, and Haloferax volcanii [217-222]. While many of the targets of archaeal 

sRNAs are unknown, the current theory is that they are analogous to bacterial sRNAs or eukaryal 

miRNAs, though compared to bacterial sRNAs, archaeal sRNAs are not highly conserved, even 

within the same genus [223]. 

5.4.2 SmAPs: RNA Chaperones or RNP Scaffolds? 

 SmAPs are encoded in almost all archaeal genomes sequenced. Euryarchaea encode the 

least number of SmAPs, with either one or two; Crenarchaea are known to encode two to three, and 

Thaumarchaea usually encode three. While most SmAPs have a higher sequence homology and 

more similar overall structure (heptamer) to the eukaryal Sm/Lsm, they form stable homo-

oligomers similar to Hfqs. In addition, the Euryarchaeota M. jannaschii encodes an Hfq-like 

hexameric SmAP [81] and A. fulgidus encodes both a heptameric SmAP and a SmAP that can 

transition from a heptamer to a hexamer in a pH and substrate dependent manner [48,224]. M. 

jannaschii Hfq-like SmAP exhibits the conserved Sm-fold, but when compared to E. coli Hfq, M. 

jannaschii has an acidic charge on the L4 face, which could prevent adenine-rich binding [81]. M. 

jannaschii Hfq-like SmAP recovers function in Δhfq mutant strains of E. coli and S. enterica 

[81,225]. M. jannaschii Hfq-like SmAP stabilized bacterial sRNAs preventing degradation (Figure 

6C), assisted in sRNA mediated mRNA degradation (Figure 6D), and forms a ternary 

mRNA···SmAP···sRNA complex in vitro [81,225]. The M jannaschii ternary complex differs 

significantly from the traditional Hfq ternary mRNA···Hfq···sRNA complexes by having the 

mRNA and sRNA compete for binding rather than using separate binding surfaces [81]. Hfq-like 

SmAPs with an N-terminal C2H2 zinc-finger domain have now been found in both Thermococcus 

plasmids and Methanococcal plasmids [226]. The function of these Hfq-like SmAPs has yet to be 

determined, but the addition of the zinc-finger domain is intriguing as the combination of an RNA-
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binding domain and DNA-binding domain could have significant implications for DNA-RNA 

processing.  

 As mentioned previously, much of the information processing (including RNA 

metabolism) in archaea is more closely related to eukarya than bacteria [208]. As would be 

expected, crystal structures of SmAPs showed features similar to eukaryal Sm proteins [24-26]. 

The first SmAP structures revealed SmAPs to be heptamers and to have the elongated Loop 4 

reminiscent of eukaryal Sm/Lsm compared to the shortened bacterial Hfq. The elongated Loop 4 

could play an important role in function as it would appear to occlude the adenine-rich binding site 

on Hfq. Multiple SmAPs have been co-crystallized with uridine-rich RNA or UMPs which bind in 

the same conserved pore region as Hfq and eukaryal Sm proteins [24,80,81]. A P. abyssi structure 

co-crystallized with U6 RNA and UMP reveals an additional binding site near the lateral rim, 

similar to the bacterial lateral rim binding site [81]. For SmAPs to function as chaperones and not 

scaffolds they would require more than one binding site to bring RNAs in proximity, which could 

be the function of the lateral binding site. One of the few functional studies on SmAP has shown 

that an H. volcanii SmAP knockout mutant (Δsmap) shows a similar pleiotropic phenotype as an 

Δhfq mutant [227]. However, a follow-up paper showed that much of this phenotype was caused 

by the deletion of a section of the promoter gene rpl37R, which overlapped with the smap gene 

[228]. In the same study, H. volcanii SmAP co-immunoprecipitated with a variety of protein and 

non-coding RNAs [227]. The proteins identified are similar to expected partners for bacterial Hfq 

and eukaryal Sm proteins (ribosomal proteins, elongation factors, ribonucleases, etc.), though 

whether the interaction is direct or indirect is unknown. The functions of most of the sRNAs is 

unknown, though they appear to be similar to regulatory sRNA targets in bacteria, thus hinting at 

a chaperone role for SmAPs [96,218,227,229]. 

 Eukaryal Sm proteins are involved in biogenesis of RNAs and RNA processing pathways. 

Many of these pathways are conserved in archaea but are not shared with bacteria. In the early 
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2000s a study on SmAP from A. fulgidus showed that the RNase P catalytic RNA (both pre- and 

post- processing) co-immunoprecipitated with SmAP in vivo [24]. The interaction of A. fulgidus 

SmAP with RNase P RNA suggests a role similar to the eukaryal Sm/Lsm as they function in large 

macromolecular complexes involved in RNA biogenesis, except with tRNA. Both the canonical 

Sm core proteins and Hfq have been shown to interact with tRNA [188,230], though whether they 

have a direct function on maturation or processing of this class of RNAs is unknown.   

Many proteins which are co-expressed demonstrate functions in similar pathways, and 

conserved, co-expressed gene neighbors can often supply an understanding of a protein’s function. 

The most conserved SmAP appears to be co-expressed with the l37e gene, which encodes the zinc-

finger protein L37e [25]. Haloarcula marismortui L37e was shown to bind a conserved adenine-

rich section in 50s rRNA. In the previously mentioned knockout and co-immunoprecipitation 

studies in H. volcanii, L37e is co-transcribed with SmAP but did not appear in the co-

immunoprecipitation, meaning any interaction is most likely indirect [231]. The close genomic 

association of L37e suggests that SmAPs could have a role in rRNA processing similar to that of 

the Lsm proteins (see section 5.3.4).  

6 Deep-branching Sm Proteins  

 Sm proteins provide a window into the world of RNA processing and metabolism in all 

domains of life. While this ancient protein has been extensively studied in bacteria and eukarya, 

few studies have examined the function of the Sm-like Archaeal Proteins (SmAPs). The motivation 

for studying SmAPs is two-fold, i) because of their close homology with eukarya, examination of 

RNA processing in archaea, specifically Sm proteins, could lead to better understanding of the 

evolution of the large RNPs in eukarya, and ii) SmAPs offer a more accessible and simpler context 

than the more complex eukaryal Sm proteins. In addition, SmAPs could also offer evolutionary 

insight into the transition from the bacterial Hfq to the eukaryal Sm/Lsm, as indicated for example 
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by the interaction of SmAPs with sRNAs similar to the bacterial regulatory sRNAs. The 

euryarchaeaote Pyrobaculum aerophilum is an organism of interest, because P. aerophilum 

encodes three SmAP paralogs. Each P. aerophilum SmAP contains features that make them 

distinct, including being highly charged (P. aerophilum SmAP2) or an extended C-terminal domain 

(P. aerophilum SmAP3) [59]. Many deep-branching bacteria share a high degree of similarity 

(genomically) with archaea, including the hyper-thermophilic Thermotoga maritima. T. maritima 

Hfq is an interesting homolog because of its simplicity (no C-terminal tail) and the aforementioned 

archaeal genome. The two studies reported here, one in archaea and one in bacteria, will help to 

illuminate the functions of ancient Sm proteins, supply a window into RNA processing in archaea, 

and the evolution of Sm proteins.       
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1 Abstract 

In all three domains of life, Sm oligomers interact with RNA either as chaperones or as 

scaffolding, facilitating RNA···RNA and RNA···protein interactions. In both bacteria and eukarya, 

Sm homologs are necessary for RNA metabolism; and in bacteria, they are also instrumental in 

RNA-mediated post-transcriptional regulation. However, the in vivo roles of Sm-like archaeal 

proteins (SmAPs) remain unknown. The hyperthermophilic crenarchaeote Pyrobaculum 

aerophilum (Pae) encodes three SmAPs. The two known Pae SmAP structures (SmAP1, SmAP3) 

illuminated Sm protein evolution and assembly, and implied that these homologs may represent an 

ancestral form of the complexes that developed into the extant heteromeric Sm assemblies of 

eukaryotes, such as those at the heart of the spliceosome. We have recently investigated the 

remaining putative paralog assembly, Pae SmAP2. Biophysical characterization via hydrodynamic 

methods (AUC, ANSEC, SEC-MALS) suggests that Pae SmAP2 exists in multiple stable 

oligomeric states, which are also detectable via chemical cross-linking and mass spectrometry.  We 

have determined the crystal structure of Pae SmAP2 in two separate (and rare) space groups. In the 

crystal, Pae SmAP2 forms on octamer, a novel oligomeric feature heretofore unseen in SmAPs. 

Binding assays with small RNA oligonucleotides show that Pae SmAP2 binds to oligo-adenine and 

oligo-uridine RNA, but not oligo-guanine or oligo-cytosine RNAs. 
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2 Introduction 

Proteins from the Sm family are ubiquitous throughout all domains of life and are 

considered to be one of the earliest evolving proteins [1]. Sm proteins were first isolated and 

identified as small antigens involved in systemic lupus erythematosus [2,3]. Initial biochemical 

work showed that Sm protein were involved in the formation of large ribonucleoproteins (RNP) 

[4]. Bioinformatics confirmed the presence of Sm homologs in the archaeal branch, with much of 

the earlier Sm structural work (including the first complete oligomer) done on the Sm-like archaeal 

proteins (SmAPs) [5-7]. In a separate line of research, the bacterial protein host factor I (HFI) was 

identified as being necessary for the replication of RNA bacteriophage Qβ, and was re-named Hfq 

[8]. Hfq was found to bind RNA and exist in vivo as a stable hexamer [9,10]. Solving the structure 

of Hfq unified these separate research paths, showing Hfq shares the same fold as the eukaryal Sm 

and Sm-like and the archaeal SmAPs [11,12]. 

Sm and Sm-like proteins share a conserved tertiary structure known as the Sm-fold, but 

differ in their quaternary structure and functional role between domains. The Sm fold consists of a 

small five-stranded β-barrel preceded by an α-helix. The Sm fold contains two motifs, Sm 1 and 

Sm 2, which are separated by a non-conserved linker. The Sm 2 motif contains the β-strands 4 (β4) 

and 5 (β5), which form the interface between adjacent subunits during oligomer formation, 

contributing to its overall stability [13]. Loop 4 (L4) contains a variable region that is extended in 

eukaryal Sm proteins but shortened in bacterial Hfq. The Sm family shows immense plasticity in 

their oligomer formation; while most have been found as either hexamers (bacterial Hfq) or 

heptamers (eukaryal Sm and SmAPs) a pentamer and an octamer structure have been solved [14-

18]. The bacterial Hfq forms stable homo-hexamers while the canonical Sm core proteins form 

hetero-heptamers through an intermediate phase as dimers or trimers, only forming their stable, 
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fixed hetero-heptameric rings when bound with their target RNA (assisted by the SMN chaperone 

complex in vivo) [19,20].  

Oligomeric variation results in different binding profiles between the bacterial Hfq and the 

eukaryal Sm proteins. While both Hfq and eukaryal Sm are known to bind uridine-rich single-

stranded RNA (ssRNA) around the pore on the face proximal to the α-helix (L3 face), the 

eukaryotic heptamer has a wider pore than the hexameric Hfq, allowing the ssRNA to thread 

through the pore, rather than run along the face [21-23]. Keeping the faces separate allows Hfq to 

have additional binding surfaces, binding A-rich sequences on the distal face (L4 face), and non-

specific RNA binding on the lateral rim [21]. Lateral rim binding has also been observed in SmAPs, 

with the Pyrococcus abyssi SmAP co-crystallizing with U6 RNA [15]. SmAPs are closer in 

sequence and structure to the eukaryal canonical Sm core and Lsm proteins than the bacterial Hfq. 

Backbone overlays have shown Pae SmAP1 monomer and dimer structures to be almost identical 

to the SmD1·SmD2 and SmD3·SmB heterodimers [7,24] and all previous SmAP structures have 

been heptamers, though they form stable homo-oligomers similar to the bacterial Hfq. SmAPs have 

previously been shown to bind U-rich RNA, but whether they bind through the pore (eukaryotic 

Sm) or along the face (bacterial Hfq) is unknown [5,15,25]. 

While Sm and Sm-like proteins bind RNA and are involved in RNA processing they are 

utilized in different manners in different domains. Eukarya contain large molecular machinery, 

such as the spliceosome, which are built around interactions between a variety of Sm and Sm-like 

proteins and RNA sub-units [26]. Eukaryal canonical Sm core and Lsm proteins appear to act as 

scaffolding holding the catalytic RNA components of these complexes in place. Sm proteins were 

initially discovered as part of the uracil-rich small nuclear ribonucleoproteins (U snRNPs) which 

form the larger spliceosome complex [19]. U snRNPs cores have two major components, the 

specific snRNA component (U1 snRNA › U1 snRNP, U2 snRNA › U2 snRNP, …) and the 
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canonical Sm core proteins. Canonical Sm core proteins nucleate snRNP formation, enclosing the 

U snRNAs around the shared Sm-binding site (Purine-A(U)4-6G-Purine, flanked by two stem-

loops), allowing a stable platform for the other components of the complex to build off [27]. While 

the majority of eukaryal Sm research has focused on their role in splicing, eukaryotic Sm and Lsm 

proteins underpin many RNA processing pathways including chromosome end maintenance 

(telomerase), ribosomal RNA processing (snoRNPs), and transfer RNA maturation (RNase P) [28].  

Bacterial Hfq does not form large complexes, but instead operates as a free hexamer that 

functions as a chaperone during RNA···RNA and RNA···protein interactions, controlling post-

transcription regulation [29]. Hfq has a flexible sequence recognition capacity, helping diverse 

small non-coding RNAs (sRNAs) bind their target mRNAs, either up or down-regulation 

translation. Hfq regulates polyadenylation, translation, and degradation of RNA in vivo through 

direct interactions with messenger RNA and/or small regulatory RNA. Hfq is necessary for 

pathways required for rapid adaptation to the environment including: stress response, nutrient 

uptake, biofilm formation, and virulence [30]. A common example of Hfq’s regulatory role is the 

sRNA-regulated translation of the RNA polymerase subunit σs. A factor in environmental stress 

response, σs requires Hfq to facilitate the annealing of the trans-encoded regulatory sRNAs (DsrA, 

RprA, or ArcZ) to the target mRNA transcript (rpoS) [31-33]. In addition to its chaperone role, Hfq 

has also been shown to play an important role in RNA stability [34,35].  Specifically, Hfq can 

impede RNase E activity in the absence of sRNA by binding to a site near the RNase E cleavage 

site; when the sRNA is present Hfq facilitates annealing allowing for degradation by nucleases 

within the double stranded region (i.e. RNase III) or promote cleavage by RNase upstream of the 

regulatory region [36-38]. 

Despite the wealth of information on eukaryotic and bacterial Sm proteins, few studies 

have addressed SmAPs. To date, only two studies have examined the physiological role of SmAPs. 
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Co-immunoprecipitation studies on the Sm-like proteins in the Euryarchaote Archaeoglobus 

fulgidas (Afu) a role in tRNA intron processing [5,39]. Afu SmAPs were shown to interact with 

each other and associate with two forms of RNase P RNA (possibly precursor and mature) [5]; part 

of the RNase P RNP complex responsible for  cleaving the leader sequence of pre-tRNA [40], 

possibly signifying a role similar to the eukaryotic Sm and Sm-like proteins. A more recent 

immunoprecipitation and Δsmap mutant study on Haloferax volcanii, showed Hvo SmAP binds to 

a variety of RNA, including sRNA within the cell. Hvo SmAP pulling down regulatory sRNAs 

hints at a role closer to chaperoning role of bacterial Hfq [41]. These two studies present opposing 

views of SmAP function, SmAP RNase P interactions are reminiscent of the eukaryal Sm proteins 

role in RNA processing, while the non-specific sRNA binding of Hvo SmAP resembles the 

chaperoning function of bacterial Hfq. Notably, these studies are confined to the Euryachaeota, 

with no current work examining SmAP function in either Crenarchaea or Thaumarchaea. 

To elucidate the function of SmAPs we decided to examine the three SmAPs encoded by 

the hyperthermophillic crenarchaea Pyrobaculum aerophilum. P. aerophilum was chosen because 

of it is a deep-branching crenarchaea, with possible unique RNA metabolism. P. aerophilum 

encodes a variety of tRNA necessitating splicing (see Chapter 1, 5.4.1). P. aerophilum encodes 

three SmAPs, with unique features differentiating them. Pae SmAP1 is electrostatically negative, 

while Pae SmAP2 is highly positive, and Pae SmAP3 is augmented with a C-terminal domain that 

interacts with neighboring Pae SmAP3 C-terminal domains, forming a pair of joined SmAP3 

heptamers in a head-to-head alignment. The structures of two Pae SmAPs (SmAP1 and SmAP3) 

have previously been solved, illuminated Sm protein assembly [7,18,25]. Here we examine the last 

Sm homolog of Pae, SmAP2. Biophysical characterization via hydrodynamic methods (AUC, 

ANSEC, SEC-MALS) suggests that Pae SmAP2 exists in multiple stable oligomeric states, which 

are also detectable via chemical cross-linking and mass spectrometry.  We have determined the 
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crystal structure of Pae SmAP2 in two separate (and rare) space groups. In the crystal, Pae SmAP2 

forms on octamer, a novel oligomeric feature heretofore unseen in SmAPs. 

3 Results 

3.1 Cloning and Purification 

Pae676 was successfully cloned (Pae SmAP2cm) and over-expressed in pET-32a(+) with 

a N-terminal thioredoxin tag followed by a polyhistidine tag, an S-tag, and an enterokinase cleavage 

site (Figure 1B, 1C). After initially cloning Pae SmAP2cm was successfully purified though a heat 

cut followed by immobilized metal affinity chromatography (cobalt) utilizing the his-tag. The 

purified complex was successfully digested with enterokinase and purified by cation exchange 

chromatography. There were two significant issues with Pae SmAP2cm purification: i) 

precipitation of the entire complex during preparation for digestion (dialysis into a low salt 

solution), lowering the yield, and ii) lack of a clean MALDI-TOF spectrum after digestion and 

cation exchange chromatography. Both of these issues are by-products of the enterokinase 

digestion: i) necessity to dialyze into a low-salt buffer for digestion causes the precipitation, ii) and 

improper digestion results in multiple products in the MALDI-TOF spectrum even though SDS-

PAGE shows a single pure band (Figure 2A, 2C).   

 To remove the necessity for an enterokinase digestion step, pae676 gene was sub-cloned 

into a pET-22a vector lacking tags needing cleavage (Pae SmAP2pr1). Pae SmAP2pr1 was 

successfully purified with a heat cut step, cation affinity chromatography in denaturing conditions, 

and gel filtration. SDS-Page and an improved MALDI-TOF (Figure 2D) confirm Pae SmAP2pr1 

purity.  
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Figure 1. Sm family phylogenetic tree and Pae SmAP2 constructs. (A) Phylogenetic tree of Sm 

proteins from all families of life. Bacterial Sm-like proteins (Hfq) are shown in blue and root the 

tree, with eukaryal SmD1 proteins in green, and Sm-like Archaeal proteins (SmAPs) in red. SmAPs 

are subdivided into crenarchaea (dark red), euryarchaea (red), and thaumarchaea/nanoarchaea (light 

red). The different families cluster into separate branches, showing while Sm proteins are closely 

related in structure they differ between families in sequence. (B), (C) Pae SmAP2cm sequence and 

construct schematic. SmAP2 preceded by an N-terminal thioredoxin tag (blue), a polyhistidine tag 

(purple), an S-tag (red), and an enterokinase cleavage site (green). Pae SmAP2pr1 construct 

contains just the SmAP2 section (orange) beginning with the underlined methionine.  
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Figure 2. Lysis and purification of SmAP2. 

(A) SDS-PAGE overview of Pae 

SmAP2cm1 from growth through final 

purification. From left to right: pre induction 

(Pre), post induction (Post), post lysing 

supernatant (S1), post lysing pellet (P1), post 

heat-cut supernatant (S2), post heat-cut pellet 

(P2), pooled IMAC peak (IMAC), post 

enterokinase digestion (Digest), and pooled 

IEC sample (IEC). Purified Pae SmAP2cm1 

full construct is highlighted by the blue box; 

while post digestion, purified Pae SmAP2 is 

highlighted by the red box. (B) MALDI TOF 

MS spectrum of purified Pae SmAP2cm1 

construct before digestion shows a single 

peak at the correct molecular weight. (C) 

MALDI TOF MS spectrum of purified 

SmAP2 post digestion of Pae SmAP2cm1 

construct. While the SDS-PAGE appears 

clean (1A red box), MALDI TOF spectrum 

shows a number of peaks around the expected 

molecular weight. (D) MALDI TOF 

spectrum of purified Pae SmAP2pr1 

construct has a single peak at the expected 

Pae SmAP2 molecular weight.  
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3.2 Bioinformatics 

Initial bioinformatics analysis found Pae SmAP2 to cluster within the crenarchaeota 

branch, with other Pyrobaculum species (Figure 1A). The bacterial Hfq, eukaryal Sm, and SmAPs 

clustered together into small clades, except for Methanococcus jannaschi SmAP, which had 

previously been shown to be closer in sequence and structure with the bacterial Hfq than other 

SmAPs [42].  

3.3 Fluorescence Polarization 

Binding affinities of Pae SmAP2···FAM-r(U) RNA and Pae SmAP2···FAM-(A)18 RNA 

were determined by measuring fluorescence polarization (Figure 4A). Varying the amount of Pae 

SmAP2 resulting in a dissociation constant (Kd) of 0.198 µM (N=3) for FAM-r(U)6 and 1.22 µM 

for FAM-(A)18 RNA (N=3) after fitting the data to the Boltzmann equation (Figure 4A). 

Competition assays revealed that FAM-(U)6 and FAM-(A)18 bind non-competitively (data not 

shown). Additional fluorescence polarization assays demonstrated that Pae SmAP2 does not 

display significant binding to FAM-r(C)6 or FAM-r(G)6. Pae SmAP2 binding adenine-rich RNA is 

length dependent, with significant binding for FAM r(A)18 (above), but no appreciable binding for 

FAM-r(A)6.  

3.4 Oligomerization 

3.4.1 Hydrodynamic Methods 

Pae SmAP2 oligomeric state was examined using hydrodynamic methods: i) analytical 

size exclusion (AnSEC), i) size-exclusion chromatography - multi-angle light scattering (SEC-

MALS),  and  i)  analytical   ultracentrifugation   (AUC)  (Table 1).   Depending  on   the   specific  
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Figure 3. Biophysical characterization of Pae SmAP2 oligomeric state. (A) Representative 

AnSEC chromatogram with Pae SmAP2 peak. Molecular weight is generated from elution time 

compared to known standards. (B) Representative SEC-MALS chromatogram. The major Pae 

SmAP2 peak in homogeneous, while the smaller, early eluting peaks are heterogeneous 

aggregation. (C) Sedimentation AUC on Pae SmAP2 samples separated by size exclusion reveal 

Pae SmAP2 can have multiple stable oligomers. (D) Representative crosslinking followed by 

MALDI TOF MS spectrum displays multiple resolved Pae SmAP2 peaks corresponding to a 

heptamer (7), octamer (8), and nonamer (9). Additional crosslinking MALDI TOF MS spectra 

displayed a decamer (10), undecamer (11), and duodecamer (12). (E) Electron microscopy image 

revealing Pae SmAP2 forms stable rings in solution, highlighted in yellow. 
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purification run, Pae SmAP2 eluted at between an octamer and a decamer during AnSEC, based 

on a generated standard curve of protein calibrants. All Pae SmAP2 samples ran from one 

purification prep eluted at consistent volumes; but the elution volume varied between preps. This 

higher than expected molecular weight for Pae SmAP2 was also observed by SEC-MALS, which 

does not depend on outside standards (Table 1). SEC-MALS suggested that the bulk Pae SmAP2 

in solution was isomorphous (i.e. all in the same oligomeric form), with one main peak. A 

heterogeneous larger molecular weight peak (between 20 and 30 Pae SmAP2 subunits) was also 

seen, possibly a result of aggregation (Figure 3B). AUC returned possible oligomers of 9 ± 1 and 

12 ± 1 Pae SmAP2 subunits. AUC appeared to have multiple stable oligomers co-existing in 

solution simultaneously. Additionally, Pae SmAP2 was examined by electron microscopy, which 

showed discrete, stable rings in solution, but the resolution was insufficient to determine the 

oligomeric state in solution (Figure 3E). 

3.4.2 Crosslinking with MALDI TOF MS 

Pae SmaP2 was cross-linked (formaldehyde and glutaraldehyde) followed by MALDI-

TOF MS. The resulting MALDI TOF MS spectra showed multiple baseline resolved peaks, 

representing multiple possible oligomeric states. A representative crosslinking MALDI TOF MS 

spectra in Figure 3D has well resolved peaks for the expected heptamer, but also additional peaks 

for an octamer, a nonamer, and a smaller peak for a decamer. Crosslinking MALDI TOF MS 

spectra were collecting with peaks from 7 to 13 Pae SmAP2 subunits.  

3.4.3 RNA Binding Effect on Solution State 

Incubating Pae SmAP2 with either U5 RNA, A18 RNA before AnSEC did not significantly 

affect the elution time (Figure 4 B). Pae SmAP2 run without RNA eluted at a calculated molecular  
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Table 1. Oligomeric states observed by AnSEC, SEC-MALS, AUC, and crosslinking followed 

by MALDI TOF MS of Pae SmAP2 

Technique 
Pae SmAP2 

Oligomeric State 

AnSEC 8, 9, 10 

SEC-MALS 8, 9, 10 

AUC 9 ± 1, 12 ± 1 

Crosslinking MS 7, 8, 9, 10, 11, 12 
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Figure 4. RNA binding of Pae SmAP2 and its role in oligomerization. (A) Flourescence 

anisotropy, fluorescence polarization (FA/FP) binding assays reveal that Pae SmAP2 binds both 

Uridine- and Adenine-rich RNA, with a ten-fold higher affinity for U-rich RNA. (B) AnSEC of 

Pae SmAP2 incubated with RNA does not shift Pae SmAP2 into a new oligomeric form.  
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Table 2. Molecular weight observed for Pae SmAP2 samples incubated with RNA. ΔMW is 

the difference between the sample molecular weight and Pae SmAP2 run without binding partner 

(row 1). (SmAP)n is observed oligomeric state, molecular weight divided by the Pae SmAP2 

monomer weight of 9350 Da. A255/A280 ratio of the absorbance of light at 255 nm and 280 nm 

reports the amount RNA in a sample. The higher the A255/A280 ratio, the more RNA is present. 

Sample MW (Da) ΔMW (Da) (SmAP)n A255/A280 

SmAP2 86687.3 ± 141.6 ----- 9.27 0.65 

SmAP2 + r(A)18* 87845.1 1157.8 9.39 0.77 

SmAP2 + r(U)6 87457.5 ± 121.3 770.2 9.35 0.87 

SmAP2 + r(U)6 + r(A)18* 88625.6 1938.3 9.48 0.86 

* Sample collecting in duplicate instead of triplicate 
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weight of ~86.7 kDa (depending on the prep and run). After incubation Pae SmAP2 samples 

showed increased absorption at both 255 nm and 280 nm, with a larger increase at 255 nm (higher 

A260/A280 ratio) and a small shift in the elution volume, confirming RNA binding (Figure 4B). 

3.5 Structural Determination 

3.5.1 Crystal Development and Data Collection 

Initial crystal trials with the ammonium sulfate grid screen (Hampton Research) resulted 

in successful crystal formation with at 1.6 M ammonium sulfate, 0.1 M citrate at pH 4.0. These 

conditions were expanded and produced diffracting, reproducible crystals in a range of 1.33 to 1.86 

M ammonium sulfate, with and without 0.1 M citrate at pH 4.0. Crystals formed in two different 

habits. One habit was cubic (Figure 5A) and the other plate-like (2D growth) (Figure 5B). Both 

habits were indexed, processed, and scaled using XDS [43]. Space groups were identified by XDS 

and confirmed through systematic absences as belonging to the P4212 (plate-like) and P23 (cubic 

shape) spacegroups. P23 and P4212 are extremely rare space groups, comprising only 0.00055% 

and 0.0035% of the structures in the PDB, respectively. Pae SmAP2 crystals in the P4212 space 

group diffracted to a higher resolution (to 1.85 Å) than P23 (3.10 Å) (Figure 5). Before phasing 

trials, datasets were run through Xtriage and the UCLA anisotropy server and showed no signs of 

twinning, or significant anisotropy [44,45]. Calculated Matthews coefficients suggested the P4212 

asymmetric unit (ASU) contains between 8 (2.2 % probability) and 19 (3.5 %) Pae SmAP2 

monomers, with 14 being most probable (13.5%); and P23 ASU contains between 11 (2.4 %) and 

24 (2.7%), with joint highest probability for 18 and 19 Pae SmAP2 monomers (10.6% probability) 

[46].  

Datasets from both space groups were used in molecular replacement trials with multiple 

Sm proteins probes covering a variety of oligomers (5-8).  Initial molecular replacement phasing   
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Figure 5. Crystallization and diffraction of Pae SmAP2. (A) Diffraction of P23 crystals (inset) 

developed in 1.6 M ammonium sulfate and 0.1 M citrate pH 4.0 collected at APS 24-IDC beamline 

shows well-resolved reflections to 3.08 Å. (B) Diffraction of P4212 crystals (inset) developed in 

0.9 M ammonium sulfate and 0.1 M citrate pH 4.0 collected at ALS 5.0.2 shows well-resolved 

reflections to 1.85 Å.   
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Figure 6. Selenomethionine incorporation and fluorescence scan for de novo phasing. (A) 

MALDI TOF MS confirms selenomethionine incorporation in Pae SmAP2. (B) Fluorescence scan 

to determine the x-ray absorption peak and edge energies for collection.  
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trials were unsuccessful, so we turned to  de  novo  phasing.  MALDI TOF MS confirmed 

incorporation of selenomethionine (Figure 6A) and selenomethionine crystals were successfully 

developed based on native conditions. Fluorescence scans confirmed stable, detectable 

selenomethionine in the crystals, and determined peak and inflection wavelengths of 0.97930 and 

0.97940 Å, respectively (Figure 6B, 6C). Initially, neither P23 nor P4212 developed crystals with 

sufficient diffraction resolution to allow de novo phasing. Additive screening improved diffraction, 

until a single P4212 selenomethionine crystal collected at the NE-CAT 24C line, diffracted to 2.7 

Å, within the limits of resolution for de novo phasing.  Datasets were collected at the peak, 

inflection, high remote energies. Significant anomalous signal (mean anomalous difference > 1) 

was observed, making them suitable for phasing (see Table 3 for statistics).  

3.5.2 Structure Solution 

The structure of Pae SmAP2 was solved in P4212 by de novo phasing in SHELX 

(HKL2MAP) [47,48]. Based on the number of methionines in the Pae SmAP2 sequence we 

predicted 2 seleniums per monomer (start methionine residue is usually too labile for use in 

structure determination) and between 16 and 28 selenomethionines present in the ASU, based off 

Matthews coefficient. SHELXD (integrating Patterson and direct methods to determine anomalous 

scattering locations) located 24 seleniums in the ASU and determined that Pae SmAP2 crystallizes 

with 12 subunits per ASU in P4212, arranging as an octamer with two flanking dimers (Figure 

10B). The unexpected oligomeric state is most likely reason molecular replacement was 

unsuccessful. The octameric Saccharomyces cerevisiae Lsm3 Loop L4 is quite extended compared 

to the resulting Pae SmAP2 structure, which could have hampered molecular replacement [16]. 

Pae SmAP2 P4212 selenomethionine datasets were isomorphous with previous native datasets, 

allowing the resolution to be extended to 1.85Å (statistics Table 3 and Table 4). The Pae SmAP2 

P4212 structure was refined with Phenix (Autobuild, phenix.refine), and coot. Pae SmaP2 P23 
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structure was solved by molecular replacement utilizing the P4212 octamer as the probe and refined 

using Phenix (Autobuild, phenix.refine) and coot. A large, globular artifact was present in later 

rounds of refinement in the Pae SmAP2 P23 structure, which was resolved by switching to 

REFMAC for further refinement. Data collection statistics and refinement statistics are in Table 3 

and Table 4  

3.5.3 Pae SmAP2 Monomer 

Pae SmAP2 folds as a strongly, bent five stranded β-sheet preceded by a small α-helix, 

features common to all Sm proteins (Figure 7A). β-strands 2, 3, and 4 have the highest degree of 

bend, with their two-ends almost overlapping. The linker connecting β-strands 4 and 5 runs along 

the groove created by the fold, creating a closed system and positioning β-strand 5 to run parallel 

to β-strand 4 of the adjacent monomer forming the oligomer interface, which is consistent with 

other Sm proteins. Five hydrogen bonds are formed between the backbones of the β4 residues: Arg-

68, Val-70, Arg-72; and β5 residues: Ile-77, Val-79, Thr-81, with additional, but minimal 

contributions from hydrophobic interactions between Val-70·Val-79 and Ile-71·Tyr78 (Figure 7E). 

Because the majority of the interactions between β-strands 4 and 5 are between the backbone, this 

is one of the areas within the minimal Sm fold with the highest sequence variation between 

domains, which could affect oligomerization.  

Structural alignment of the Pae SmAP2 monomer backbone with Sm proteins from archaea 

(Pae SmAP1), bacteria (S. aureus Hfq) and eukarya (H. sapiens SmD3) demonstrate the 

conservation of the Sm fold between domains (Figure 7D) [18,23,49]. The only area with 

significant differences is Loop L4, which is extended in the archaeal SmAPs and eukaryal SmD3, 

compared to the bacterial Hfq. B-factors of Pae SmAP2 indicate that Loops L2 and L4 are most 

likely dynamic compared to the rest of the monomer (Figure 7F). The mobility of the L2 and L4 

Loops can also be seen in the variation between monomers within the ASUs. Aligning all 28 
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monomers (12 from P4212, 16 from P23) results in an overall RMSD of 0.739 Å, with most of the 

positional variation constrained to Loops L2 and L4 (Figure 7B, 7C).  

3.5.4 Pae SmAP2 Crystal Structure Oligomerization 

Pae SmAP2 octamer is 70.0 Å in diameter (measured from Cα of extended residue Glu-

83) with a pore diameter of 17.2 Å across at chokepoint at the extended Lys-30 side chain, (26.0 Å 

from Lys-30 Cα). This is significantly larger than heptameric SmAPs (Pae SmAP1 7.9 Å) or the 

hexameric Hfq (Sau Hfq 5.7 Å), but comparable to the Human U4 snRNP Sm ring (14.8 Å) (Figure 

8B). Pae SmAP2 is about 30 Å in thickness with the flexible N-terminal tail extending another 17 

Å (Figure 7A). Interestingly, even though the monomers align with a 0.739 Å RMSD, there is a 

small, but obvious shift (~6 Å) in the overall octamer when one monomer is aligned between P23 

and P4212, which could account for the difference in crystal packing (Figure 8A). The ASU of 

P4212 forms an octamer flanked by two dimers (Figure 9B), while P23 ASU contains two complete 

octamers (Figure 9A), the first Sm structures to have complete octamers in their ASU. Both of the 

Pae SmAP2 crystal forms are on the high end of the Matthews coefficients (2.81 for P23 and 3.52 

for P4212), containing a large amount of solvent in the crystal (56.2% solvent for P23 and 65.1 % 

for P4212).  

In both space groups, Pae SmAP2 octamers form identical higher-ordered ‘box’ oligomers, 

which are constructed of 6 octamers, one octamer per face (Figure 10A). Each Pae SmAP2 octamer 

is arranged with its L3 face directed out, and the L4 face, α-helix, and N-terminal tail facing inward. 

Pae SmAP2 boxes packs in two different forms, one with orderly arrays (P23) (Figure 9B, 9C) and 

the other with a small turn between box layers (P4212) (Figure 9E, 9F). In P23, a second inverted 

box is formed by faces of the adjacent boxes, with the L3 face on the inside. In P4212, each box is 

distinct and the faces do not line up, existing as discrete units.  The Pae SmAP2 box is held together  



83 

 

 

 

Table 3. Selenomethionine Pae SmAP2 P4212 dataset statistics for multi-wavelength 

anomalous dispersion (MAD) de novo phasing 

Diffraction Statistics 
Pae SmAP2 

Peak 

Pae SmAP2 

Inflection 

Pae SmAP2 

High Remote 

Diffraction Source 
APS NE-CAT 

22IDC 
APS NE-CAT 22IDC 

APS NE-CAT 

22IDC 

Wavelength (Å) 0.97930 0.97940 0.97090 

a, b, c (Å) 
132.5, 132.5, 

157.49 

132.33, 132.33, 

157.34 
132.5, 132.5, 157.24 

α, β, γ 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0 

Resolution Range (Å) 80.56 – 2.72 93.63 – 2.71 80.52 – 2.71 

Completeness (%) 99.8 (98.3) 99.5 (94.7) 99.5 (95.6) 

〈𝐼𝐼/𝜎𝜎(𝐼𝐼)〉 23.9 (4.1) 23.4 (4.6) 19.7 (2.9) 

Rsym
† 8.8 (58.6) 8.9 (51.1) 10.7 (84.2) 

Rmeas
‡

 9.3 (62.3) 9.5 (54.3) 11.3 (89.4) 

Rpim
¥ 3.1 (20.7) 3.2 (18.2) 3.7 (29.4) 

CC(1/2)§ 99.9 (89.7) 99.9 (90.6) 99.8 (79.4) 

Anomalous 

Correlationɸ 
54 (4) 63 (7) 31 (1) 

Significant Anomalous£ 1.49 (0.77) 1.67 (0.83) 1.12 (0.73) 

† 𝑅𝑅sym = (∑ 𝛼𝛼∑ |𝐼𝐼𝑖𝑖(ℎ𝑘𝑘𝑘𝑘) − 〈𝐼𝐼𝑖𝑖(ℎ𝑘𝑘𝑘𝑘)〉|𝑖𝑖ℎ𝑘𝑘𝑘𝑘 ) (∑ ∑ 𝐼𝐼𝑖𝑖(ℎ𝑘𝑘𝑘𝑘)𝑖𝑖ℎ𝑘𝑘𝑘𝑘 )⁄ , where 𝐼𝐼𝑖𝑖(ℎ𝑘𝑘𝑘𝑘) is the intensity 

of the 𝑖𝑖th observation of reflection ℎ𝑘𝑘𝑘𝑘, 〈⋅〉 denotes the mean of symmetry-related (or Friedel-

related) reflections, and the coefficient 𝛼𝛼 = 1; the outer summations run over only unique 

ℎ𝑘𝑘𝑘𝑘 with multiplicities greater than one. 
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‡ 𝑅𝑅meas  is defined analogously as 𝑅𝑅sym , save that the prefactor 𝛼𝛼 = �𝑁𝑁ℎ𝑘𝑘𝑘𝑘 (𝑁𝑁ℎ𝑘𝑘𝑘𝑘 − 1)⁄  is 

used; 𝑁𝑁ℎ𝑘𝑘𝑘𝑘 is the number of observations of reflection ℎ𝑘𝑘𝑘𝑘 (index 𝑖𝑖 = 1 → 𝑁𝑁ℎ𝑘𝑘𝑘𝑘).  

¥ 𝑅𝑅p.i.m., the precision-indicating merging R-factor, is defined as above but with the prefactor 

𝛼𝛼 = �1 (𝑁𝑁ℎ𝑘𝑘𝑘𝑘 − 1)⁄ . 

§ 𝐶𝐶𝐶𝐶1/2 is the correlation coefficient between intensities chosen from random halves of the full 

dataset. 

ɸ Percentage of correlation between random half-sets of anomalous intensity difference.  

£ Mean anomalous difference in units of its estimated standard deviation (|𝐹𝐹(+) − 𝐹𝐹(−)|/𝜎𝜎). 

𝐹𝐹(+), 𝐹𝐹(−) are structure factor estimates obtained from the merged intensity observations in 

each parity class. 
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Table 4. Native datasets and structure refinement statistics 

Diffraction Statistics 
Pae SmAP2 P4212 

Native 

Pae SmAP2 P23 

Native 

Diffraction Source ALS 5.0.2 APS NE-CAT 22IDC 

Wavelength (Å) 1.100 0.9791 

a, b, c (Å) 131.57, 131.57, 157.28 173.44, 173.44, 173.44 

α, β, γ 90.0, 90.0, 90.0 90.0, 90.0, 90.0 

Resolution Range (Å) 93.15 – 1.85 86.75 – 3.10 

Completeness 99.8 (98.6) 99.9 (99.5) 

〈𝐼𝐼/𝜎𝜎(𝐼𝐼)〉 22.9 (2.4) 18.6 (2.8) 

Rsym
† 7.1 (114.1) 10.3 (77.9) 

Rmeas
‡

 7.5 (119.7) 10.9 (82.9) 

Rpim
¥ 2.3 (35.8) 3.6 (28.1) 

CC(1/2)§ 99.9 (73.0) 99.9 (82.7) 

Refinement Statistics Pae SmAP2 P4212 Pae SmAP2 P23 

RWORK/RFREE 19.68/22.60 18.60/23.56 

R.M.S.   

Bonds (Å) 0.0088 0.011 

Angles (˚) 1.157 1.548 

Ramachandran (%)   

Favored 97.0 96.2 

Allowed 3.0 3.6 

Outliers 0.0 0.2 

Avg. B-factor 37.70 64.8 
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† 𝑅𝑅sym = (∑ 𝛼𝛼∑ |𝐼𝐼𝑖𝑖(ℎ𝑘𝑘𝑘𝑘) − 〈𝐼𝐼𝑖𝑖(ℎ𝑘𝑘𝑘𝑘)〉|𝑖𝑖ℎ𝑘𝑘𝑘𝑘 ) (∑ ∑ 𝐼𝐼𝑖𝑖(ℎ𝑘𝑘𝑘𝑘)𝑖𝑖ℎ𝑘𝑘𝑘𝑘 )⁄ , where 𝐼𝐼𝑖𝑖(ℎ𝑘𝑘𝑘𝑘) is the intensity 

of the 𝑖𝑖th observation of reflection ℎ𝑘𝑘𝑘𝑘, 〈⋅〉 denotes the mean of symmetry-related (or Friedel-

related) reflections, and the coefficient 𝛼𝛼 = 1; the outer summations run over only unique 

ℎ𝑘𝑘𝑘𝑘 with multiplicities greater than one. 

‡ 𝑅𝑅meas  is defined analogously as 𝑅𝑅sym , save that the prefactor 𝛼𝛼 = �𝑁𝑁ℎ𝑘𝑘𝑘𝑘 (𝑁𝑁ℎ𝑘𝑘𝑘𝑘 − 1)⁄  is 

used; 𝑁𝑁ℎ𝑘𝑘𝑘𝑘 is the number of observations of reflection ℎ𝑘𝑘𝑘𝑘 (index 𝑖𝑖 = 1 → 𝑁𝑁ℎ𝑘𝑘𝑘𝑘).  

¥ 𝑅𝑅p.i.m., the precision-indicating merging R-factor, is defined as above but with the prefactor 

𝛼𝛼 = �1 (𝑁𝑁ℎ𝑘𝑘𝑘𝑘 − 1)⁄ . 

§ 𝐶𝐶𝐶𝐶1/2 is the correlation coefficient between intensities chosen from random halves of the full 

dataset. 

 



87 

 

 

 

 

 

 

 



88 

 

 

 

 

 

 

 

Figure 7. Structure analysis of Pae SmAP2. (A) Pae SmAP2 adopts the conserved Sm 

fold and crystallizes as an octamer. (B)(C) Alignment of Pae SmAP2 monomers from both the P23 

and P4212 structures show minimal dynamics except at the Loops L2 and L4. (D) Alignment of 

Pae SmAP2 with representative bacterial Hfq (Staphylococcus aureus), eukaryal (Homo sapiens 

SmD3), and archaea (Pae SmAP1) demonstrate the conservation of the Sm fold. (E) β-strand 4 and 

5 form the interface between monomers, with backbone interactions driving oligomerization. (F) 

B factors of Pae SmAP2 reveal mobile sections. (G) Pae SmAP2 only encodes 3 aromatic residues 

(Tyr-42, Tyr-66, and Tyr-78) which could bond with RNA, Tyr-78 is buried beneath the L4 loop 

while Tyr-66 and Tyr-42 are exposed on opposite faces of the lateral rim (Tyr-42 L3 face, Tyr-66, 

L4 face). 
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Figure 8. Pae SmAP2 P4212 and P23 octamers alignment and pore diameter. (A) Aligning all 

monomers of Pae SmAP2 results in an RMSD of only 0.729 Å, but if one of the monomers in an 

octamer is aligned (highlighted in yellow), the octamers do not align, with the backbones shifted 

by ~6 Å on the opposite monomer. (B) The varying pore diameters of Sm proteins can differentiate 

between the bacterial and eukaryal binding profiles. The small pore diameter of the bacterial Hfq 

(top left, Sau Hfq) prevents RNA from threading, separating the faces into two distinct binding 

surfaces. The larger pore diameter of the eukaryal Sm (bottom right, Hsa Sm) allows threading, 

with one RNA domain spanning both faces. Pae SmAP1’s smaller pore appears to place it in the 

bacterial profile, while the larger Pae SmAP2 pore is reminiscent of the eukaryal pore. 



90 

 

 

 

 

Figure 9. Pae SmAP2 crystal packing. Pae SmAP2 crystallizes in two rare space groups as an 

octamer. (A) The P23 asymmetric unit (ASU) consists of two full octamers, while (D) P4212 ASU 

consists of one octamer and flanked by two dimers. Both space groups form higher ordered six 

sided boxes but the P23 (B)(C) are arranged in a straight array, with each face in the same plane as 

the equivalent face (marked by same color stars). (E)(F) P4212 boxes have a small rotation in the 

array, with the equivalent faces slightly out of plane.  
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Figure 10. Pae SmAP2 crystallizes in higher order boxes stabilized by the N-terminal tail.  (A) 

Both crystal habits (P4212 and P23) form a higher-ordered ‘box’ oligomer, (either three P23 ASU’s 

or four P4212 ASU’s) with an octamer on each face. The ‘box’ is held together by the N-terminal 

tail, which is generally too disordered in Sm proteins for structure determination, but in the ‘box’ 

alternates between (B)(C) forming the contacts for the corner and (D)(E) edge. 
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through interactions of adjacent N-terminal tails (alternating between the corner and the edge). Sm 

protein N-terminal tails are usually highly disordered, but in both Pae SmAP2 P23 and P4212 are 

well-resolved. At the edges of the box, two Pae SmAP2 N-terminal tails run parallel to each other, 

with mirrored paired residues interacting: i) backbone amide of Gln-7 hydrogen bonds to the 

backbone carbonyl oxygen of Pro-11, ii) hydrophobic interactions between Val-8 and Leu-10, in 

addition to their backbones forming a hydrogen bond, and iii) Lys-9 hydrogen bonding (backbone 

and side-chain) with Lys-9 from the adjacent tail (Figure 10A, 10B). The same patch of residues 

interacts in the corner of the box, except, instead of a two-fold axis, there is a three-fold axis, with 

the N-terminal tails forming a triangle. Each Pae SmAP2 N-terminal tail forms 2 hydrogen bonds 

to each neighbor (4 bonds per tail), for a total network of 6 hydrogen bonds. If we designate the 

Pae SmaP2 corner N-terminal tails a, b, and c; the bonding network progresses in a loop, i) Leu-

10a backbone amide to Gln-6b backbone carbonyl oxygen; ii) Leu-10b·Gln6c, and iii) Leu-10c·Gln-

6a. This pattern is conserved for Val-8 backbone carbonyl oxygen to the adjacent Val-8 backbone 

amide (a·b, b·c, c·a). In addition, the 3 corner Val-8s contribute hydrophobic interactions on the 

outer face of the triangle; and on the inner face, the 3 Gln-7s contribute both hydrophobic 

interactions and hydrogen bonding between the head groups (Figure 10C, 10D).  

3.5.5 Possible Pae SmAP2···RNA Binding Sites  

Having determined that Pae SmAP2 binds both U-rich and A-rich RNA, we examined the 

crystal structures to determine where and how. Previous Sm structures have demonstrated multiple 

binding motifs including the eukaryal mode: U-rich binding on the L3 face which threads through 

the pore; and the multiple bacterial Hfq modes: i) U-rich binding on the L3 face in the same pocket 

as eukaryal binding but not threading through the pore, ii) A-rich binding on the L4 face, and iii) 

UA-rich binding on a lateral surface. Within the archaea domain, multiple SmAPs have 

demonstrated the conserved U-rich binding pocket, and P. abyssi SmAP has also bound U-rich 
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RNA on its lateral rim [5,15,18]. Pae SmAP2 does not show any distinct electrostatic pockets for 

RNA binding, but instead has a large positive pore area that could be ideal for non-specific RNA 

binding (Figure 11C). The conserved aromatic residue (S. aureus Hfq: Tyr-42, P. aerophilum 

SmAP1: His-44, H. sapiens SmG: Phe-34) on Loop L3 necessary for π-stacking with the uridine 

base in U-rich binding in all domains, is substituted in Pae SmAP2 with a cysteine (Cys-45), 

necessitating a different binding motif (Figure 11A). The putative Pae SmAP2 binding site 

resembles H. sapiens SmD1 U-rich site which contains a serine (Ser-35) (Figure 11B) instead of 

an aromatic. In the U4 snRNP core, Ser-35 does not demonstrate U-rich specificity, instead 

hydrogen bonding with the ribose of the U4 snRNA G-130.  

The common Hfq A-rich binding sites are also absent on Pae SmAP2. An arginine (Arg-

28) replacing the conserved aromatic (E. coli Tyr-45, B. subtilis Phe-24) from both the Gram-

negative ARN-motif (R-binding site) and the Gram-positive AG-motif (A-binding site) on Pae 

SmAP2 [50,51]. There is an adjacent tyrosine (Tyr-78), which could play a role in RNA binding, 

but the nucleotide would need to be in a different orientation (Figure 12A, 12B, 12C, 12D). Loop 

L4 is extended compared to bacterial Hfq, occluding the RNA backbone path and conserved A-

rich Hfq binding site (Figure 7A). 

The lateral binding site observed in Hfq and P. abyssi SmAP consists of a conserved 

aromatic residue near the α-helix (E. coli and Pseudomonas aeruginosa Hfq: Phe-39, and P. abyssi 

Tyr-34) [15,52]. Mutagenesis has identified a positive patch farther down the rim that is involved 

in lateral rim-binding, most likely by stabilizing the negatively charged backbone [52]. P. abyssi 

SmAP bound with U6 RNA and P. aeruginosa Hfq bound with UTP in the lateral binding sites 

allow a closer examination of a possible lateral binding site on Pae SmAP2. Aligning all three 

structure reveals that Pae SmAP2 contains the necessary aromatic residue in the conserved location 

(Tyr-42), but is lacking the positive arginine patch (Figure 13A, 13B). On P. abyssi SmAP, U6  
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Figure 11. Conserved Sm U-rich binding pocket on Pae SmaP2 and electrostatics. (A) Pae 

SmAP2 lacks a highly conserved aromatic residue (bacteria – Sau Hfq: Tyr-42; eukaryal – Hsa 

SmG: Met-38; and archaeal – Pae SmAP1: His-44), that is responsible for Sm binding to U-rich 

RNA, necessitating a different binding profile. (B) Hsa SmD1 protein (Ser-35) encodes a similar 

residue in that position. The Hsa SmD1 monomer is where the U4 snRNA turns to enter the Sm 

pore, and Ser-35 hydrogen bonds to the closest nucleotide, G-130. (C) The highly positively 
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Figure 12. Overlay of Pae SmAP2 with A-rich binding sites of bacterial Hfq. (A)(B) Overlays 

of Pae SmAP2 and Gram-positive Bacillus subtillis (Bsu) Hfq bound with r(AG)3A. Gram-positive 

bacterial Hfq bind A-rich rna with an AG-repeat. (A) A-binding site of Bsu Hfq has two conserved 

aromatics (F-29 and F-24 of the adjacent monomer) which are substituted for R-28 and V-33 in 

Pae SmAP2. Pae SmAP2 Y-78 is adjacent to the site, but the orientation would prevent base 

stacking. (B) Q-30 hydrophobically interacts with the A-34 in the G-binding site, which in Pae 

SmAP2 is replaced with A-34, which would not extend to the nucleotide. (C)(D) Overlays of Pae 

SmAP2 and Gram-negative Escherichia coli (Eco) Hfq bound to r(A)7. Gram-negative bacteria 

bind (C) Pae SmAP2 does not contain the charged Q-52 residue in Eco Hfq responsible for adenine 

specificity. (D) The R-site of Eco Hfq is the same as the A-site for Bsu Hfq, except Eco Hfq only 

has one aromatic residue (Y-45). 
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RNA continues from Tyr-34 towards the pore, with the next nucleotide stacking with His-10, which 

is substituted in Pae SmAP2 for Thr-18 (Figure 13C). charged surface of Pae SmAP2 in contrast 

to other Sm proteins hints at non-specific binding, which runs contrary to experimental results.  

4 Discussion 

 Early studies on Pyrobaculum aerophilum SmAPs have shown that it is promising 

organism for SmAP functional studies because of the features differentiating the Pae SmAP 

paralogs: i) Pae SmAP1 is electrostatically negative, Pae SmAP2 is extremely positive, and ii) Pae 

SmAP3 contains an augmented C-terminal domain that forms a tetradecamer. Variation between 

Pae SmAPs suggest they have distinct and either separate functions. The previously determined 

structures of Pae SmaP1 and Pae SmAP3 elucidated many areas of Sm function and 

oligomerization, so here we examine the structure and function of the remaining Pae SmAP2.  

Overall we found that Pae SmAP2 forms higher ordered oligomer than expected in 

solution, possibly forming multiple stable high-order oligomers. Electron microscopy shows that 

these oligomers are rings in solution, but we were unable to determine the exact oligomeric state, 

instead detecting a range between 7 and 12 subunits. The crystal structure revealed that Pae SmAP2 

crystallizes as an octamer, a heretofore unseen oligomer for SmAPs, opening up the possibility of 

higher ordered oligomers for Sm proteins. Pae SmAP2 was found to bind both U-rich and A-rich 

RNA non-competitively, but not bind G-rich or C-rich RNA. Binding of RNA did not shift the 

elution volume of Pae SmAP2, so oligomerization was not dependent on RNA binding.  

 Our initial phylogenetic work suggested that Pae SmAP2 would be similar to other SmAPs, 

but when we were unable to determine the structure of high-resolution crystals by molecular 

replacement it became apparent Pae SmAP2 was unique. Hydrodynamic methods including 

AnSEC, SEC-MALS, and AUC revealed that in vitro Pae SmAP2 is a higher ordered oligomer 
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than expected, between 8 and 13 subunits (Figure 3A, 3B, 3C). Two possibilities existed, i) Pae 

SmAP2 oligomerizes as a small pentameric or hexameric ring, two of which interact similar to Pae 

SmAP3, forming a pair of rings, or ii) Pae SmAP2 is a heretofore unseen SmAP oligomer greater 

than a heptamer. Solving the crystal structure revealed Pae SmAP2 crystallizes as an octamer. Even 

though the Pae SmAP2 oligomerizes as an octamer in the crystal, there are unanswered questions 

about the in vitro oligomeric state of Pae SmAP2. During analytical ultracentrifugation multiple 

stable species (not transitioning between states) were identified, consisting of 9 ± 1 and 12 ± 1 Pae 

SmAP2 monomers. Pae SmAP2 traveling at 9 ± 1 could be the result of the hydrodynamic radius 

of the octamer, but that does not explain the higher ordered 12 ± 1. Cross-linking followed by 

MALDI TOF MS supports the multiple stable oligomers in solution, with spectrum containing 

multiple baseline resolved peaks between 7 and 12 monomers (Figure 3D). Electron microscopy 

revealed that Pae SmAP2 exists as a stable ring in solution, though whether the majority or just a 

percentage is unknown (Figure 3E). Another possibility is Pae SmAP2 is similar to the eukaryal 

canonical Sm core proteins, which have multiple oligomeric states, beginning as either dimers or 

trimers before the canonical Sm core proteins come into contact with their target U snRNA, when 

they finally oligomerize into a heptamer. To determine if Pae SmAP2 only forms its stable single 

oligomer in the presence of a binding partners or could move between oligomers depending on the 

current binding partner, we first needed to determine possible binding partners. 

 To determine possible Pae SmAP2 binding partners we started with known binding 

partners of the Sm family, single stranded RNA, mainly U-rich RNA. Starting with U6 RNA we 

found Pae SmAP2 binds both U-rich and A-rich RNA, though the A-rich binding is length 

dependent, with A18 exhibiting significant binding, and no binding seen for shorter A-rich strands. 

Pae SmAP2 binds U-rich RNA at 10-fold the affinity as A-rich RNA. Because of the strong positive 

electrostatics, particularly in the pore region of Pae SmAP2, it was possible that Pae SmAP2 could 
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bind the negatively charged backbone or RNA non-specifically, explaining the A-rich binding and 

lesser affinity, but binding assays with C-rich and G-rich RNA saw no significant binding. In 

addition, competition assays demonstrated that the U-rich and A-rich binding was non-competitive, 

meaning they bind at different sites. The Pae SmAP2 binding profile (A- and U-rich RNA) is 

redolent of the bacterial Hfq binding profile rather than the eukaryal Sm proteins (U-rich only). To 

test our theory that Pae SmAP2 may only form its complete oligomer when bound to an RNA 

target, we incubating Pae SmAP2 with A-rich RNA, U-rich RNA, or both before AnSEC. While 

we were able to see binding by an increase in the absorbance at 260 nm, the shift in the peak elution 

only corresponded to addition of an RNA, with no change in Pae SmAP2 oligomer (Figure 3A). 

The lack of shift in the elution of the Pae SmAP2 peak suggests that i) Pae SmAP2 does not shift 

oligomeric state when bound with an RNA target and ii) the bound RNA sits flush against Pae 

SmAP2 and does not significantly change the hydrodynamic radius.  

 While Pae SmAP2 binds both A-rich and U-rich RNA, the crystal structure shows 

that Pae SmAP2 does not have the conserved residues in the binding pockets observed in other Sm 

proteins. RNA binding sites usually contain aromatic residues, and their positions can be clues to 

locating unknown binding pockets. Pae SmAP2 only encodes 3 aromatic residues, all tyrosines, 

with two, Tyr-42 and Tyr-66, exposed (Figure 7G) on Pae SmAP2. Tyr-78 is located in the cleft 

between Loops L2 and L4, and while not exposed in the crystal structure, could be exposed in 

solution depending on the mobility of the L2 and L4 Loops. Tyr-42 will be discussed later in 

relation to the lateral site. Tyr-66 is located on the lateral rim opposite Tyr-42 (near the L4 face) at 

the beginning of the Loop L4. To date, there has been no confirmed binding at this location on any 

Sm proteins. The conserved U-rich binding pocket shared by all Sm proteins, around the pore of 

the L3 face usually consists of an aromatic residue which π-stacks with the uridine base, while 

hydrogen bonds to the uracil supply specificity (Figure 11A). Pae SmAP2 lacks this aromatic 
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residue, instead Pae SmAP2 substitutes a cysteine, reminiscent of the serine at this same location 

in SmD1. The SmD1 binding site is the transition point before the U snRNA threads through the 

pore, and appears to bind weakly and non-specifically. Pae SmAP2 demonstrates specificity, which 

could be supplied by hydrogen bonding we have yet to identify, and the tight binding being a result 

of RNA backbone interactions with the highly positive electrostatic surfaces of the Pae SmAP2 

pore, rather than π-stacking with the nucleotide bases. 

Since Pae SmAP2 binds A-rich RNA, we examined the common A-rich binding sites from 

bacterial Hfq. Both Gram-negative and Gram-positive bacteria bind A-rich RNA, though they have 

different binding motifs, with Gram negative bacteria having an ARN-repeat motif and Gram 

positive bacteria having a AG-repeat motif. Both A-rich motifs share a conserved location, a 

binding pocket at the interface between adjacent monomers on the L4 face, which is the R-site in 

the ARN motif, and the A-site in the AG motif. Pae SmAP2 is unlikely to bind RNA in this cleft, 

because Pae SmAP2 lacks the conserved aromatic in Hfq, instead replacing it with an arginine 

(Arg-28) and a valine (Val-33) on the opposite face of the cleft. In addition, the site is shielded by 

the extended Loop L4 of Pae SmAP2. The A-binding site in Pae SmAP2 cannot be completely 

ruled out as Loop L4 is the most mobile loop of Pae SmAP2 (based on B-factor and variations 

between monomers), and could shift, exposing the site and a nearby tyrosine (Tyr-78) which flanks 

Arg-28.  

An alternative to the common U-rich and A-rich sites seen in most Sm and Hfq proteins, 

is the newly discovered lateral rim site. The lateral rim site is known to bind UA-rich RNA in Hfq, 

and has been observed in one SmAP and multiple Hfqs [15,21,52]. Examining the area identified 

as the lateral site, Pae SmAP2 does contain the conserved aromatic residue, Tyr-42 (Figure 13A, 

13B). In Hfq, the lateral rim site π-stacks with the conserved aromatic before the backbone contacts 

an arginine-rich positive patch farther down the rim toward the L4 face. In Pae SmAP2 there is no  
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Figure 13. Lateral rim binding site. A lateral binding site has been observed in multiple 

Hfqs and the archaeal Pyrococcus abyssi (Pab). (A) Overlay of Pae SmAP2 and Pseudomonas 

aeruginosa (Pae) Hfq bound to UMP at the lateral site. The conserved aromatic (Pae Hfq Phe-39 

and Pae SmAP2 Tyr-42) overlay, suggesting lateral rim binding in Pae SmAP2, though it lacks the 

positive arginine patch farther down the rim, towards the L4 face. (B)(C)(D) Overlays of Pae 

SmAP2 and Pab SmAP lateral bound to r(U)6. (B) π-stacking tyrosine (Pab SmAP Tyr-34, Pae 

SmAP2 Tyr-42) is conserved. (C) Pab SmAP His-10 stacks with the next uridine nucleotide, but is 

absent in Pae SmAP2. (D) The third uridine hydrogen bonds with a proline that is conserved 

between Pab SmAP (Pro-5) and Pae SmAP2 (Pro-13).   
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positive patch on the outer rim, in fact, the outer rim of Pae SmAP2 is one of the few places on the 

protein that is not highly electrostatically positive. The lack of a positive rim does not rule out RNA 

stacking on Tyr-42, as the RNA backbone can extend toward the positive pore in Pae SmAP2 as 

seen in the P. abyssi SmAP. In the P. abyssi SmAP···U6 structure, the RNA runs both 3’ to 5’ and 

5’ to 3’ across the lateral binding site. In addition to the uridine stacked with the conserved tyrosine, 

the neighbor (n + 1) nucleotide π-stacks with a His-10 which is absent in Pae SmAP2, but a proline 

which hydrogen bonds with the (n + 2) nucleotide is conserved between P. abyssi SmAP and Pae 

SmAP2. It is possible that both the A-rich and U-rich RNA binding we observed could be a result 

of this site, with the RNA strand continuing into the positive pore or running across the face. The 

sites are adjacent enough that competition might not be observed, but it is more likely that one of 

A-rich and U-rich RNA bind on an additional, unidentified site. Of interest is the Tyr-66 location 

on the lateral rim of the L4 face, which could be a new binding site, or a continuation of the lateral-

rim binding. 

5 Concluding Remarks  

 The Sm superfamily’s central role in RNA processing and regulation, combined with their 

existence in all three domains, makes them a model system for exploring RNA processing 

evolution. Sm-mediated interaction between RNAs play vital roles in important pathways such as 

virulence, quorum sensing, cell death and aging, and mRNA splicing. The largest gap in our 

knowledge of the Sm superfamily is in the archaeal branch. Many archaeal systems can provide 

invaluable knowledge about their more complicated analogous eukaryal systems by supplying a 

simpler model to work with. Initial work on the Sm-like archaeal proteins (SmAPs) were crucial to 

our understanding of how Sm proteins oligomerize and bind RNA. Unfortunately, since this early 

work, the study of SmAPs has been limited, and SmAP in vivo functions are virtually unknown. 

Understanding these in vivo functions of SmAPs would allow us a better understanding of basic 
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Sm protein function, provide a window into the evolution of the large eukaryal ribonucleoprotein 

complexes, and possibly link the evolution of bacterial Hfq and eukaryal Sm proteins. The 

crenarchaea Pyrobaculum aerophilum is a deep-branching, hyperthermophile that encodes multiple 

SmAP paralogs. The two known Pae SmAP structures (SmAP1, SmAP3) illuminated Sm protein 

evolution and assembly, and implied that these homologs may represent an ancestral form of the 

complexes that developed into the extant heteromeric Sm assemblies of eukaryotes, such as those 

at the heart of the spliceosome. Our work on the final Pae SmAP, SmAP2, reveals that Pae SmAP2 

oligomerizes as a unique octamer (unseen in previous SmAPs), and binds both A-rich and U-rich 

RNA reminiscent of the bacterial Hfq (chaperone). The crystal structure revealed that Pae SmAP2 

lacks the conserved residues seen in the common U-rich and A-rich binding pockets of other Sm 

proteins, but does contain the aromatic (Tyr-42) necessary for lateral-rim binding. Further research 

is necessary to determine the specific binding mechanisms of Pae SmAP2···RNA binding, the Pae 

SmAP2 solution state, and determine the individual functions of the SmAP paralogs in 

Pyrobaculum aerophilum. 
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6 Methods 

6.1 Phylogenetic Analysis 

A phylogenetic tree containing representative members of the eukaryal, bacterial, and 

archaeal Sm proteins was initially created to determine the clustering of the various Sm proteins. 

This included SmD1 proteins from eukarya, Hfq’s from bacteria, and various SmAPs chosen 

randomly from crenarchaea, euryarchaea, and thaumarchaea/nanoarchaea. Alignment and tree 

generation were done in Geneious [53] using MAFFT [54] for alignment and MrBAYES[55] for 

tree generation. Proteins used included GID’s: 549635379, 499164542, 50504551, 504370326, 

500145274, 503791707, 503503781, 500271789, 62464807, 499180836, 505404260, 503671430, 

499490831, 499219074, 269986972, 500681920, 339756221, 494813972, 407463901, 

161527598, 647810924, 495573562, 501137396, 499316925, 500176350, 501319673, 

503893548, 503445978, 501267038, 490146347, 494978361, 490327461, 564598001, 

499637770, 499179510, 317135015, 332641050, 17864386, 48734707, 19354162, 325115253, 

584410573, 641580737, 1323102, 499182470, 499163297, 660682089, 662228596, 218927576, 

658112580, 663091812, 640835739, 640835739, 160286013. 

6.2 Expression and Purification 

The vector pET-32a(+) was cloned to contain the recombinant Pae SmAP2 gene locus 

pae676 and an N-terminal thioredoxin tag followed by a polyhistidine tag, an S-tag, and an 

enterokinase cleavage site (SmAP2cm) (Fig 1B). From this vector, the pae676 gene was sub-cloned 

using the PIPE method into a pET22b vector with no tags (SmAP2pr1). Constructs were 

transformed into Escherichia coli BL21(DE3) cells and grown in Luria-Bertani (LB) medium, 

containing 100 µg ml-1 ampicillin at 37° C until an OD600 of 0.8 was reached. Protein expression 

was induced by 1 mL of 1.0 mM isopropyl β-D-1-thiogalcatopyranoside (IPTG) and cells were 
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cultured for an additional 3 hrs.  Cells were harvested by centrifugation for 5 min at 15,000 g 

(Sorvall RC 6+) at 4° C and then frozen (-20° C).  

Initial lysis and purification steps were identical for both SmAP2cm and SmAP2pr1 

constructs. Cells were resuspended in Lysis Buffer (20 mM HEPES pH 7.8, 1.5 M NaCl, 1 mM 

MgCl2, 0.1% Triton (v/v), 0.4 mM PMSF). 300 μg of lysozyme (Fisher) per liter of culture were 

added and incubated at 37° C for 30 minutes. Cells were mechanically lysed by passing through a 

microfluidizer (Microfluidics) three times at 60 psi. Lysate was centrifuged at 35,000 g for 20 min 

at 4° C then supernatant (S1) and pellet (P1) were separated. S1 was heated at 72° C for 10 min, 

denaturing the mesophilic E. coli proteins which precipitate. The sample was then centrifuged again 

for 35,000 g for 20 min and supernatant (S2) and pellet (P2) were separated. At this juncture the 

SmAP2cm and SmAP2pr1 procedures diverged.  

SmAP2cm was purified by immobilized metal affinity chromatography (IMAC). S2 was 

diluted (1:1) with IMAC Wash Buffer (20 mM HEPES pH 7.8, 350 mM NaCl, 10 mM Imidazole 

pH 7.0) and loaded onto a chelating column (5 ml, HiTrap Chelating Column, GE Healthcare) 

bound with CoCl2, then eluted with a gradient from 0 to 80% IMAC Elution Buffer (20 mM HEPES 

pH 7.8, 350 mM NaCl, 520 mM Imidazole pH 7.0). Fractions containing SmAP2cm construct were 

pooled and dialyzed into Dialysis Buffer 1 (20 mM HEPES pH 7.8, 250 mM NaCl, 15 mM EDTA), 

followed by a series of dialysis stages (Dialysis Buffer 2: 20 mM HEPES pH 7.8, 150 mM NaCl, 

15 mM EDTA; Dialysis Buffer 3: 20 mM HEPES pH 7.8, 100 mM NaCl, 15 mM EDTA; Dialysis 

Buffer 4: 20 mM HEPES 7.8, 20 mM NaCl, 1 mM CaCl2, 0.1% (w/v) Tween; Enterokinase 

Cleavage Buffer: 50 mM Tris pH 7.8, 15 mM NaCl, 1 mM CaCl2, 0.1% (w/v) Tween) to lower the 

salt concentration to an acceptable level for enterokinase digestion while preventing precipitation. 

Enterokinase (New England Biolabs) was added at a ratio of 1:1x106 (enterokinase:SmAP2cm 

construct) and incubated at 37°C for 16 hours. The calculated isoelectric point of 9.7 for SmAP2 
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allows separation using cation exchange from the other digestion products. The solution was 

dialyzed into IEC Wash Buffer 1 (20 mM HEPES pH 7.8) then loaded onto a cation exchange 

column (5ml, SP column, GE Healthcare) and eluted using a gradient from 0 to 100% IEC Elution 

Buffer 1 (20 mM HEPES pH 7.8, 2M NaCl). 

SmAP2pr1 is tagless, and is purified by cation exchange chromatography done under 

denaturing condition. Supernatant (S2) was dialyzed against IEC Wash Buffer 2 (20 mM HEPES 

pH 6.8, 200 mM NaCl, 8M Urea) for four hours, then loaded onto a cation exchange column (5ml, 

SP column, GE Healthcare) and eluted using a gradient from 0 to 100% IEC Elution Buffer 2 (20 

mM HEPES pH 7.8, 2M NaCl, 8M urea). SmAP2pr1 is then pooled and dialyzed successively 

against 20 mM HEPES pH 6.8, 1M NaCl then 20 mM HEPES pH 6.8, 1M NaCl for 4 hours each 

to remove the urea. The sample was then run through gel filtration to ensure pure properly folded 

Pae SmAP2.  

Purification of both constructs was confirmed using MALDI-TOF (described below) in 

conjunction with SDS-PAGE. 

6.3 Selenomethionine (SeMet) Incorporation 

M9 minimal media (M9 MM) was prepared by combining 220 mL of 5X M9 salts (239 

mM Na2HPO4, 110 mM KH2PO4, 42.5 mM NaCl, 93.5 mM NH4Cl) and 1.1 ml of MgSO4 and 

855.8 ml ddH2O. The solution was autoclaved and cooled, then 22 ml of sterile 20% (v/v) glycerol, 

1.1 ml of thiamine solution (1 mg/ml) and 1.1 ml of ampicillin (100 mg/ml) were added. Pae 

SmAP2pr1 construct was transformed into E. coli BL21 (DE3) and grown in LB media as described 

above. Cells were grown to an OD600 of 0.9 at which point the cultures were centrifuged at 4000 

g for 30 min at 277 K. Cell pellets were resuspended in 100 ml M9 MM and re-pelleted at 4000 g 

for 30 min at 277 K, the supernatant discarded and the pellet resuspended in 50 ml of M9 MM 
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which was then added to the full liter of M9 MM. Free amino acids were then added (50 mg/L of 

leucine, isoleucine, and valine; 100 mg/L of phenylalanine, lysine, and threonine; 75 mg/L of 

selenomethionine (Acros Organics)) and the culture was incubated at 37°C for 30-40 minutes to 

suspend methionine production. A pre-induction sample was taken prior to induction with IPTG. 

Pae SmAP2 production was induced with IPTG and the culture was returned to the incubator shaker 

at 37°C. After 6 hours the media was centrifuged at 15,000g for 5 min at 4°C, the supernatant 

discarded and the pellet frozen overnight. Lysis and purification steps are the same as previously 

mentioned. MALDI-TOF MS confirmed SeMet incorporation.  

6.4 Protein Crystallization  

Pae SmAP2 was dialyzed into 25 mM Tris at pH 7.8, 250 mM NaCl and concentrated to 

50 mg/ml measured by absorbance at 280 nm (Nanodrop 1000, Thermo Scientific), with an 

expected molecular weight of 9243 Da. Commercial screens (Qiagen JCSG Core Suite 1-3) were 

set up using a nano-liter volume robot (Mosquito, TTC Inc) in 96-well plates with 100 μl of mother 

liquor, and hanging drops with a volume of 0.2 μl of 1:1 (protein solution:mother liquor). PEG/Ion 

and Ammonium Sulfate (A/S) Grid Screens (Hampton Research) was set-up by hand in a 24 well 

VDX plate with 600 μl mother liquor and a 4 μl hanging drop containing 1:1 (protein 

solution:mother liquor). Crystallization trials were incubated at 277 and 291 K. Conditions in which 

crystals developed were expanded upon until by systematically varying precipitant parameters. In 

addition, 96-well additive screens (Hampton Research) were applied. Reproducible well diffracting 

crystals were obtained in conditions containing 1.2 to 1.6 M ammonium sulfate either with or 

without 100 mM citrate at pH 4.0. Additives including cobalt chloride, nickel chloride and 

guanidine-HCl assisted in crystal formation time and diffraction. SeMet crystals were developed 

by expanding on native conditions and followed a similar pattern but at a lower ammonium sulfate 

range (0.8 to 1.2 M) than native. Various cryogenic conditions were explored and an initial solution 
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of 50% saturated ammonium sulfate and 50% glycerol was used but later was replaced with a 

solution of 65% mother liquor and 35% glycerol. Crystals were screened on a Rigaku MicroMax 

007 generator with a Saturn 92 detector, and a Bruker APEX2.  

6.5 Data Collection  

Single crystals were harvested in nylon cryoloops (Hampton Research) and washed in a 10 

μl drop of cryo-protectant for 10-45 sec. The crystals were promptly flash frozen in liquid nitrogen. 

Diffraction datasets were collected at the ALS and APS synchrotron on either beamline 5.0.2 using 

a ADSC Quantum 315r detector; SER-CAT 22ID or 22BM beamline, using a MAR 300 and 

MAR225 CCD detector; or NEC-CAT 22BM and 24C beam lines using a Pilatus detector. Data 

sets were collected at a variety of oscillation ranges (0.25° to 1.0°) and total crystal rotations (90° 

to 720°). Multi-anomalous dispersion (MAD) datasets were collected at four energies: i) peak, ii) 

inflection, and iii) high remote.  

6.6 Processing, Structure Determination, And Refinement 

 Datasets were integrated and scaled in XDS [43]. Crystal quality was examined in 

phenix.Xtriage, determining possible twinning, as well as verifying indexing, gauging diffraction 

anisotropy, detecting pseudo-translational symmetry, and calculating the Matthews coefficient 

[45]. Phaser and MolRep were used for molecular replacement trials [45,56]. Hexameric (1U1S), 

heptameric (1I8F), and octameric (3BW1) Sm oligomers from bacteria, archaea, and eukarya 

respectively were used as molecular replacement probes. Two forms of each probe were screened: 

cleaned of ions and waters (PyMol), and as an alanine chain made using Sculptor [57]. De novo 

multi-anomalous dispersion (MAD) phasing was done using the SHELX suite in HKL2MAP 

[47,48]. The structures were rebuilt with density modification in Autobuild and further refinement 

rounds of used a combination of either phenix.refine or Refmac with direct structure manipulation 
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in COOT [58]. Structures were validated using Molprobity [59]. The majority of structural analysis 

was done in PyMol. Electrostatics were calculated using the ABPS plugin [60]. ProFit was used to 

align the structures.  

6.7 Fluorescence Anisotropy and Fluorescence Polarization 

Pae SmAP2 was dialyzed into 25 mM HEPES pH 7.8 and 250 mM NaCl prior to binding 

studies. Fluorescence anisotropy/polarization measurements were collected with a PHERAstar 

microplate reader. 5-Carboxyfluorescein-labeled r(U)6 (FAM-r(U)6), FAM-r(C)6, and FAM-r(A)18 

RNA (Integrated DNA Technologies) were used to probe the binding sites of Pae SmAP2.  FAM-

r(A)18 was annealed prior to binding assays by incubating at 85°C for 3 minutes and then placed on 

ice for 10 minutes [61]. Samples were excited at 490 nm and emission was measured at 522 nm 

[62].  To determine the apparent equilibrium dissociation constant (Kd) for FAM-RNA, Pae SmAP2 

was serially diluted in 96-well black polystyrene assay plates (Costar) in the presence of 5 nM 

FAM-RNA; the final volume in each well was 150 µL. The binding assay samples were incubated 

in the dark for 45 minutes at RT prior to measurements to ensure equilibrium binding. Data was 

collected in three independent replicates. 

Fluorescence data was fit to a model that assumed that a 1:1 complex formed between Pae 

SmAP2 and FAM-RNA. [61,63].   The model involves fitting the data to a sigmoidal Boltzmann 

function, which is related to the Hill equation [64,65], and can be rearranged to read 

𝑦𝑦 = (𝐴𝐴1−𝐴𝐴2)

1+𝑒𝑒
(𝑥𝑥−𝑥𝑥0)
𝑑𝑑𝑥𝑥

+ 𝐴𝐴2   (Equation 1) 

where x0 is the inflection point sigmoidal curve, dx is the width of the transition and A1 and A2 are 

the fluorescence polarization intensities of the initial and final states, respectively [63,66,67]. 

Nonlinear least-squares fits of the equation to the data were performed in OriginPro7.5.  
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6.8 Chemical Crosslinking  

Pae SmAP2 was dialyzed into 25 mM HEPES pH 7.8 and 250 mM NaCl prior to 

crosslinking with formaldehyde or glutaraldehyde using an ‘indirect’ method [68]. Experimental 

setup for this indirect method consisted of a Linbro plate with a microbridge and coverslip upon 

which 40 μL of the crosslinking agent (25% v/v) and 15 μL of Pae SmAP2 (1 mg/mL) were 

aliquoted, respectively.  The chamber was sealed with vacuum grease. The crosslinking agent was 

acidified with 122 mM HCl before incubation.  Samples were incubated at 37 °C for 40 minutes 

and the reaction was stopped by the addition of 5 µL 1 M Tris pH 7.8.  Salts and crosslinking 

reagents were removed from samples using a C4 zip tip (Millipore)[69], and the molecular weight 

of the crosslinked oligomers was assessed by MALDI-TOF MS (protocol described below). Data 

was collected in three independent replicates for both formaldehyde and glutaraldehyde. RNA 

containing samples were prepared as previously mentioned (3.7), and incubated with Pae SmAP2 

for 45 minutes before run. 

6.9 MALDI-TOF Mass Spectrometry 

MALDI-MS was performed on a Bruker Microflex MALDI.  Proteins of approximately 1 

mg/mL were diluted 1:4 with 0.01% trifluoroacetic acid (TFA). The protein sample was spotted 

onto a MSP 96 target ground steel sample plate (Bruker Daltonics) with an equal volume of SA (15 

mg/mL sinapinic acid in 50% acetonitrile and 0.05% TFA) and allowed to air dry.  The instrument 

was calibrated by the close external method using a series of low molecular weight (Insulin, 

Cytochrome C, Ubiquitin I, and Myoglobin) or high molecular weight (Protein A, Trypsinogen, 

Protein A, and Bovine Albumin) protein calibrants.  Spectra were obtained by averaging 

approximately 50 laser shots with the following settings: positive ion, linear mode, grid voltage 40-

75%, m/z range 4,000-20,000 or 20,000-200,000.  



110 

 

 

 

6.10 Analytical Size Exclusion (AnSEC) 

Pae SmAP2 was dialyzed into 25 mM HEPES pH 8.0 and 250 mM NaCl. The 

chromatography system consisted of a Superdex 200 10/300 Increase column (spherical composite 

of crosslinked agarose and dextran matrix) and a Biologic NGC or a Waters Breeze 1525 Binary 

HPLC with a Waters 2489 UV/Visible detector at room temperature. Pae SmAP2 and molecular 

weight standards were injected and eluted with approximately seven column volumes of 25 mM 

HEPES pH 8.0 containing 250 mM NaCl at 0.2 mL/min; absorbance was monitored at 260 and 280 

nm throughout each run. A standard curve was generated using Gel Filtration Markers Kit for 

Protein Molecular Weights 29,000 – 700,000 Da (MWGF1000-1KT, Sigma-Aldrich). RNA 

containing samples were prepared as previously mentioned (3.7), and incubated with Pae SmAP2 

for 45 minutes before run.  

6.11 Size Exclusion Chromatography – Multi-Angle Light Scattering (SEC-MALS) 

Pae SmAP2 was dialyzed into 25 mM HEPES pH 8.0 and 250 mM NaCl. SEC-MALS 

system consisted of a Waters Breeze 1525 Binary HPLC with a Waters 2489 UV/Visible detector, 

in-line with a Wyatt miniDAWN TRIOS (light scatterer) and tREX (refractometer). Analytical 

separation was accomplished with a Superdex 200 10/300 Increase column (spherical composite of 

crosslinked agarose and dextran matrix). Bovine serum albumin (BSA) was used as an isotropic 

standard and to calibrate the instrument. Pae SmAP2 and BSA were injected and eluted with 

approximately seven column volumes of 25 mM HEPES pH 8.0 containing 250 mM NaCl at 0.2 

mL/min; absorbance was monitored on the Waters 2489 UV/Visible detector at 260 and 280 nm 

throughout each run. Wyatt ASTRA software was used for analysis. RNA containing samples were 

prepared as previously mentioned (3.7), and incubated with Pae SmAP2 for 45 minutes before run. 

6.12 Electron Microscopy 
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Pae SmAP2 samples were analyzed by application to glow-discharged, carbon-coated Cu 

grids, negative staining using uranyl acetate (2% wt/v), and imaging in a FEI CM12 TEM at an 

accelerating voltage of 120 keV, equipped with a TVIPS 0124 CCD camera (1k × 1k pixel). Grids 

were imaged using a Tecnai F20 microscope (FEI) at an accelerating voltage of 120 keV and a 

nominal magnification of 30,000x. Micrographs were scanned with a Nikon Coolscan 8000 at a 

raster of 1.25 Å per pixel.  

6.13 Analytical ultracentrifugation 

Samples were prepared in house and shipped to Peter Schuck and Joy Zhou at NIH, 

Bethesda, MD, for ultracentrifugation. Samples were run in both sedimentation and 

velocity ultracentrifugation and processed in SEDPHAT. SV-AUC experiments were conducted 

using a Beckman ProteomeLab XL-I (Beckman-Coulter) following the standard procedures and 

boundary structure analysis. Absorbance profiles at 280 nm acquired at a rotor speed of 50,000 rpm 

were analyzed with a c(s) sedimentation coefficient distribution to determine the overall weighted-

average s-value and the s-value of the reaction boundary, respectively, as a function of the 

composition of the loading mixture.  
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1 Abstract 

Hfq proteins are the bacterial branch of a ubiquitous RNA-associated ‘Sm’ protein 

superfamily.  Hfq interacts with myriad RNA species and chaperones RNA∙∙∙RNA interactions, e.g. 

between small regulatory RNAs and their mRNA targets.  Hfq-mediated RNA regulatory networks 

enable bacteria to rapidly alter their metabolic circuitry in response to environmental fluctuations 

(temperature, osmotic shock, nutrient gradients, etc.), and also underpin bacterial virulence 

pathways, quorum sensing and biofilm formation.  Hfq proteins typically self-assemble into 

toroidal hexamers that bind RNA, consistent with their homology to the oligomeric Sm proteins.  

To begin elucidating the roles of Hfq in phylogenetically deep-branching bacteria, including their 

relationships to archaeal Sm proteins, we have bioinformatically detected a putative Hfq homolog 

in the genome of the hyperthermophilic bacterium Thermotoga maritima (Tma).  We have cloned 

and over-expressed Tma Hfq, and have purified the recombinant protein to apparent homogeneity.  

Chemical cross-linking and mass spectrometry, as well as size-exclusion chromatography, reveals 

Tma Hfq hexamers and other oligomeric states in vitro.  Well-diffracting crystals have been 
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obtained, with Bragg reflections to better than 2.5 Å; diffraction quality was enhanced by the 

inclusion of a U5 RNA in the crystallization conditions.  The crystals reproducibly adopt space-

group P212121 (a = 38.7 Å, b = 133.1 Å, c = 205.9 Å), with twelve subunits per asymmetric unit 

estimated from the Matthews coefficient.  Calculation of the self-rotation function indicates that 

the twelve monomers are related by two-fold and six-fold axes of non-crystallographic symmetry. 

2 Introduction 

Bacteria inhabit microenvironments that are often spatially heterogeneous or prone to 

fluctuations in nutrient gradients, temperature, pH, osmolality, oxidative stresses, bacteriophages, 

local cell density (quorum sensing), etc.  To endure extrinsic stresses and respond to external 

stimuli—and, indeed, to leverage changing conditions—bacteria have evolved intricate regulatory 

circuits that employ small, non-coding RNAs (sRNAs) as generic post-transcriptional modulators 

of gene expression [1,2].  Unlike the roughly analogous eukaryotic microRNAs, most identified 

sRNAs are ≈50–250 nucleotides in length, and exert both negative and positive downstream effects 

(not just RNA silencing); the biogenesis of sRNAs likely stems from ‘pervasive transcription’ of 

the bacterial genome [3,4].  In order to rapidly alter cellular metabolic programs and otherwise 

serve as in vivo ribo-regulators, many sRNAs require an abundant (>50 000 copies/cell) RNA-

associated protein known as Hfq [5]. 

 Hfq was discovered as an Escherichia coli host factor required for bacteriophage Qβ RNA 

replication, and structural, biochemical and bioinformatic analyses revealed it to be the bacterial 

branch of the Sm superfamily [6-11].  Homologs of Sm proteins pervade RNA-associated 

biochemistry in eukaryotes, including pre-mRNA splicing and mRNA decay pathways [12,13].  

The relationships between Hfq and other Sm lineages have been recently reviewed [14].  Whereas 

eukaryotic Sm proteins act as structural scaffolds for snRNPs and other ribonucleoprotein 

assemblies, Hfq acts as an RNA chaperone—i.e., an RNA-binding protein with flexible sequence 
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recognition capacity, such that it can facilitate base-pairing interactions between a diverse array of 

regulatory sRNAs and mRNA targets [15].  Because many sRNAs are trans-encoded, antisense 

sRNA∙∙∙RNAtarget interactions often feature only partial base-pair complementarity and require Hfq 

for productive annealing.  By independently binding cognate RNAs, Hfq increases their local 

effective concentration and thus enhances binding affinities.  In addition, Hfq can reduce the 

thermodynamic stability of sRNA hairpins in isolation and modulate the in vivo stability (mean 

lifetimes) of transcripts by tuning mRNA polyadenylation and either enhancing or reducing an 

RNA’s susceptibility to RNase E–based degradation [16-18].  Consistent with the broad range of 

its ribo-regulatory roles, Hfq has been linked to many pathogenic pathways, including microbial 

quorum sensing, biofilm formation and virulence factor expression [19-21]. 

 Hfq-based RNA interactions can alter gene expression in seemingly incongruous ways.  

For instance, Hfq helps repress some protein expression pathways but activate others, depending 

on the sRNA/mRNA pair triggered by an upstream environmental or physiological cue.  Hfq-

mediated sRNA∙∙∙mRNA interactions often occur in the untranslated region (UTR) of a transcript, 

e.g. the 5′ leader region of a target mRNA, and result in stem-loops or other RNA structures.  

Positive regulation can occur, for instance, if the ribosome-binding site (RBS) in the 5′ UTR of an 

un-activated mRNA is sequestered in a hairpin; in concert with Hfq, a ‘seed region’ in the sRNA 

can hybridize to the mRNA stem-loop, disrupting local secondary structure and unmasking the 

RBS to enable translation initiation.  The DsrA/rpoS pair is a classic example, where rpoS mRNA 

encodes the E. coli stationary phase/stress-response sigma factor (σs) and DsrA is a temperature-

sensitive sRNA. Conversely, other sRNAs (e.g., OxyS, induced by oxidative stress) might bind to 

and occlude an otherwise exposed RBS, thereby hindering ribosome recruitment and repressing 

protein expression.  In addition to sRNA/antisense-based control, some Hfq systems regulate 

translational activity via Hfq-mediated effects on mRNA stability and turnover [18].  Dozens of 

sRNA-based pathways are now well-documented [22-25], as are (i) potential mechanisms by which 
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Hfq might enable productive sRNA∙∙∙mRNA interactions [26,27] and (ii) methods for identifying 

and characterizing Hfq∙∙∙RNA interactions at the molecular and ‘omics’ scales [28]. Nevertheless, 

questions persist about the precise (atomic) structural and dynamical basis of Hfq-facilitated RNA 

annealing and ribo-regulation. 

 Hfq-chaperoned sRNA∙∙∙mRNA interactions stem from the RNA– and protein–binding 

properties of Hfq in its monomeric and hexameric states, as modulated by the equilibria between 

various oligomeric states [29].  Hfq monomers form homo-hexameric rings in the absence of RNA, 

unlike the stepwise, RNA-templated assembly of eukaryotic Sm hetero-oligomers [14]; Hfq 

hexamers also associate into double-ring dodecamers [30,31] and polymeric fibrils [32], at least in 

vitro.  All such properties ultimately derive from the 3D structures of individual Hfq subunits.  Hfq 

monomers fold as a highly-bent, five-stranded antiparallel β-sheet capped by an N-terminal α-helix; 

like most Sm proteins, these subunits associate into cyclic oligomers (≈ 60-70 Å diameter) that 

bind RNA.  Hfq can bind a great variety of RNAs, and the two faces of the toroidal disc exhibit 

some sequence specificity: A–rich RNAs, such as poly(A) tails of a target mRNA, preferentially 

bind the L4 (or ‘distal’) face, while U–rich RNAs bind the opposite L3 (or ‘proximal’) face, near 

the ≈ 10 Å–wide central pore [26,33,34].  This sequence specificity is recapitulated when 

ribonucleoside triphosphates (ATP, UTP, CTP, etc.) are used to crystallographically survey the 

RNA-binding preferences of the Pseudomonas aeruginosa Hfq ring [35]. A third binding surface, 

the lateral rim binding, has been identified in multiple Hfqs. Lateral rim binding displays a UA-

rich specificty, but does not demonstrate the affinity of the other faces, and could represent a 

transfer point between the L3 and L4 faces. Despite much progress, the generality of our Hfq 

knowledge is limited by the fact that most studies have examined a narrow range of bacterial 

lineages—chiefly E. coli and other mesophilic γ-proteobacteria. Here, we report initial structural 

studies of an Hfq homolog from the hyperthermophilic, phylogenetically ancient marine bacterium 

Thermotoga maritima (Tma). 
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3 Materials and Methods 

3.1 Cloning, Over-expression and Purification 

Plasmid DNA containing the Tma Hfq open reading frame (TM0526) was provided by the 

JCSG.  Cloning proceeded via the ligase-free Polymerase Incomplete Primer Extension (PIPE) [36] 

approach, with PIPE primers designed for the NdeI and XhoI restriction sites of the pET-28b(+) 

expression vector (Table 1); Pfu DNA polymerase was used for all PCRs.  The recombinant 

expression construct, denoted His6–Tma Hfq, consists of wild-type Tma Hfq linked to an N-

terminal His6 tag (Figure 1a).  Upon completing the requisite pair of PIPE reactions (i.e., insert, 

vector), PCR-amplified vectors and inserts were mixed to allow DNA hybridization, and co-

transformed into chemically competent E. coli TOP10 cells (Invitrogen) for in vivo ligation and 

maintenance.  The plated TOP10 cells were incubated at 310 K overnight (≈ 16 h) to 

amplify/propagate this new recombinant expression clone, and the plasmid was then mini-prepped 

(Qiagen) from overnight cultures for long-term maintenance and downstream applications such as 

DNA sequencing (Genewiz) or transformation into an expression host. Next, (i) the purified 

recombinant plasmid was chemically transformed into BL21(DE3) E. coli, (ii) cells were plated on 

kanamycin-supplemented LB-agar media to select for transformants and (iii) 10-mℓ overnight 

starter cultures were used to inoculate larger-scale (≈ 1–ℓ) production cultures. All microbiological 

steps utilized standard protocols (Ausubel, 2002), such as growth at 310 K in lysogeny broth (LB), 

selection with ≈ 50 µg mℓ–1 kanamycin in LB, and aeration of cultures via shaking at ≈ 230 rpm.  

Once cultures reached high confluence (OD600nm ≈ 0.8-1), recombinant Hfq was over-expressed by 

using 1 mM isopropyl-1-thio-β-D-galactopyranoside (IPTG) to induce the T7lac-based promoter. 

After ≈ 3-4 h of induction, cells were harvested via centrifugation (15000g, 5 min, 277 K) and 

stored at 253 K until further use. 
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 To begin purifying Tma Hfq, cells were simultaneously thawed to ambient room 

temperature (≈ 293 K) and re-suspended in a moderately high-salt buffer, and were lysed by high-

pressure mechanical shearing and lysozyme treatment.  Specifically, a buffer of 50 mM Tris-HCl 

pH 7.5, 750 mM NaCl, 0.4 mM phenylmethylsulfonyl fluoride (PMSF) and 0.01 mg mℓ–1 hen egg-

white lysozyme (Fisher) was added to frozen cell pellets at a ratio of ≈ 40-mℓ buffer per 1-ℓ cell-

culture pellet, at room temperature.  This mixture was then incubated with gentle shaking at 310 K 

for 30 min in order to fully thaw and resuspend the cells, and initiate lysis.  Cell suspensions were 

then mechanically disrupted via repeated passes through a microfluidizer (Microfluidics), and the 

resultant lysate was centrifuged (35000g, 20 min, 277 K).  Initial purification of His6–Tma Hfq was 

achieved by heating this cleared supernatant to ≈ 358 K for 20 min, followed by centrifugation 

(35000g, 30 min, 277 K) to remove the bulk of denatured E. coli proteins (Figure 1b).  Because 

Hfq tends to promiscuously bind nucleic acids, His6–Tma Hfq was freed of co-purifying nucleic 

acids [37] via treatment with guanidinium chloride (GndHCl); specifically, dry GndHCl was added 

to the buffered His6–Tma Hfq sample to a final concentration of 6 M.  Such treatment reduced any 

nucleic acid contamination of Hfq, as assessed by A260/A280 ratios below ≈ 0.80 (even for samples 

recalcitrant to nuclease treatment; Patterson & Mura, data not shown).  The His6–Tma Hfq sample 

was then loaded onto a 5-mℓ Ni2+-charged iminodiacetic acid–sepharose affinity column (GE 

Healthcare HiTrap) pre-equilibrated with wash buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 6 

M GndHCl, 10 mM imidazole), and this was followed by the addition of ≈ 8-10 column volumes 

of wash buffer.  An elution buffer identical to the wash buffer, apart from 600 mM imidazole, was 

then applied as a 0–100% gradient over several column volumes.  Elution fractions were analysed 

by SDS-PAGE, and sufficiently pure fractions (estimated as ≳ 95% in gel lanes) were pooled. 

 Next, for crystallization and other downstream steps, purified His6–Tma Hfq samples were 

(i) exchanged into a buffer free of GndHCl and (ii) subjected to limited proteolysis in order to 

remove the affinity tag (red arrow, Figure 1a).  Step (i) was achieved via extensive dialysis, at room 
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temperature, against a buffer composed of 25 mM Tris-HCl pH 8.0, 1.0 M arginine, 0.2 mM PMSF 

(arginine was found to aid protein solubility).  To prepare for step (ii), the resulting protein sample 

was dialyzed into a digestion buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 12.5 mM EDTA pH 

8.0) and samples were then digested with a 1:600 molar ratio of thrombin:His6–Tma Hfq.  

Proteolysis was allowed to proceed overnight (≈ 14 h) at 310 K, and cleavage was monitored via 

matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry 

(Figure 1).  Proteolysis was halted by addition of PMSF (to 0.2 mM), and the Tma Hfq sample—

now containing N-terminal fragments, thrombin and potentially other contaminants—was applied 

to a benzamidine affinity column in order to remove thrombin.  The eluate from this step was 

pooled, concentrated so as to reduce volume, and then subjected to a final step of purification via 

size-exclusion chromatography.  This step was performed at 277 K using a preparative-grade, 

HiLoad Superdex 75 column pre-equilibrated with the digestion buffer; this resin is well-suited to 

a molecular weight range (3000 < Mr < 70000) that brackets Tma Hfq monomers (10.8 kDa) and 

potential hexamers (64.8 kDa).  For crystallization trials, purified Tma Hfq was dialyzed into buffer 

‘TmaHfqXB’, consisting of 25 mM Tris pH 8.5 and 100 mM NaCl (the pI of Tma Hfq is ≈ 7.0, 

based on sequence) [38].  Protein concentrations were quantified by measuring the absorbance at 

280 nm and using an extinction coefficient of ϵ280 = 5960 M–1 cm–1, as estimated from the amino 

acid composition of the 95-residue, 10.8-kDa final construct (Figure 1a) [39].  All protein 

concentration steps employed centrifugal ultrafiltration units with 3350-Da molecular weight cut-

off membranes (Millipore). 

3.2 Chemical Cross-linking and Mass Spectrometry 

Cross-linking studies employed the reagent 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC; Pierce); this zero-length cross-linker conjugates carboxylate 

and primary amine functionalities without being included in the resulting amide bond.  Reactions 

were prepared by mixing EDC and samples of purified Tma Hfq that had been dialyzed into a buffer  
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Figure 1. Expression and purification of Tma Hfq. The recombinant Tma Hfq construct: Over-

expression, purification and initial characterization of oligomers via chemical cross-linking and 

mass spectrometry.  The amino acid sequence of the HfqTma construct (a) consists of the 92-amino 

acid wild-type Tma Hfq sequence (bold font) with an N-terminal, vector-derived (His)6 affinity tag 

(cyan) and a recognition site for thrombin (green); the red arrow marks the proteolytic cleavage 

site.  The final, purified protein, delimited by N′ and C′, corresponds to wild-type HfqTma prepended 

with a tripeptide (GSH).  The over-expression and purification workflow is illustrated in this SDS-

PAGE gel (b) by steps of pre– and post–induction (lanes 2, 3); the post-lysis supernatant and pellet 

(lanes 4, 5); soluble and insoluble fractions after a heat-cut (lanes 6, 7); initially pure HfqTma, after 

Ni2+–IMAC and thrombin cleavage (lane 8), and then a benzamidine column (lane 9); and, finally, 

after size-exclusion chromatography (lane 10 is the monomer peak from the chromatogram).  

MALDI-TOF mass spectra are shown for purified recombinant HfqTma before (c) and after (d) 

treatment with the cross-linking reagent EDC; the 1+ and 2+ molecular ions are indicated.  The 

Hfq sample in (c) is highly pure, and matches the expected molecular mass of recombinant HfqTma 

monomer (10,797.3 Da).  The predominant peak in the cross-linked HfqTma mass spectrum (d) is a 

hexamer, while a dodecameric species is also detected; subsidiary peaks correspond to (Hfq)n 

molecular masses for the n ≈ 2, 3, 4, 5 oligomeric states, as labelled.  The red arrow in the rightmost 

lane of the gel (b) corresponds to monomeric HfqTma; presumptive hexamers and dodecamers, such 

as detected by cross-linking and mass spectrometry, are marked in blue (lanes 8, 9). 
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of 25 mM HEPES pH 8.0, 200 mM NaCl; typical experiments contained 1.0 mg mℓ –1 Tma Hfq (≈ 

93 µM monomer), 67 mM EDC and 167 mM N-hydroxysulfosuccinimide (sulfo-NHS, to enhance 

coupling efficiency).  Reactions were generally incubated at room temperature for 4 h and then 

quenched via the addition of β-mercaptoethanol (βME) to a final concentration of ≈ 18 mM.  The 

reaction progress and resulting distribution of cross-linked oligomers were assayed by MALDI-

TOF mass spectrometry (Figure 1d).  Samples were prepared for MALDI by either (i) passage 

through a C4 ZipTip (Millipore) for analyte purification and concentration or (ii) dilution of ≈ 1 

mg mℓ–1 samples, at a ratio of 1:4, with 0.01% trifluoroacetic acid (TFA).  Taking the dried-droplet 

approach, the resulting samples were then mixed ≈ 1:1 with a matrix solution (15 mg mℓ–1 sinapinic 

acid in 50% acetonitrile, 0.05% TFA) on a stainless steel MALDI plate (giving ≈ 2-5–µℓ spots) 

and crystallized in situ via solvent evaporation. MALDI-TOF spectra were acquired on a Bruker 

microflex instrument operated with routine settings (linear, positive-ion mode; 25 kV accelerating 

voltage; 40-75% grid voltage); final spectra were obtained by averaging ≈ 50 laser shots, and low– 

(4-20 kDa) and high (20-100 kDa)–molecular weight calibrants were used for these different m/z 

ranges. 

3.3 Protein Crystallization 

Crystallization trials began with freshly purified Tma Hfq samples concentrated to ≈ 10-20 

mg mℓ–1 in buffer TmaHfqXB (above).  JCSG Core Suites I, II, III and IV (Qiagen), as well as 

PEG/Ion screens (Hampton Research), were used for sparse-matrix screening.  Screens were 

deployed in 96-well plates via a nanolitre-scale liquid-handling robot (TTP Labtech’s mosquito 

Crystal).  The hanging-drop vapour diffusion format was used, with a 100-µℓ reservoir and 200-nℓ 

droplet (composed as 1:1 protein:reservoir).  All crystallization trials were incubated at 291 K.  

Visual inspection of the initial screens suggested five crystallization leads.  These leads were then 

refined on a larger-volume scale (24-well VDX plates) by systematically varying typical 

crystallization parameters [40]—buffer pH, protein concentration and precipitant 
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types/concentrations (e.g., a PEG-200, 400, 1000, … series).  In addition to fine grids centred on 

the initial hits, 96-well additive screens (Hampton Research) were also applied to the leads.  Two 

improved conditions were found, corresponding to 150 mM tri-potassium citrate and 30% w/v 

PEG-3350 (Table 2) with either 1.0 M glycine or 0.1 M sarcosine as an additive.  Final, optimized 

crystals grew as rhombic prisms within 1 week and developed to maximal dimensions of ≈ 50 

µm/edge by 2 weeks (Figure 2a); many crystalline specimens began to fracture beyond ≈ 3 weeks.  

A working cryo-protection procedure for both the glycine- and sarcosine-based conditions was 

found to be gentle passage of a crystal (in a nylon cryo-loop), over the course of ≈ 10-15 s, through 

8 µℓ of mother liquor supplemented with 0.6 µℓ of neat PEG-400.  Suitable cryo-protection (lack 

of ice-rings, diffraction quality, etc.) was screened on a Rigaku MicroMax-007 rotating anode X-

ray generator equipped with a Saturn-92 charged-coupled device (CCD) detector. 

3.4 Diffraction Data Collection, and Processing 

Single crystals were harvested and mounted in nylon loops, and instantly transferred to a 

cryoprotective solution (Table 2; described above) before flash-cooling in a liquid nitrogen stream, 

for either long-term storage or shipment to synchrotron beamlines.  Diffraction datasets were 

collected on either (i) SER-CAT 22-ID or 22-BM beamlines, using a MAR 300 or MAR 225 CCD 

detector, respectively; or (ii) NE-CAT 24-ID-C, using a DECTRIS Pilatus pixel array detector.  

Complete diffraction datasets were collected for several crystals, and the best apo crystal was found 

to diffract to at least 2.7 Å.  Full datasets were also collected for crystals grown in drops that 

contained ≈ 3 µM of the oligoribonucleotide r(U)5.  Raw diffraction data were indexed, integrated 

and scaled using the programs XDS and XSCALE [41].  Reduced datasets were examined with 

Xtriage and other utilities in the PHENIX suite in order to verify indexing, gauge diffraction 

anisotropy, detect pseudo-translational symmetry, and so on; twinning tests were also performed, 

though merohedral twinning was not a concern here because of the orthorhombic crystal system 

and unequal cell edges [42].  Non-crystallographic symmetry (NCS) was evaluated by computing 
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(i) the Matthews coefficient; (ii) native Patterson maps, using CCP4’s FFT module; and (iii) the 

self-rotation function, using GLRF [43-45]. 

4 Results and Discussion 

T. maritima is a hyperthermophilic, Gram-negative species with an unusually compact 

genome, and is among the most deeply branching and slowly evolving of bacterial lineages [46,47].  

That the ‘streamlined’ Tma genome is partly archaeal in origin, and is predicted to encode relatively 

few sRNAs, makes Tma Hfq (and any associated sRNA regulatory networks) salient to comparative 

analyses of Sm structure and function.  We identified a putative Tma Hfq homolog via iterative 

PSI-BLAST [48] searches of the most current non-redundant database of protein sequences at 

NCBI, as well as manual exploration of the TOPSAN (Krishna et al., 2010) and JCSG [49] 

knowledgebases.  The hfq gene that was identified (accession numbers in Table 1) had been targeted 

by JCSG’s structural genomics project, but became frozen at the crystallization stage; thus, to avoid 

potential downstream difficulties, a Tma Hfq construct was cloned de novo.  DNA sequencing 

confirmed that the recombinant His6–Tma Hfq expression construct (Figure 1a) was successfully 

created via PIPE cloning.  The protein over-expressed effectively, as indicated by a comparison of 

SDS-PAGE lanes for pre– and post–induction whole-cell lysates (Figure 1b, lanes 2 and 3, 

respectively).  As shown in Figure 1b, over-expressed His6–Tma Hfq was purified via successive 

stages of heat-cut → Ni2+–affinity chromatography → proteolysis/clean-up → size-exclusion 

chromatography. 

 Hfq tends to bind nucleic acids promiscuously, and to self-assemble into hexamers (and 

supra-hexameric states) that resist thermal and chemical denaturation.  These properties can aid or 

hinder purification efforts.  Initial purification of Tma Hfq was achieved by heating cell lysates to 

358 K; like other homologs, and consistent with the optimal growth temperature of Tma (Topt ≈ 353 

K), Tma Hfq remains soluble at this elevated temperature (Figure 1b, lane 6).  The oligomers also  
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Table 1. Macromolecular cloning and expression. 

Source organism Thermotoga maritima strain MSB8 

DNA source Tma locus TM0526 

PIPE forward primer 

(insert) 

5′GCGCGGCAGCCA↓TATGGCCTTGGCGGAGAAGTTCAAC

CTTCAG3′ 

PIPE reverse primer 

(insert) 

5′GTGGTGC↓TCGAGTCAAGATCCCTCGTTTTCAGAGGTC

TCAGCC3′ 

PIPE forward primer 

(vector) 

5′C↓TCGAGCACCACCACCACCACCACTGAGATCCGGCTG

CTAAC3′ 

PIPE reverse primer 

(vector) 

5′CA↓TATGGCTGCCGCGCGGCACCAGGCCGCTGCTGTGA

TGATGATG3′ 

Cloning vector pET-28b(+) 

Expression vector pET-28b(+) 

Expression host Escherichia coli BL21(DE3) 

Complete amino acid 

sequence of the 

recombinant construct 

See Fig 1a.  Other accession codes and database identifiers: 

UNIPROT ID Q9WYZ6; REFSEQ WP_010865141; GENPEPT 

4981039; GENEID 897578 

The NdeI and XhoI restriction sites are underlined, and arrows indicate the endonucleolytic cut-

sites; vector-derived amino acids in the recombinant protein, including the N-terminal His6 affinity 

tag, are specified in Fig 1a.  Recombinant wild-type Tma Hfq was expressed in native form, without 

selenomethionine or other forms of labelling. 
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seem SDS-resistant: Faint bands corresponding to hexamers and other oligomers persist even in 

denaturing gels (Figure 1b, lanes 6, 8, 9), similarly to E. coli Hfq [29,50].  As described above, the 

initial affinity chromatography step required the chaotrope GndHCl to strip away nucleic acids 

found to co-purify with His6–Tma Hfq.  The GndHCl was removed before proteolysis, and 

downstream experiments, such as CD spectroscopy and size-exclusion chromatography, suggested 

that the GndHCl-treated samples had resisted denaturation (data not shown).  Proteolysis of these 

samples removed the His6 affinity tag, yielding recombinant Tma Hfq that is nearly identical to the 

wild-type sequence (Figure 1a).  Size-exclusion chromatography served both as a final purification 

step (Figure 1b, lane 10) and to verify that previously Gnd-treated Tma Hfq could form hexamers 

(Chapter 4).  The purity and identity of Tma Hfq samples were confirmed by MALDI-TOF MS 

(Figure 1c), with the expected molecular mass matched to within 0.01%; additionally, the final 

samples are free of detectable contaminants, including in higher-mass regions beyond 20 kDa (e.g., 

cross-linked sample in Figure 1d). 

 To prepare for structure determination, and because of potential ambiguity regarding the 

oligomeric states of Hfq—from monomers, to hexamers, to higher-order species such as stacked 

double-rings and polymeric fibrils [32,51]—we used chemical cross-linking, followed by MS, to 

characterize the oligomeric states of Tma Hfq in vitro.  Such an approach has been used to examine 

the subunit stoichiometry of E. coli Hfq in hexameric rings and potentially higher-order (double-

ring) assemblies bound to RNA [6,30].  Purified Tma Hfq (Figure 1c) was found to cross-link as 

hexamers in vitro, consistent with the oligomerization behaviour of known Hfq homologs and with 

size-exclusion data (See Chapter 4).  The (Hfq)n oligomeric states n = 2, 3, 4, 5, 6 and 12 also 

appear in the MALD-TOF spectra of cross-linked samples (Figure 1d); notably, these low 

abundancy states also occur in gels of non–cross-linked samples, prior to size-exclusion 

chromatography (Figure 1b, lanes 8, 9).   
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Figure 2. Crystallization and diffraction of Tma Hfq. Well-diffracting crystals of Tma Hfq were 

found to exhibit non-crystallographic symmetry.  Diffraction-grade crystals (a, b) were grown by 

optimizing leads that were discovered by sparse-matrix screening.  The scale-bar in (a) and (b) 

represents 50 µm.  Consistent with a non-cubic space-group, images taken under cross-polarized 

light (a, b) exhibit birefringence, as most clearly seen when the analyser is rotated between 

otherwise identical images in the left/right halves of panel (a).  A representative diffraction pattern 

(c) exhibits Bragg peaks to beyond 3.0 Å; the yellow circle marks a characteristic ≈ 3.4 Å-ring, 

arising from diffuse scattering of vitreous ice.  The κ = 60°, 120° and 180° sections of the self-

rotation function, computed in spherical polar coordinates, are shown as stereographic projections 

in (d); the maps are contoured at values starting at 2.25σ above the mean, with a contour interval 

of 0.25σ.  For clarity, peaks corresponding to NCS are coloured blue (60°), orange (120°) or green 

(180°). 
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Screening of crystallization and cryo-protection conditions for purified Tma Hfq (Table 2) 

yielded reproducible, well-diffracting specimens (Figure 2).  Many initial crystals exhibited 

anisotropic diffraction, with a substantial fraction of reflections distorted over large wedges of data 

collection; anisotropy varied among the crystals within a drop, and screening of diffraction quality 

ultimately led to usable native datasets (Table 3, Specimen-1).  Notably, improved diffraction (d ≈ 

2.1 Å) was observed for crystals grown in drops with low concentrations of U5 RNA (Table 3, 

Specimen-2); this RNA was sub-stoichiometric (≈ 3 µM, vs mM-range [Hfq]), serving as more of 

an additive than a proper co-crystallizing agent.  Crystals grown in the absence or presence of RNA 

were isomorphous, and belonged to space-group P212121 with unit cell dimensions of a ≊ 39 Å, b 

≊ 133 Å, c ≊ 206 Å.  The final, optimized diffraction datasets show insignificant anisotropy and 

no twinning (consistent with an orthorhombic space-group), and the statistics are of sufficient 

quality for phasing efforts (Table 3).  The Matthews coefficient/solvent content (Table 3) is most 

compatible with ≈ 9–12 Hfq subunits per asymmetric unit (AU). 

Available Hfq crystal structures suggest that 12 subunits would arrange as two hexamers rather 

than, e.g., one 12 dodecamer.  Notably, the �⃗�𝑎 cell edge (Table 3) approximates the thickness of a 

typical Sm disc, implying that two Tma Hfq rings must pack laterally in the AU, potentially in an 

arrangement similar to the side-by-side heptameric rings in the P212121 form of M. 

thermautotrophicum SmAP1 [51].  To assess rotational symmetry within and between Hfq rings, 

the self-rotation function was computed.  As expected for crystals of 222 point-group symmetry, 

three peaks for mutually perpendicular 2–fold axes occur on the κ = 180° section (Figure 2d, black 

peaks).  More interesting, a great circle of six equally spaced 2–folds occurs perpendicular to �⃗�𝑎 

(Figure 2d, green peaks), along with 6– and 3–fold axes on the κ = 60° and 120° sections, 

respectively.  The spherical coordinates (φ, ψ) of the 3– and 6–fold axes show them to be parallel 

to one another and to the crystallographic �⃗�𝑎 direction, and therefore perpendicular to the 

aforementioned band of crystallographic (and non-crystallographic) 2–fold axes.  The self-rotation  



137 
 

Table 2. Macromolecular crystallization. 

Method Hanging-drop vapour diffusion 

Plate type VDX plates 

Temperature (K) 291 

Protein concentration 15.3 mg ml–1 (≈ 1.4 mM in monomer) 

Buffer composition of protein solution 25 mM Tris, pH 8.5; 100 mM NaCl 

Buffer composition of reservoir solution 150 mM tri-potassium citrate; 30% (w/v) PEG-3350 

Buffer composition of additives to drop 1.0 M glycine (and, optionally, U5 RNA [see text]) 

Drop composition (protein + reservoir + 

additive) 
5 µl (2.5 µl + 2.0 µl  + 0.5 µl) 

Volume of reservoir 600 µl 

Cryoprotectant Mother liquor supplemented with 4.4% v/v PEG-200 
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Table 3. X-ray diffraction data collection and processing. Values for the highest resoltution shell 

are given in parentheses 

 Tma Hfq [apo] Tma Hfq [r(U)5 additive] 

X-ray source (beamline) APS SER-CAT 22-ID APS NE-CAT 24-ID-C 

Wavelength (Å) 0.97879 0.97920 

Temperature (K) 100 100 

Detector MAR CCD 300mm Pilatus–6MF 

Crystal-to-detector distance (mm) 300 300 

Rotation range per image (°) 1.0 0.5 

Total rotation range (°) 360.0 180 

Exposure time per image (s) 1.0 0.5 

Space group P212121 P212121 

a, b, c (Å) 39.09, 133.50, 206.18 38.67, 133.13, 205.85 

α, β, γ (°) 90, 90, 90 90, 90, 90 

Mosaicity (°) 0.242 0.092 

Resolution range (Å) 81.594 – 2.653 81.43 – 2.05 

No. of reflections (total) 469 249 447 385 

No. of reflections (unique) 32 350 68 036 

Completeness (%) 99.8 (98.1) 99.7 (98.7) 
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Redundancy 14.5 (14.1) 6.6 (6.4) 

Signal-to-noise of merged intensities, 

〈I/σ(I)〉 
21.5 (2.5) 19.1 (2.3) 

Rsym † (%) 13.9 (150.2) 4.6 (80.6) 

Rmeas ‡ (%) 14.5 (155.9) 5.0 (87.6) 

Rp.i.m.
‡ (%) 3.8 (89.2) 2.0 (34.1) 

CC1/2 § (%) 99.9 (89.2) 99.9 (94.5) 

Overall B-value from Wilson plot (Å2) 51.1 36.39 

Matthews coefficient, VM (Å3 Da–1) 2.08 (for 12 subunits/AU) 2.04 (for 12 subunits/AU) 

Solvent content (% volume) 40.7 39.8 

†𝑅𝑅sym = (∑ 𝛼𝛼∑ |𝐼𝐼𝑖𝑖(ℎ𝑘𝑘𝑘𝑘) − 〈𝐼𝐼𝑖𝑖(ℎ𝑘𝑘𝑘𝑘)〉|𝑖𝑖ℎ𝑘𝑘𝑘𝑘 ) (∑ ∑ 𝐼𝐼𝑖𝑖(ℎ𝑘𝑘𝑘𝑘)𝑖𝑖ℎ𝑘𝑘𝑘𝑘 )⁄ , where 𝐼𝐼𝑖𝑖(ℎ𝑘𝑘𝑘𝑘) is the intensity of the 

𝑖𝑖th observation of reflection ℎ𝑘𝑘𝑘𝑘, 〈⋅〉 denotes the mean of symmetry-related (or Friedel-related) 

reflections, and the coefficient 𝛼𝛼 = 1; the outer summations run over only unique ℎ𝑘𝑘𝑘𝑘 with 

multiplicities greater than one. 

‡ 𝑅𝑅meas is defined analogously as 𝑅𝑅sym, save that the prefactor 𝛼𝛼 = �𝑁𝑁ℎ𝑘𝑘𝑘𝑘 (𝑁𝑁ℎ𝑘𝑘𝑘𝑘 − 1)⁄  is used; 

𝑁𝑁ℎ𝑘𝑘𝑘𝑘 is the number of observations of reflection ℎ𝑘𝑘𝑘𝑘 (index 𝑖𝑖 = 1 → 𝑁𝑁ℎ𝑘𝑘𝑘𝑘). Similarly, the precision-

indicating merging R-factor, 𝑅𝑅p.i.m., is defined as above but with the prefactor 𝛼𝛼 = �1 (𝑁𝑁ℎ𝑘𝑘𝑘𝑘 − 1)⁄ . 

§ 𝐶𝐶𝐶𝐶1/2 is the correlation coefficient between intensities chosen from random halves of the full 

dataset. 
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peaks are consistent with a Tma Hfq hexamer, and also imply additional 2–fold symmetry among 

the two hexamers in the AU (again, assuming a 2x6 arrangement).  The two hexamers are not 

related by a pure translation, given the absence of significant non-origin peaks in native Patterson 

maps (data not shown).  Along with the cell dimensions and 2x6 rim-to-rim packing argument 

(above), the lack of native Patterson peaks implies that the non-crystallographic 2–folds detected 

in the self-rotation function are not perfectly parallel to the crystallographic 21 screw axes of 

P212121.  Such could occur if (i) the 6–folds of the hexamers in the AU are not perfectly parallel to 

the crystallographic �⃗�𝑎, i.e., the Hfq ring is tilted with respect to that cell face, causing the NCS 2–

folds to misalign with the 21 axes; and (ii) the NCS 2–folds within(/among) the rings are not 

perfectly parallel to the 21 screw axes, i.e. the ring is not in perfectly ideal rotational ‘register’ (with 

respect to the cell edges) in the 𝑏𝑏�⃗  x 𝑐𝑐 plane.   

 Tma Hfq crystal structure was solved utilizing a probe of Bacillus subtillus Hfq hexamer 

in Phaser [42]. As expected, Tma Hfq crystallizes as a pair of hexamers side-by-side (not stacked), 

with the hexamers tilted in respect to each other, which is why there was no pure translation peak 

in the Patterson maps. Initial refinement was hampered by systematic alternating positive and 

negative difference density (Fo-Fc) (Figure 3) distributed throughout the structure (in protein and 

solvent channels. After refinement with the alternate density (Chapter 4, Table 4 for refinement 

statistics), we applied an alternative, more rigorous, anisotropy correction method (UCLA 

anisotropy correction server [52]) on the initial data and resolved the structure using the same 

methodology. This corrected the alternating density and improved the overall structure quality 

(Chapter 4 Table 4). With the improved data-quality we were able to identify bound co-purified 

nanoRNA U6 RNA in the proximal (L3) pore, which was not apparent in the initial solution. The 

Tma Hfq monomer is conserved among the two hexamer, with only small variations in the Loop 

L5 and the N-terminal tail. Tma Hfq crystal structure contains a stable N-terminal tail which extends 

almost parallel to �⃗�𝑎, contacting the ‘lower’ ASU. The N-terminal tail bridges a solvent channel ~12 
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Å wide, running the length of the ASU. Two parallel ASUs run diagonally from the corner of the 

cell, stacked head-to-tail, separated by the previously mentioned solvent channel. The ASU (n-2) 

in �⃗�𝑎 faces the opposite direction, stacking head-to-head with (n-1) ASU. This can be seen in the 

lattice packing in Figure 4, with minimal crystal contacts between parallel stacked ASUs, and the 

majority of crystal contacts between side-by-side ASUs which tilt down, creating a spiral or spring. 

Few contacts between adjacent ASUs can generate disordered crystals, possibly explaining the 

observed anisotropy. U RNA and other possible binding sites will be discussed in Chapter 4.  
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Figure 3. Systematic alternating density, a product of anisotropy. During initial refinement, 

systematic patches of alternating positive and negative difference density (Fo – Fc) was observed 

throughout the structure. The alternating density was resolved by using the UCLA anisotropy server 

and resolving the structure.  
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Figure 4. Lattice packing of Tma Hfq crystal. (A)(B) Tma Hfq crystallizes in the P212121 space 

group with two hexamers per ASU. The mobile N-terminal tail contacts the neighboring ASU, 

allowing its structure to be resolved. (C) Lattice packing viewed down the 𝑏𝑏�⃗  and (D) �⃗�𝑎 axes. Tma 

Hfq packs with few direct crystal contacts between parallel layers in the 𝑏𝑏�⃗  x 𝑐𝑐 plane, instead the 

majority of the crystal contacts are made between neighbors, which combined with the tilt of the 

adjacent monomers, spirals down creating multiple ‘springs’ with minimal crystal contacts 

connecting them. 
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1 Abstract 

The bacterial Sm protein, host factor for Qβ (Hfq), plays a vital role in regulation of bacterial gene 

expression via its function as an RNA chaperone. Post-transcriptional, RNA-based regulatory 

pathways enable bacteria to rapidly adapt to fluctuations in the bacterial micro-environment. Hfq 

regulates polyadenylation, translation, and degradation of RNA in vivo through direct interactions 

with messenger RNA and/or small regulatory RNA. In this study, we found that the putative Hfq 

homolog from the thermophillic Thermotoga maritima (Tma) heterologously co-purifies with U/C-

rich nanoRNAs, binding with a nanomolar affinity. Identified nanoRNA sequences all contain a 5’ 

monophosphate and a 3’ hydroxyl and compete with U-rich sequences for the proximal face of Hfq. 

Data suggests that the position of cytosine within the sequence, rather than the absolute number of 
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cytosines is the key factor in determining affinity. The crystal structure shows that, even under 

denaturing condition, a small amount of the heterologous nanoRNA remains bound. Tma Hfq forms 

a hexamer within the crystal, agreeing with previous studies on the functional form of Hfq in 

Escherichia coli (Eco) and other bacterial species. However, our studies of Tma Hfq suggest that 

an equilibrium exists between a homo-hexamer and a homo-dodecamer. Both oligomeric states are 

capable of binding poly-adenine and poly-uracil RNA with low nanomolar binding affinities, with 

poly-A and poly-U RNA preferentially binding to the dodecamer and hexamer, respectively. This 

leads to a shift in equilibrium between the states; poly-U shifting the equilibrium toward the 

hexameric state, and poly-A having no effect. 

2 Introduction 

Bacteria utilize complicated RNA-based regulatory pathways to allow for rapid adaptation 

to their changing micro-environment. The level of protein production is not static, but is highly 

regulated by the rate of translation and the availability of the mRNA transcript, which is dependent 

on both transcription and degradation. Many small, non-coding RNAs (sRNAs) combined with the 

chaperone Hfq add a level of post-transcriptional regulation to gene expression. Hfq was first 

identified as a host factor essential for the replication of RNA phage Qβ in Escherichia coli (Eco) 

[1]. Hfq has a flexible sequence recognition capacity; helping diverse trans-sRNAs bind their target 

mRNAs, either up or down-regulating translation. This allows bacteria to rapidly respond to 

fluctuations in environmental conditions including temperature, oxidative stresses, local cell 

density (quorum sensing), etc and pathogenic functions including bacterial virulence, and biofilm 

formation [2,3]. The central regulatory role of Hfq in numerous cellular pathways results in a 

pleiotropic phenotype when Hfq is disrupted in E. coli, by either mutation or by knockout. These 

phenotypes include increased sensitivity to low pH, UV light and high temperatures, as well as a 

decreased growth rate [4]. A common example of Hfq’s regulatory role is the sRNA-regulated 

translation of the RNA polymerase subunit σs. A factor in environmental stress response, σs requires 
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Hfq to facilitate the annealing of the trans-encoded regulatory sRNAs (DsrA, RprA, or ArcZ) to 

the target mRNA transcript (rpoS) [5-9]. In addition to its chaperone role, Hfq has also been shown 

to play an important role in RNA stability [10,11].  Specifically, Hfq can impede RNase E activity 

in the absence of sRNA by binding to a site near the RNase E cleavage site; when the sRNA is 

present Hfq facilitates annealing allowing for degradation by nucleases within the double stranded 

region (i.e. RNase III) or promote cleavage by RNase upstream of the regulatory region [12,13]. 

The precise molecular mechanism underlying RNA stabilization/destabilization and mediation and 

modulation of RNA···RNA interactions by Hfq, remains a challenging question. There exist a few 

hypothetical models, but due to gaps in our knowledge a single model has yet to be generally 

accepted for the molecular basis of Hfq activity [14].  

In order to dissect the molecular mechanism of Hfq activity, we must understand the 

structure and dynamics of Hfq. Hfq belongs to the Sm protein superfamily, which is ubiquitous 

across all three domains of life and considered to be one of the earliest evolving proteins [15]. The 

Sm fold consists of a small, highly-bent, five-stranded β-barrel preceded by a small N-terminal α-

helix. β-strand 4 (β4) and β-strand 5 (β5) form the interface between adjacent subunits in the protein 

oligomer, contributing to its overall thermostability [16,17]. Structural data have shown that Hfq 

self-assembles into stable homo-hexameric toroid structures (~70 Å in diameter, with a ~10 Å pore) 

in the absence of RNA, unlike the eukaryal canonical Sm core proteins, which assemble in a 

stepwise fashion around a template RNA [16-18].  The α-helixes lie on one side of the ring referred 

to as the Loop-3 (L3) or proximal face, whereas the opposite side is referred to as the Loop-4 (L4) 

or distal face. Both faces bind RNA and display distinct sequence specificity, the L3 face primarily 

binding uridine-rich RNA and the L4 face primarily binding adenine-rich RNA. An additional 

binding site on the lateral face (toroid edge), has been confirmed to bind single nucleotides [19]. 

The homo-hexamer model has been identified as the functional form of Hfq in E. coli and other 

bacterial species using multiple physical techniques (analytical ultracentrifugation, gel filtration 
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chromatography, and electron microscopy) [14,20,21]. Though some studies have suggested the 

occurrence of higher-order oligomeric states, the potential functional roles of such states remain 

elusive [18,22,23].  

In this study, we identified nanoRNAs heterologously co-purified with Thermotoga 

maritime (Tma) and determined their binding affinities. We also solved the Tma Hfq crystal 

structure bound with co-purified r(U)6 RNA, and characterize the self-assembly of Tma Hfq. We 

identified U/C-rich nanoRNAs that co-purify with Tma Hfq when heterologously expressed in E. 

coli, by liquid chromatography – tandem mass spectrometry (LC-MS/MS). We demonstrate that 

these nanoRNAs interact with Hfq with nanomolar affinities that vary based on cytosine 

substitution into the pentauridine or hexauridine sequences. Denaturing scheme purification 

removes most of the co-purified nano RNAs, but the crystal structure shows a small amount of 

r(U)6 remains bound on the L3 face. Two Tma Hfq···r(U)6 structures are presented; a lower 

resolution structure with no additional RNA added and a higher resolution structure co-crystallized 

with sub-stoichiometric amounts of r(U)5 RNA. The crystalline Tma Hfq exists as a homo-hexamer, 

but in solution we established that a dodecamer is in equilibrium with the hexameric state through 

a combination of biophysical techniques including chemical cross-linking, analytical size exclusion 

chromatography (AnSEC), ‘semi-native’ Western blots, and isothermal titration calorimetry (ITC). 

We were able to separate these two states with a combination of cross-linking and AnSEC. In order 

to assess the RNA-binding properties of these two oligomeric states, a series of binding assays were 

conducted, measuring the ability of Tma Hfq to bind both 5-Carboxyfluorescein labeled poly-

adenosine (FAM-r(A)18) and poly-uracil (FAM-r(U)6) RNAs. In contrast to previous studies with 

Hfq from other bacterial species, we find that both the hexameric and dodecameric states of Tma 

Hfq are able to interact with U-rich and A-rich RNA. Interestingly, the presence of r(U)6 shifts the 

equilibrium between the hexamer and dodecamer toward the hexameric state, whereas r(A)18 RNA 

does not alter the equilibrium. 
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3 Results 

3.1 Tma Hfq Co-purifies with Nucleic Acid  

Throughout protein purification, spectrophotometric readings indicated a 260nm/280nm 

ratio of approximately 1.80.  To assess whether Tma Hfq was co-purifying with nucleic acid the 

sample was separated on an anion exchange column to remove components with a large negative 

charge.  The chromatograph (Figure 6C), contained three ‘peaks’.  The 260nm/280nm ratios of 

these three are approximately 0.9-1.7, 1.7-1.9, and 2.0 in order of elution.   

Fractions from the first and second elution peak were analyzed by MALDI-MS, which 

contained a peak corresponding to the +1 and +2 charge state of Tma Hfq.  The third elution peak 

did not contain protein within the detection limit of MALDI-MS. 

The co-purifying nanoRNAs (CPNs) from peak 1 were isolated by phenol-chloroform 

extraction and concentrated by ethanol precipitation.  CPNs were subjected to a series of 

colorimetric assays to determine the sugar component [24]. The CPNs did not produce a colored 

product for the Benedict’s assay (free or reducing sugar) or the Dische diphenylamine assay 

(deoxyribose), (Figure 7A, 7C), whereas a notable blue product was observed for the Bial’s orcinol 

assay (pentose sugar), (Figure 7B).  

CPNs were further characterized by 1H and 31P NMR spectroscopy.  The 1H spectrum, 

(Figure 8A), contained peaks corresponding to both the sugar and base protons present in a 

nucleotide, but a specific base was not apparent.  The 31P spectrum (Figure 8B) contained three 

peaks corresponding to a phosphodiester at ~0ppm, phosphate monoester at ~4 ppm, and 

phosphonate at ~21 ppm. 

3.2 Identification of Hfq-binding nanoRNAs (Shugeng: HPLC and LC-MS/MS) 
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Figure 1. MALDI-TOF MS spectra of crosslinked Tma Hfq. Two distinct oligomeric states, 

hexamer and dodecamer, were observed for all three cross-linkers: A) 1-ethyl-3-[3-dimethylamino-

propyl] carbodiimide hydrochloride (EDC), B) formaldehyde, and C) glutaraldehyde; 

formaldehyde shows a split peak. D) Black spectrum is of Tma Hfq purified under non-denaturing 

conditions. The peak around 65 kDa is consistent with the expected molecular weight for a Tma 

Hfq hexamer, whereas the peak around 67 kDa is not consistent with an oligomeric state of Tma 

Hfq. Hfq was spiked with r(CU2CU) (red), indicated a 1:1 stoichiometry between Tma Hfq and 

r(CU2CU). Hfq spiked with r(U)5 (blue), suggests that stoichiometry of Hfq to r(U)5 can be either 

1:1, 1:2, or 1:3.  The shift in molecular weight upon addition of isolated binding partner suggests 

that the peak at 67 kDa is due to crosslinking Tma Hfq to oligonucleotides that co-purify with the 

protein. 
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The different components of the binding partner sample were separated by HPLC; the sequences 

of six of the components were determined by LC-MS/MS, (Table 1).   All six were 5 to 6 nts in 

length with a 5’ monophosphate and 3’ hydroxyl. Identified nanoRNAs were synthesized and 

purified by integrated DNA Technologies (IDT) for further studies. 

3.3 Binding Partners Interact with the Hfq Hexamer  

Hfq was crosslinked with formaldehyde indirectly via vapor diffusion [25].  The MALDI TOF MS 

spectrum of crosslinked Tma Hfq, (Figure 1C, D), contained two peaks not baseline resolved in the 

65 kDa to 67 kDa region of the MS spectrum.  The peak around 65 kDa is consistent with the 

expected molecular weight for a Tma Hfq hexamer, whereas the peak around 67 kDa is not 

consistent with an oligomeric state of Tma Hfq. 

 Tma Hfq spiked with fraction 13 (r(CU2CU)) and 23 (r(U5)) from the HPLC purification 

of the isolated binding partners were crosslinked with formaldehyde. The relative intensity of the 

peak at 67 kDa was increased in the spectrum of Tma Hfq with 13, (Figure 1D).  The spectrum of 

Tma Hfq with r(U5) had 3 peaks that are not baseline resolved in the 66kDa to 77kDa region of the 

spectrum (Figure 1D).    

3.4 Hfq Binds nanoRNAs with Nanomolar Affinity  

Binding affinity of FAM-r(U)6 and Tma Hfq was determined by measuring fluorescence 

polarization with varying Tma Hfq concentrations (Figure 9B), resulting in a dissociation constant 

(Kd) of 9.64 nM (N=4) after fitting the data to the Boltzmann equation. The concentration of the 

Hfq-binding nanoRNAs required to displace 50% of FAM-r(U)6 (IC50) (Table 1), was determined 

by measuring fluorescence polarization at varying nanoRNA concentrations, (Figure 9A). 

Inhibition constant (Ki) for each nanoRNA (Table 1), were calculated using: 

𝐾𝐾𝐾𝐾 =  𝐼𝐼𝐼𝐼50
1+[𝑆𝑆]

𝐾𝐾𝐾𝐾

 (2) 
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Table 1. Tma Hfq co-purified oligonucleotide properties 

Oligo 

Name 
Sequence 

Chromatograph 

Fraction 

MW 

(g/mol) 
N 

IC50 

(nM) 
Ki

c 

r(U)5 

5’Phos-

rUrUrUrUrU 
f23 1548.9 4 6 ± 1 

4.0 ± 

0.7 

r(U3CU) 
5’Phos-

rUrUrUrCrU 
f17 1547.9 4 13 ± 1 

8.8 ± 

0.8 

r(CU2CU) 
5’Phos-

rCrUrUrCrU 
f13 1546.9 4 24 ± 1 

16.0 ± 

0.7 

r(U4C) 
5’Phos-

rUrUrUrUrC 
f19 1547.9 4 25 ± 1 

16.6 ± 

0.7 

r(CU2CU2) 
5’Phos-

rCrUrUrCrUrU 
f21 1853.1 5b 4 ± 1 

2.7 ± 

0.7 

r(U4CU) 
5’Phos-

rUrUrUrUrCrU 
f28 154.0 4 28 ± 1 

18.5 ± 

0.8 

a  Oligonucledotides identified via LC-MS/MS and their binding affinity probed using a competitive 

polarization assay utilizing FAM-r(U)6 as labeled ligand 

b  Data points at 10 µM and 20 µM were collected in 3 replicates 

c  The Ki was calculated using the Kd for FAM-r(U)6, 9.64 under experimental conditions (N=4) 
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where [S] is the concentration of FAM-r(U)6 and Kd is the binding constant for FAM-r(U)6 under 

experimental conditions. 

3.5 Tma Hfq Assembles into Two Distinct Oligomeric States 

Tma Hfq purity was assessed pure by sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE, Figure 6A) and MALDI-TOF MS (Figure 6B), which revealed two 

peaks corresponding to the +1 and +2 charge states of Tma Hfq. Crosslinking (EDC, formaldehyde, 

and glutaraldehyde) followed by MALDI-TOF MS gave mass spectra containing two predominant 

peaks in the 20,000 to 200,000 mass-to-charge (m/z) ratio range (Figure 1A, B, C), roughly 

correspond to the expected molecular weight for Tma Hfq hexamer (64.8 kDa) and dodecamer 

(129.6 kDa). Specific molecular weights and oligomeric states measured by MALDI-TOF MS for 

each cross-linking reagent are summarized in (Table 3).  

Additional peaks were observed corresponding to the +2 charge state of the protein 

hexamer and intermediate oligomeric states; presumably due to incomplete cross-linking of the 

sample (Figure 1A, B, C). A secondary peak at a molecular weight approximately 1500 Da greater 

than the Hfq hexamer peak was found in the formaldehyde treated sample (Figure 1B, 1D) and was 

confirmed to be the previously mentioned nanoRNAs. 

Analytical size exclusion (AnSEC) was used to determine molecular weights of the Tma 

Hfq oligomers present in solution.  Based on a standard curve, the molecular weight of Tma Hfq in 

solution is approximately 98.4 kDa (Figure 2A, blue), corresponding to a nonamer. To resolve 

whether the discrepancy between oligomeric states determined by AnSEC and by cross-

linking/MALDI-TOF MS is due to the hydrodynamic envelope of the Hfq hexamer, versus a 

relatively rapid equilibrium between the hexamer and dodecamer, a EDC-crosslinked Tma Hfq 

sample was also run on AnSEC. The crosslinked sample (Figure 2A, red) exhibits two peaks 

corresponding to molecular weights of approximately 72.8 kDa and 187.9 kDa, which can be  
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Figure 2. Chromatogram of AnSEC separation of native and crosslinked Tma Hfq. A) 

Chromatogram of the native sample contained a single peak corresponding to a 9-mer (9.11 ± 0.07 

subunits) of Tma Hfq, whereas the crosslinked sample contained two peaks corresponding an Hfq 

hexamer (6.75 ± 0.09 subunits) and ~17-mer (17.4 ±0.6 subunits).  The presence of a single peak 

with an intermediate retention time in the native sample suggests equilibrium exists between the 

two oligomeric states. The predominant peaks observed in the MALDI-TOF spectrum of 

recombinant Tma Hfq from B) peak 1 and C) peak 2 of the AnSEC separation can be contributed 

to the hexameric form of Tma Hfq.  A significantly smaller peak corresponding to the Tma Hfq 

dodecamer is observed in both spectra.  Additional peaks are observed below 60 kDa that 

correspond to lower level oligomeric states of Hfq that are presumably due to incomplete cross-

linking.  No peak was observed around 183.6 kDa, which would correspond to a Tma Hfq 17-mer. 
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attributed to a Tma Hfq hexamer (AnSEC pk2) and 17-mer (AnSEC pk1). MALDI-TOF MS spectra 

for AnSEC pk2 contained a peak corresponding to the Hfq hexamer along with a significantly 

smaller peak corresponding to the expected molecular weight of an Hfq dodecamer; lower 

molecular weight peaks were also observed suggesting that cross-linking was not complete (Figure 

2C). MALDI-TOF MS spectra for AnSEC pk1 (Figure 2B) contained two peaks corresponding to 

the Hfq hexamer and dodecamer, but no peak corresponding to a 17-mer was observed.  

3.6 Structure Determination and Analysis 

Crystals were grown in two reproducible crystal conditions: 150 mM tri-potassium citrate 

and 30% w/v PEG-3350 with either 1.0 M glycine or 0.1 M sarcosine as an additive. Crystals were 

isomorphous, belonging to space group P212121 with cell dimensions a = 39 Å, b = 133 Å, c = 206 

Å (±1%). After repeated trials, solvable datasets were collected with a significant amount of 

anisotropy. These were initially solved with anisotropy correction from Phenix, but systematic 

alternating density was observed in the structure during refinement which was rectified using the 

UCLA Anisotropy Server [26], and the structure was refined without issue (See Chapter 3). 

Crystals were co-crystallized with r(U)5 resulting in significantly improved diffraction from 2.65 

to 2.1 Å. Both Tma Hfq structure were solved using the same methodology (See Chapter 3 for 

methodology) (For diffraction and refinement statistics see Table 4). Tma Hfq packed as two homo-

hexamer rings per asymmetric unit (ASU) with contacts between the lateral faces. The hexameric 

ring exhibits a diameter of ~70 Å with a ~10 Å pore, consistent with other Hfq structures [16,17,27] 

(Figure 4A). Tma Hfq monomer contains an N-terminal α-helix followed by a β-sheet with the 

standard β5-β1-β2-β3-β4 topology of the Sm fold (Figure 4A, 4B). One of twelve monomers in the 

ASU contains a structured N-terminal chain extending perpendicular to the toroid plane stretching 

to a hexamer in the adjacent ASU (Figure 3A). Density on the L3 face was identified as a strand of 

r(U)6 bound around the pore; crystal averaging creating a seemingly continuous r(U)6 ring (Figure 

4B). The uridines are bound in the known Hfq uridine-binding pockets, with a 1-to-1 ratio with  
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Figure 3. Tma Hfq co-crystallizes with a small r(U)6 RNA strand and has an ordered N-

terminal tail. (A) One of the twelve monomers in the ASU has an ordered N-terminal tail which 

extends to an adjacent ASU. (B) r(U)6 binds in the known U-rich RNA binding pocket on the L3  

face. Tyr-44 base stacks with the uridine base, while glutamine-10 from the adjacent monomers 

forms a hydrogen bond which is known to be key for specificity. Electron density maps are 2mFo-

DFc shown at 1.2σ, with the Tma Hfq protein map colored gray and the bound r(U)6 map in blue. 

(C) Lateral rim binding site of E. coli Hfq consists of an aromatic residue near the L3 face (Phe-

39) and an arginine patch farther down the rim. Phe-39 (Tma Hfq Phe-41) and Arg-16 (Tma Hfq 

Arg-18) are conserved in Tma Hfq. (D) The conserved A-binding site (R-site in Gram-negative 

bacteria, A-site in Gram-positive bacteria) is conserved in Tma Hfq.  
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Tma Hfq monomers. Uridine bases are π-stacked with tyrosine 44 (Y44) and hydrogen-bonded to 

glutamine 10 (Q10) of the previous monomer (Figure 4C). Occupancy of the uridines varies 

between 0.54 and 0.65, suggesting only some of the Tma Hfqs contain bound r(U)6 (and 

interestingly occupancies are slightly lower for the higher resolution r(U)5-additive structure, 

ranging from 0.48 – 0.63). The conserved aromatics (Tyr-25 and Phe-39 in E. coli) responsible for 

A-rich RNA binding and the lateral rim binding are conserved in Tma Hfq (Tyr-27 and Phe-41) 

(Figure 4D), though Tma Hfq lacks some of the positive arginine patch on the lateral rim.   

3.7 Hfq is in Equilibrium Between Hexamer and Dodecamer States 

To further elucidate the equilibrium between the hexamer and dodecamer states of Hfq, 

oligomer dissociation upon dilution was monitored by ITC (Figure 4A, B). As the concentration of 

Tma Hfq increases in the sample cell, the thermal heat released upon injection of Tma Hfq 

decreased until the sample cell reached a concentration of Tma Hfq at which the dodecamer no 

longer dissociated into hexamer (Figure 4A, B); therefore, the forward direction of the hexamer to 

dodecamer transition is monitored. ITC experiments (N=4) indicated that the association constant 

(Ka) and the enthalpy of association (ΔHa) are 0.5 ± 0.1 µM and 36.7 ±0.6 kcal/mol at 25°C, 

respectively. Gibbs free energy change was calculated to be −7.8 ± 0.1 kcal/mol (N=4) for the 

association of hexamers to dodecamer, indicating the transition is favorable.    

To verify that the oligomeric state transition being monitored by ITC (in the range of ~183 

nM to 4 µM Tma Hfq) is genuinely a dodecamer to hexamer transition, we performed semi-native 

Western blots, which indicated the two predominant oligomeric states present in the concentration 

range (20 µM to 78 nM Tma Hfq) are, as predicted, hexamer and dodecamer (Figure 4C, 4D, 4E).  

The absence of Tma Hfq monomer in this concentration range was not due to a preference of the 

rabbit anti-Tma Hfq pAb for the hexamer. Fluorescence signal intensity of each band was used to  
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Figure 4. Representative isothermal titration calorimetry (ITC) data of Tma Hfq dissociation 

(dodecamer to hexamer) (A) Representative thermograph of thermal power (µcal/sec) as a 

function of time (sec); peaks are at constant intervals correspond to the injection of Tma Hfq 

(titrant) into dialysis buffer (sample cell). (B) Area under each peak is integrated then normalized 

to the moles of injected Tma Hfq (kcal/mol of injectant), and plotted against the concentration of 

Tma Hfq.  Data was fit to a modified Hill’s equation and the Ka and ΔH were determined to be 0.5 

± 0.1µM and 36.7 ± 0.6 kcal/mol (N=4), respectively. Semi-native Western blots of Tma Hfq: (C) 

Semi-native Western blot of (D) Tma Hfq apo, (E) Tma Hfq with r(U)6, and E) Tma Hfq with 

r(A)18. F) Flourescence was plotted and fit, determing Kd for each trial. 
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Table 2. Summary of apparent thermodynamic parameters for dodecamer-hexamer equilibria. 

Calculated by ITC dilution experiments and semi-native western blot analysis. Dissociation constants 

(Kd) determined for FAm-r(U)6 and FAM-r(A)18 with difference oligomeric states of Tma Hfq 

Equilibrium 
Kd

* 

(µM) 

ΔGd 

(kcal/mol) 

ΔHd 

(kcal/mol) 

ΔSd 

(cal/mol·K) 

Hfq6 ⇌ Hfq6::Hfq6 1.9 ± 0.3 7.81 ± 0.08 −36.9 ± 0.1 −150.1 ± 0.7 

Hfq6::Hfq6 ⇌ Hfq6 1.0 ± 0.2 ̶ ̶ ̶ 

Hfq6::Hfq6 + U6 ⇌ 

Hfq6 + U6 
1.8 ± 0.4 ̶ ̶ ̶ 

Hfq6::Hfq6 + A18 ⇌ 

Hfq6 + A18 
1.0 ± 0.2 ̶ ̶ ̶ 

RNA Affinity Sample Description 
FAM-r(U)6 

Kd
* (nM) 

FAM-r(A)18 

Kd
* (nM) 

Native Equilibrium 61 ± 10 236 ± 38 

EDC ‘static’ 116 ± 29 231 ± 30 

AnSEC pk1 Dodecamer 79 ± 10 163 ± 24 

AnSEC pk2 Hexamer 57 ± 23 333 ± 31 

* Kd values calculated using Hfq monomer concentrations 
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estimate the fraction of hexamer and dodecamer at each concentration, generating binding curves 

approximating the Ka (Figure 4F) (Table 2).   

3.8 Both Oligomeric States have Nanomolar Affinities for Poly-A and Poly-U RNA  

RNA-binding properties of the hexamer and dodecamer states of Tma Hfq were monitored 

by fluorescence polarization assays using FAM-r(A)18 and FAM-r(U)6 to explore the L4 and L3 

binding faces respectively. Tma Hfq states used in these experiments include: (i) native Tma Hfq 

(“native”), (ii) EDC-crosslinked Tma Hfq EDC (“EDC”), (iii) EDC-crosslinked dodecamer 

(“AnSEC pk1”) and (iv) EDC-crosslinked hexamer (“AnSEC pk2”).  Fluorescence polarization 

data from four independent experiments were averaged and plotted against Hfq monomer 

concentration yielding dissociation constants (Kd) for each state of Tma Hfq with FAM-r(A)18 and 

FAM-r(U)6 (Table 2). Kd for FAM-r(A)18 was approximately equivalent for the native and EDC 

states of Tma Hfq, whereas the Kd for AnSEC pk1 and AnSEC pk2 are significantly different 

(P<0.1, based on unpaired t-test, not assuming the same standard deviation  [56]).  

Semi-native Western blots of Tma Hfq in the presence of stoichiometric equivalents of 

each U-rich and A-rich RNAs (1:1 Hfq to RNA) revealed that in the presence of r(A)18 the hexamer 

to dodecamer Kd was unaffected, whereas in the presence of r(U)6 the Kd increased by roughly two-

fold (from 1.0 ± 0.2 µM to 1.8 ± 0.4 µM) (Figure 4C, D, E, F, Table 2).  

4 Discussion 

The preference of Hfq to bind of A/U rich RNA sequences is well documented in previous 

studies [28-31]. Crystal structures have indicated that A-rich and U-rich RNA sequences bind on 

opposite sides of the Hfq hexamer referred to as the L4 and L3 faces, respectively [18,32]. In this 

study, we identified U/C-rich nanoRNA sequences of 5 to 6 nucleotides, which co-purify with Tma 

Hfq when heterologously expressed in E. coli. The crystal structure of Tma Hfq has shown that 
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these nanoRNAs do not completely dissociate during denaturing conditions (due to a combination 

of high stability of the Tma Hfq hexamer and high affinity of Tma Hfq to its RNA targets) and bind 

in the known uridine-binding pocket. While Tma Hfq crystallizes as a hexamer, in solution there is 

equilibrium between a hexamer and a higher-ordered dodecamer. The hexamer and dodecamer both 

bind A-rich and U-rich RNA, with dodecamer formation lowering the Kd of A-rich strands, and U-

rich RNA binding shifting the equilibrium to hexamer.  

The overwhelming majority of in vitro biochemical studies have utilized only a few 

homologs of Hfq, mainly E. coli and other mesophilic γ-proteobacteria,; and data from other Hfq 

systems would allow comparative analysis that would broaden our understanding of this RNA 

regulatory system, and better understanding of the mechanism by which Hfq facilitates 

RNA···RNA interactions [19,33]. To examine the evolutionary conservation and for comparative 

analysis of Hfq binding, we decided to look into the structure and binding of the deep branching 

hyperthermophilic Thermotoga maritima (Tma) Hfq. The thermophilic Tma ecosystem (~90ºC) 

could necessitate tighter binding and greater thermostability of the hexamer. During initial 

purification (including a heat cut step at 80º C) a high A260nm/A280nm ratio during 

spectrophotometric measurement of the protein sample indicated Tma Hfq was purifying with 

nucleic acid. The measured A260nm/A280nm ratio throughout purification was approximately 

1.80; accepted A260nm/A280nm ratios for “pure” DNA, RNA, and protein are 1.8, 2, and 0.57, 

respectively [34].  A series of colorimetric chemical reactions determined that Tma Hfq was, in all 

likelihood, co-purifiying with RNA. The predominant phosphodiester peak at 0 ppm in the 31P 

NMR spectrum (Figure 8A) indicated oligonucleotides and the 1H NMR spectrum (Figure 8B) 

verified the presence of a nucleotide in the sample, but could not conclusively identify the base. 

Peak broadness in the 1H NMR spectrum indicated the sample contained multiple components, 

which was further supported by thin layer chromatography and MALDI-MS (data not shown). 

Binding partners were separated by HPLC and sequences were determined by LC-MS/MS; six 
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nanoRNAs identified are listed in Table 1.  All six oligonucleotides have a 5’ monophosphate 3’ 

hydroxyl groups suggesting that this end chemistry is favorable for Hfq binding.  Further studies 

need to be performed to determine the effect of the other end chemistry (i.e. 5’ hydroxyl) on the 

affinity of nanoRNAs for Tma Hfq. 

 The two peaks around 65 kDa and 67 kDa of the MALDI-MS spectrum of formaldehyde 

crosslinked Tma Hfq, black spectrum in Figure 1D, are consistent with Hfq in its hexamer form in 

the presence and absence of nucleic acid.  To verify that the binding partners being isolated by 

HPLC account for the peak at 67 kDa, the protein sample purified under the denaturing scheme 

was spiked with the isolated co-purified nanoRNAs separated into HPLC fractions. The relative 

intensity of the peak at 67 kDa was increased in the spectrum of Tma Hfq with r(CU2CU) (Figure 

1D). The single peak generated by addition of r(CU2CU) indicates a 1:1 stoichiometry between 

(Tma Hfq)6 and r(CU2CU). Similar results were observed for r(U3CU), r(U4C), r(CU2CU2), and 

r(U4CU) (data not shown). Interestingly, the spectrum of Tma Hfq with f23, corresponding to r(U)5 

(Figure 1D), had 3 non-baseline resolved peaks in the 66kDa to 77kDa region of the spectrum, 

suggesting a higher stoichiometry for (Tma Hfq)6:r(U)5: 1:1, 1:2, or 1:3. The higher stoichiometry 

would be possible if multiple U-rich RNA strands could ‘share’ the L3 binding pocket, with each 

having only 1 or 2 nucleotides bound; or the result of additional binding sites on the lateral surface, 

which have previously been identified in E. coli but without a high specificity for U-rich RNA 

[35,36].  

Variance in the IC50 and Ki for the nanoRNAs reported in Table 1 shows a preference for 

Tma Hfq interaction with uracil. Specifically, the data indicates a uracil at the 3’ end of the 

nanoRNA is important for high affinity interactions with Tma Hfq, whereas a cytosine in the fifth 

position of a 5nt or 6nt nanoRNA drastically decreases the affinity of the nanoRNA. These finding 

are consistent with a previous study that showed that binding to the L4 face of Hfq from Salmonella 

typhimurium is specific to the 3’ end of RNA [31]. Single nucleotide substitutions in a hexa-uridine 
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substrate at either the first or sixth position, indicated that cytosine in the sixth position should have 

little to no effect on binding affinity.  It should be noted that a 13-20 nM binding affinity was 

observed for Sty Hfq with r(U)6, r(U5C), and r(U5A), whereas our data indicates that Tma Hfq has 

a much higher affinity (3-6 nM) for r(U)5 and r(CU2CU)2. This discrepancy is likely due to 

differences in the L3 binding site between the homologs, specifically residues Sty F42/ Tma Y44 

and Sty Q41/ Tma S43. Eco Hfq has the same binding site residues as Sty Hfq. The higher affinity 

could be necessitated by the thermophilic environment of Tma, where dissociation and cycling 

would be more rapid. Due to high conservation in the binding site we would predict that the 

nanoRNAs identified in this study interact with Eco Hfq with nanomolar affinities (proximal 

binding site of Sty Hfq and Eco Hfq are identical). Interestingly, the two cytosines in r(CU2CU2) 

do not adversely affect the binding affinity, on the contrary a slightly higher binding affinity is 

observed compared to r(U)5.  This indicates that two consecutive uracils are required at either the 

5’ or 3’ end of the sequence. This data suggests that cytosine isn’t discriminated against as 

previously hypothesized, but likely reduces the number of hydrogen bonds resulting in a lower 

binding affinity when at the 3’ end of the sequence [18]. 

Purification of Tma Hfq under denaturing conditions lowers the A260nm/A280 ratio to 

0.83 or lower, indicating a removal of most nucleic acid (pure protein is ~0.67). However, when 

crystallized without the addition of RNA density corresponding to a small RNA strand was 

discovered on the L3 face in the traditional uridine-binding pocket. Each base nestles in a pocket 

at the monomer interface, with the phosphates in the pore. The uridine base is π-stacked with 

tyrosine-44 and hydrogen bonded to glutamine-10 of the adjacent monomer, similar to previously 

models. Sterics do not appear to preclude a cytosine from binding within the uridine pocket (Figure 

3C).  

Numerous studies have demonstrated that hexamers are a functional form of Hfq 

[7,10,14,33]. The crystal structure of Tma Hfq (Figure 3B) supports the formation of a Tma Hfq 
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hexamer, with each monomer exhibiting the Sm fold that is characteristic of Hfq proteins. Some 

studies have indicated the presence of higher order oligomeric states in vitro, though presently any 

in vivo physiological roles of these higher order oligomeric states remains elusive [17-19,22,23,33].  

A recent study of the oligomerization of Hfq from E. coli found that Hfq adopts multiple oligomeric 

states at µM concentrations [10].  Furthermore, this study indicated that the midpoints of the 

monomer-to-hexamer and the hexamer-to-multimer equilibria are 0.8 µM and 4.9 µM, respectively.  

The midpoints of these two transitions suggest that at intracellular concentrations (1 µM in E. coli) 

the predominant oligomeric states are the monomer and hexamer [37]. During crosslinking of Tma 

Hfq, the presence of a higher order peak corresponding to a dodecamer in addition to a hexamer 

was seen with all three cross-linking reagents (formaldehyde, glutaraldehyde, EDC) (Table 3).  The 

relative size of the dodecamer peak with respect to the hexamer peak, increases as the cross-linker 

length increases (EDC<formaldehyde<glutaraldehyde), suggesting while higher order states are 

present in vitro, the hexameric rings are not in as close contact as the individual monomers in the 

hexamer.   

AnSEC elution volumes observed for the native and crosslinked Tma Hfq samples suggest 

that the hexamer and higher order oligomeric state are in relatively rapid equilibrium. Native Tma 

Hfq elutes as one species at a molecular weight corresponding to a nonamer (Figure 2A). 

Crosslinking with EDC prior to AnSEC yields two peaks corresponding to a hexamer and a higher-

ordered oligomer confirmed by MALDI-TOF MS to be a dodecamer (Figure 2B, C). The presence 

of a hexamer in the crosslinked sample agrees with the results obtained by MALDI-TOF MS 

analysis of the same sample and suggests that the shape of the protein is not the sole factor causing 

the higher apparent molecular weight in AnSEC. The orientation or spacing between the hexamers 

(linked tightly as a double layered ring or as two separate rings connected by a flexible linker) in 

the dodecamer could correspond to a large change in hydrodynamic radius resulting in the higher 

apparent molecular weight. Further studies are needed to determine the three-dimensional structure 
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of the putative dodecamer, specifically determining the interface between the hexamers. A Ka of 

0.5 ± 0.1 µM determined by ITC of the dodecamer-to-hexamer dissociation is 10-fold lower than 

what was previously determined for Eco Hfq [10].  Semi-native Western blot verified that the two 

predominant oligomeric states in the concentration range being monitored by ITC (20 µM to 78 

nM Tma Hfq) are indeed the hexamer and dodecamer (Figure 4C, D, E).   

It is common for proteins from thermophilic bacteria to adopt higher-order oligomeric 

states versus their mesophilic homologs [38,39]. These higher-order states tend to be associated 

with enhanced thermostability; with formation of the proper oligomeric state critical for function. 

Fluorescence polarization utilizing FAM-r(A)18 (L4 face) and FAM-r(U)6 (L3 face) probes revealed 

that both hexamer and dodecamer states of Tma Hfq bound poly-A and poly-U RNA strands with 

nanomolar affinity. The Kd for FAM-r(U)6 for the native and EDC crosslinked samples were 

statistically different (P<0.01, based on unpaired t-test with Welch’s correlation), suggesting the 

populations of dodecamer and hexamer varied between the two samples. For FAM-r(U)6, the Kd 

was similar for the native and hexameric states, but differed significantly between the dodecamer 

and native states. In contrast, the Kd for FAM-r(A)18 was approximately equivalent for the native 

and EDC states of Tma Hfq, whereas the Kd for crosslinked dodecamer and crosslinked hexamer 

are significantly different (P<0.01, based on unpaired t-test with Welch’s correlation), with FAM-

r(A)18 exhibiting a 2-fold higher affinity for Tma Hfq dodecamer.  Cumulatively, these finding 

suggest that the relative population of the two oligomeric states is altered by the presence of poly-

U RNA, shifting the equilibrium toward the hexameric state.  

Semi-native Western blots of Tma Hfq in the presence of RNA support r(U)6 shifting the 

equilibrium toward a hexamer, whereas r(A)18 does not appear to alter the equilibrium either 

direction, suggesting that the L3 faces form the interface between the two hexamers in the 

dodecameric state (Figure 5).  This proposed model is supported both by the RNA-binding 

properties of the two oligomeric states and by the effect of poly-U RNA on the equilibrium between  
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Figure 5. Working model of Tma Hfq oligomerization. Working model for the equilibrium that 

exist between the oligomeric states of Hfq in solution.  The dodecamer forms with the proximal 

faces forming the interface between the two Hfq hexamers.   
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the two states. Unfortunately, the nanomolar binding affinity of the dodecamer for FAM-r(U)6 is 

not consistent with an occluded binding site. A possible explanation for this inconsistency is the 

presence of an additional binding site on the Hfq toroid structure. The lateral surface of the Eco 

Hfq hexamer has been shown to play an important role in Hfq-RNA interactions. This lateral 

surface of Eco Hfq has no apparent nucleic acid sequence specificity and was inefficient for r(U)6 

RNA-binding in a L3 site mutant  [19,31,36]. While the L3 and L4 binding sites are fairly conserved 

between Eco Hfq and Tma Hfq, the lateral binding surface is drastically different. Of the residues 

shown to be involved in RNA interactions on the later surface of Eco Hfq, phenylalanince-39 (F39), 

arginine-16 (R16), arginine-17 (R17), glutamic acid-18 (E18), and arginine-19 (R19)[19,19], only 

F39 and R16 are conserved in Tma Hfq.  Instead of the arginine-rich rim present in E. coli Hfq, the 

equivalent surface consists of arginine-18 (R18), valine-19 (V19), asparagine-20 (N20), and lysine-

21 (K21). Future studies could concentrate on characterizing the lateral binding site through the 

use of Tma Hfq mutants and strategically designed RNA-probes. An alternative explanation for the 

nanomolar binding affinity of r(U)6 RNA is that the two hexameric rings are not stacked in perfect 

alignment, but instead staggered, or loosely tethered, allowing for poly-U RNA to bind to the 

dodecameric state in a manner that decreases the stability of the oligomer and results in dissociation 

of the two hexamers.  To determine the mode of binding, future experiments could examine the 

orientation of the two hexamers in the dodecamer, as well as the location of poly-U binding on the 

dodecamer. 
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5 Methods 

5.1 Cloning and Expression 

The coding sequence for T. maritima (Tma) Hfq (geneID = 897578) was cloned into the pET-

28b(+) vector (Novagen) using polymerase incomplete primer extension (PIPE) [40]  between the 

NdeI and XhoI restriction sites.  The vector and insert were transformed into chemically competent 

E. coli TOP10 cells for ligation and amplification. Plasmid was purified from TOP10 cells using 

the QIAprep Spin Miniprep Kit (QIAGEN); purified plasmid was transformed into competent E. 

coli BL21 (DE3) cells for expression.  The transformed cells were grown at 37°C in LB broth and 

induced with 1 mM IPTG at an OD600 between 0.8 and 1.0 for 4 hrs. The culture was centrifuged 

at 15,000g for 5 min at 4°C and stored at -20°C overnight.   

5.2 Denaturing Scheme Protein Purification 

Cell pellet was subjected to a freeze/thaw cycle prior to resuspension in lysis buffer (50 mM Tris 

pH 7.5, 750 mM NaCl, 0.4 mM phenylmethylsulfonyl fluoride (PMSF), 0.01 µg/mL lysozyme, egg 

white (Fisher)).  Cells were incubated at 37°C for 30 min followed by mechanical lysis using a 

microfluidizer.  Lysate was centrifuged at 35,000g for 20 min at 10°C.  Supernatant was incubated 

at 85°C for 20 minutes then centrifuged at 35,000g for 20 min at 10°C. The sample was denatured 

by addition of guanidinium hydrochloride (gnd-HCl) to a final concentration of 6 M. Supernatant 

was loaded onto a Ni2+ charged affinity column (HiTrapTM chelating Hp) using AKTAprimeTM plus, 

followed by 10 column volumes of wash buffer (50 mM Tris pH 7.5 containing 150 mM NaCl, 6M 

gnd-HCl and 10 mM imidazole) and eluted with elution buffer (50 mM Tris pH 7.5 containing 150 

mM NaCl, 6 M gnd-HCl and 600 mM imidazole) using a 0-100% gradient.  The elution fractions 

were analyzed with SDS-PAGE then refolded by slow removal of denaturant via dialysis into 25 

mM Tris pH 8.0, 1 M arginine, and 0.2 mM PMSF overnight.  The sample was then dialyzed in 50 

mM Tris pH 8 containing 150 mM NaCl and 12.5 mM EDTA for digestion.  Protein was digested 



173 
 

 

with thrombin (1:600) overnight at 37°C and cleavage was verified by matrix assisted laser 

desorption/ionization spectrometry (MALDI TOF MS). After digestion, the sample was run over a 

benzamidine column to remove thrombin then a preparative gel filtration column to ensure that the 

protein was folded. 

5.3 Oligonucleotide Purification 

 The protein purification protocol was followed through the heat cut step. The sample was loaded 

onto a Ni2+ charged affinity column (HiTrapTM chelating Hp) using AKTAprimeTM plus, followed 

by 10 column volumes of wash buffer (50 mM Tris pH 7.5 containing 150 mM NaCl, and 10 mM 

imidazole) and eluted with elution buffer (50 mM Tris pH 7.5 containing 150 mM NaCl, and 600 

mM imidazole) using a 0-100% gradient.  The elution fractions were analyzed with SDS-PAGE 

then dialyzed in 50 mM Tris pH 8 containing 150 mM NaCl and 12.5 mM EDTA for digestion; 

Protein was digested with thrombin (1:600) overnight at 37°C.  The sample was run over a 

benzamidine column to remove thrombin. The digested sample was then diluted with buffer A (25 

mM Tris pH8.5, 50 mM NaCl) and loaded onto a quaternary amine column, followed by 10 column 

volumes of buffer A and eluted with buffer B (25 mM Tris pH8.5, 2 M NaCl) using a stepwise 

gradient. Fractions that eluted at 20% buffer B (440 mM NaCl) were combined and concentrated 

for phenol-chloroform extraction [19].  An equal volume of 100% v/v Ethanol was added to the 

aqueous phase and incubated at -80˚C for at least 2 hours followed by centrifugation at 9,300 g 

(Eppendorf fixed-angle rotor) for 20 minutes at 4˚C.  The supernatant was removed and the pellet 

was dried at room temperature. 

5.4 Colorimetric Sugar Assays [24] 

Dried samples were resuspended in distilled water. Benedicts test was performed to test for free 

reducing sugar; 10 µL of Benedict’s Reagent (943 mM anhydrous sodium carbonate, 588 mM 

sodium citrate tribasic dehydrate, 68.6 mM cupric sulfate pentahydrate) was added to 50 µL of  
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Figure 6. Expression and purification of Tma Hfq. Representative SDS-PAGE and MALDI-

TOF MS spectrum of recombinant Tma Hfq purification and co-purified nanoRNA separation. B) 

SDS-PAGE samples collected at major steps in the recombinant Tma Hfq purification protocol. 

The samples run on 4-20% w/v TGX gel as follows: Promega Broad Range Protein Molecular 

Weight Marker (MW), pre-induction (pre), post-induction (post), the soluble (S1) and pellet (P1) 

fractions from lysis, the soluble (S2) and pellet (P2) fractions from the heat cut step, thrombin-

treated sample (AC), benzamine column flow-through (Bz), and gel filtration eluent (GF).  A) Two 

peaks are detected in the MALDI-TOF MS spectrum that can be assigned to the +1 and +2 charge 

states of the Tma Hfq monomer, which has a molecular weight of 10,797.2 Da based on the amino 

acid sequence. No peaks were observed in the higher molecular weight range (20-100 kDa). C) 

Chromatogram of Tma Hfq being separated from a subset of Hfq-binding RNA via quaternary 

amine anion-exchange column.  The absorbance trace indicates two distinct peaks (Peak 1 and Peak 

3) eluting at different salt concentrations, which increases with buffer B (%B). An intermediate 

“peak” (Peak 2) is observed that is extremely broad and rippled. The two elution peaks, which elute 

at approximate 20% and 100% buffer B correspond to Hfq bound to oligonucleotides and isolate 

RNA, respectively.    
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sample in a PCR tube. Bial’s orcinol assay was performed to test for pentose sugar; 50 µL of orcinol 

reagent (24.2 mM orcinol monohydrate, 0.025% w/v ferric chloride hexahydrate, 6 M HCl) was 

added to a PCR tube containing 50 µL of sample. Dische diphenylamine assay was performed to 

test for deoxyribose; 50 µL of Dische diphenylamine reagent (58.12 mM diphenylamine, 0.66% 

v/v ethanol, 11.4 M glacial acetic acid, 17.7 mM sulphuric acid) was added to a PCR tube followed 

by 50 µL of sample. Samples for each assay were sealed and incubated for 20 minutes in boiling 

water. Controls used throughout these assays include the 0.15 mg/mL ribose (Sigma), 7.5 mg/mL 

RNA from Baker’s yeast (Sigma), 0.45 mg/mL DNA from calf thymus (Sigma), 0.45 mg/mL 

bovine serum albumin (BSA) (Sigma), and water. 

5.5 Chemical Cross-linking.   

Tma Hfq was dialyzed into 25 mM HEPES pH 8.00 and 200 mM NaCl prior to crosslinking with 

formaldehyde or glutaraldehyde using an ‘indirect’ method [25]. Experimental setup for this 

indirect method consisted of a Linbro plate with a microbridge and coverslip upon which 40 μL of 

the crosslinking agent (25% v/v) and 15 μL of Tma Hfq (1 mg/mL) were aliquoted, respectively.  

The chamber was sealed with vacuum grease. The crosslinking agent was acidified with 122 mM 

HCl before incubation.  Samples were incubated at 37 °C for 40 minutes and the reaction was 

stopped by the addition of 5 µL 1 M Tris pH 8.00.  Salts and crosslinking reagents were removed 

from samples using a C4 zip tip (Millipore), and the molecular weight of the crosslinked oligomers 

were assessed by MALDI-TOF MS (protocol described below). Data was collected in three 

independent replicates for both formaldehyde and glutaraldehyde.  

Tma Hfq was also crosslinked with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

(EDC) after dialysis into 25 mM HEPES pH 8.0 and 200 mM NaCl.  The reaction mixture consisted 

of 67 mM EDC, 167 mM N-Hydroxysulfosuccinimide sodium salt (sulfo-NHS), and 1 mg/mL 

purified recombinant Tma Hfq.  The reaction was incubated at room temperature (RT) for 4 hours  
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Figure 7. Colorimetric assays of co-purified partners. Colorimetric assays verify co-purified 

nanoRNAs contains a pentose sugar which is not a free reducing sugar or deoxyribose. A) 

Benedict’s reaction indicated BP does not contain free reducing sugar, B) Bial’s reaction indicated 

the presence of a pentose sugar and C) Dische’s diphenylamine reaction indicated that the pentose 

sugar is not deoxyribose. The reactions utilized in each assay are shown to the left of the results. 

Controls are listed, with positive controls highlighted in red.  

 

 

 

 

 

 

 



178 
 

 

Table 3. Molecular weights and oligomeric states observed by MALDI-TOF for 

crosslinking Tma Hfq 

Crosslinking 

Reagent 

Molecular Weight (kDa) Oligomeric State 

pk1 pk2 pk1 pk2 

Formaldehyde 66 ± 1 133 ± 2 6.15 ± 0.09 12.3 ± 0.2 

Gluaraldehyde 71.5 ± 0.3 141 ± 7 6.60 ± 0.3 13.1 ± 0.6 

EDC 68.0 ± 0.6 136 ± 2 6.29 ± 0.06 12.6 ± 0.2 
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then stopped by the addition of β-mercaptoethanol (BME) to a final concentration of approximately 

18 mM.  Cross-linking was assessed by MALDI-TOF MS using the protocol described below.  Data 

was collected in three independent replicates. 

5.6 MALDI TOF MS  

MALDI-MS was performed on a Bruker Microflex MALDI.  Proteins of approximately 1 mg/mL 

were diluted 1:4 with 0.01% trifluoroacetic acid (TFA). The protein sample was spotted onto a 

MSP 96 target ground steel sample plate (Bruker Daltonics) with an equal volume of SA (15 mg/mL 

sinapinic acid in 50% acetonitrile and 0.05% TFA) and allowed to air dry.  The instrument was 

calibrated by the close external method using a series of low molecular weight (Insulin, 

Cytochrome C, Ubiquitin I, and Myoglobin) or high molecular weight (Protein A, Trypsinogen, 

Protein A, and Bovine Albumin) protein calibrants.  Spectra were obtained by averaging 

approximately 50 laser shots with the following settings: positive ion, linear mode, grid voltage 40-

75%, m/z range 4,000-20,000 or 20,000 -100,000.  

5.7 NMR Spectroscopy 

Sample was prepared for NMR studies by dissolving approximately 857 µg into 500 μL 90%/10% 

D2O/H2O.  The amount of binding partner in the sample was estimated based on absorbance at 260 

nm using the molecular weight and extinction coefficient for pure 5’Phos-rUrUrUrCrU, which is 

1547.9 g/mol and 46,300 L/(mol·cm), respectively. All NMR spectra for the sample were recorded 

at 40˚C.  1H spectra were recorded on a Bruker AVANCE spectrometer operating at a proton 

frequency of 600 MHz with Bruker 5 mm TXI cryoprobe.  The 1H data was recorded and processed 

using Topsin 3.0.  1H one dimensional proton spectra included water suppression using excitation 

sculpting using gradients. The 1H-1H NOESY spectrum was recorded with a mixing time of 50 ms 

[22]. The 31P spectrum was recorded on Varian Mercury spectrometer operating at a 31P frequency 

of 121.3 MHz.   The data was processed using Vnmr 6.1c and analyzed using MestReNova suite. 
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Figure 8. NMR spectra of co-purified partners. A) 1H spectrum and B) 31P spectrum of binding 

partner in D2O.   The peaks in the 1H spectrum are consistent with a sample containing a nucleotide. 

31P spectrum has a peaks corresponding to phosphate diester at ~0 ppm, phosphate monoester at ~4 

ppm (not shown), and phosphonate or cyclic phosphate at ~21 ppm (inset).   
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5.8 Fluorescence Polarization 

Tma Hfq was dialyzed into 25 mM Tris pH 8.00 and 350 mM NaCl prior to binding studies. 

Fluorescence anisotropy/polarization measurements were collected with a PHERAstar microplate 

reader. 5-Carboxyfluorescein-labeled r(U)6 (FAM-r(U)6) and FAM-(A)18 RNA (Integrated DNA 

Technologies) were used to probe the binding sites of Tma Hfq.  FAM-r(A)18 was annealed prior 

to binding assays by incubating at 85°C for 3 minutes and then placed on ice for 10 minutes [41]. 

Samples were excited at 490 nm and emission was measured at 522 nm [42].  To determine the 

apparent equilibrium dissociation constant (Kd) for FAM-RNA, Tma Hfq was serially diluted in 

96-well black polystyrene assay plates (Costar) in the presence of 5 nM FAM-RNA; the final 

volume in each well was 150 µL. The binding assay samples were incubated in the dark for 45 

minutes at RT prior to measurements to ensure equilibrium binding. Data was collected in four 

independent replicates. 

5.9 Analysis of Fluorescence Polarization Data.   

Fluorescence data was fit to a model that assumed that a 1:1 complex formed between (Tma Hfq)6 

and FAM-RNA under experimental conditions in which Hfq exists as a hexamer.   The model 

involves fitting the data to a sigmoidal Boltzmann function, which is related to the Hill equation 

[43,44], and can be rearranged to read 

𝑦𝑦 = (𝐴𝐴1−𝐴𝐴2)

1+𝑒𝑒
(𝑥𝑥−𝑥𝑥0)
𝐾𝐾𝑥𝑥

+ 𝐴𝐴2   (Equation 1) 

where x0 is the inflection point sigmoidal curve, dx is the width of the transition and A1 and A2 are 

the fluorescence polarization intensities of the initial and final states, respectively [18,45,46]. 

Nonlinear least-squares fits of the equation to the data were performed in OriginPro7.5.  

5.10 Competitive Binding Assay 
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Oligonucleotides used in this study include 5’Phos-r(U5), 5’Phos-r(U3CU), 5’Phos-r(U4C), 5’Phos-

r(CU2CU), 5’Phos-r(U4CU), and 5’Phos-r(CU2CU2). Custom oligonucleotides were ordered from 

integrated DNA technologies and were purified by RNase-free high-pressure liquid 

chromatography (HPLC) after synthesis. Fluorescence polarization measurements were collected 

under the settings described above.  Samples contained 5 nM FAM-r(U)6 and 15 µM (Tma Hfq)6 in 

25 mM Tris pH 8.00 and 350 mM NaCl.  The concentration of oligonucleotides ranged from 5 µM 

to 71 aM.  Samples were incubated in the dark for 45 minutes at room temperature prior to 

measurements to ensure equilibrium binding.   

5.11 Crystallization 

Crystallization trials began with freshly purified Tma Hfq samples concentrated to ≈ 10-20 mg/ml 

in 25 mM Tris pH 8.5, 100 mM NaCl.  JCSG Core Suites I, II, III and IV (Qiagen), as well as 

PEG/Ion screens (Hampton Research), were used for sparse-matrix screening.  Nanoliter trials were 

set in 96-well plates via a nanolitre-scale liquid-handling robot (TTP Labtech’s mosquito Crystal).  

Both hanging-drop and sitting-drop vapour diffusion formats were used, with a 100-µL reservoir 

and 200-nL droplet (composed as 1:1 protein:reservoir).  All crystallization trials were incubated 

at 291 K. Leads were then refined on a larger-volume scale (24-well VDX plates) by systematically 

varying typical crystallization parameters—buffer pH, protein concentration and precipitant 

types/concentrations [47].  In addition to fine grids centered on the initial hits, 96-well additive 

screens (Hampton Research) were also applied to the leads.  Two improved conditions were found, 

corresponding to 150 mM tri-potassium citrate and 30% w/v PEG-3350 with either 1.0 M glycine 

or 0.1 M sarcosine as an additive. Optimized crystals grew as rhombic prisms within 1 week and 

developed to maximal dimensions of ~50 µm/edge by 2 weeks. A working cryo-protection 

procedure for both the glycine- and sarcosine-based conditions was found to be gentle passage of 

a crystal (in a nylon cryo-loop), over the course of ~10-15 s, through 8 µl of mother liquor 

supplemented with 0.6 µL of neat PEG-400.  Suitable cryo-protection (lack of ice-rings, diffraction  
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Figure 9. Competition assay curves for Tma Hfq with identified nanoRNAs.  Competitive 

assays were performed with FAM-r(U)6 as the target.   
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quality, etc.) was screened on a Rigaku MicroMax-007 rotating anode X-ray generator equipped 

with a Saturn-92 charged-coupled device (CCD) detector. 

5.12 Diffraction Data Collection 

Crystals were harvested in nylon loops, incubated in cryoprotectant for 10-15 seconds and then 

flash-cooled in a bath of liquid nitrogen (T≈77K). Diffraction datasets were collected on the 

Southeast Regional Collaborative Access Team (SER-CAT) 22ID and 22BM beamlines, equipped 

with MAR 300 and MAR 225 CCD detectors, respectively, or on the Northeast Collaborative 

Access Team (NE-CAT) 24-ID-C, with a DECTRIS Pilatus detector. Diffraction data sets were 

collected for multiple crystals, with the highest resolution of the crystals grown without r(U)5 at 

2.66Å and the diffraction with additive r(U)5 at 2.05Å.   

5.13 Diffraction data processing.   

Raw diffraction data were indexed, integrated and scaled using the programs XDS and XSCALE 

[48].  Reduced datasets were examined with Xtriage and other utilities in the PHENIX suite [49] 

in order to verify indexing, gauge diffraction anisotropy, detect pseudo-translational symmetry, etc; 

twinning tests were also performed, though merohedral twinning was not a concern here because 

of the orthorhombic crystal system and unequal cell edges.  Non-crystallographic symmetry (NCS) 

was evaluated by computing (i) the Matthews coefficient [50]; (ii) native Patterson maps, using 

CCP4’s FFT module [51]; and (iii) the self-rotation function, using GLRF [52]. Anisotropy 

correction was performed by the UCLA-DOE Lab – Diffraction Anisotropy Server [26].  

5.14 Structure solution.  

In preparation for molecular replacement, the structure of Bacillus subtilis Hfq (3HSB) was 

trimmed to side-chains of conserved residues based on sequence alignment with Tma Hfq 

(3HSBtrimmed) using Sculptor [53].  Using 3HSBtrimmed as a probe, Tma Hfq was solved by molecular  
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Table 4. Tma Hfq diffraction and refinement statistics 

Diffraction 

Statistics 
Tma Hfq apo 

Tma Hfq apo 

aniso-corrected 

Tma Hfq 

r(U5) 

Tma Hfq r(U5) 

aniso-corrected 

Diffraction 

Source 

APS SER-CAT 

22-ID 
- 

APS NE-

CAT 24-ID-

C 

- 

Wavelength (Å) 0.9788 - 0.9792 - 

a, b, c (Å) 
39.08, 133.50, 

206.18 
- 

38.67, 

133.13, 

205.58 

- 

α, β, γ 90.0, 90.0, 90.0 - 
90.0, 90.0, 

90.0 
- 

Resolution 

Range (Å) 
81.59 – 2.66 81.59 – 2.66 81.43 – 2.05 81.43 – 2.05 

Completeness 

(%) 
99.8 (98.5) 84.7 (29.9) 99.7 (98.7) 71.7 (19.8) 

〈𝐼𝐼/𝜎𝜎(𝐼𝐼)〉 21.6 (2.6) 25.4 (6.4) 19.1 (2.4) 26.1 (7.2) 

Rsym
† 14.1 (148.7) 11.8 (58.9) 4.6 (76,5) 3.8 (23.0) 

Rmeas
‡

 14.6 (154.3) 12.3 (61.4) 5.0 (83.2) 4.1 (25.2) 

Rpim
¥ 3.8 (40.7) 3.2 (16.9) 2.0 (32.4) 1.6 (10.2) 

CC(1/2)§ 99.9 (90.2) 99.9 (95.3) 99.9 (95.0) 99.9 (98.1) 

     

Refinement 

Statistics 
Tma Hfq apo 

Tma Hfq apo 

aniso-corrected 

Tma Hfq 

r(U5) 

Tma Hfq r(U5) 

aniso-corrected 



186 
 

 

RWORK/RFREE 19.87/25.82 17.91/24.88 - 19.35/24.11 

R.M.S.   -  

Bonds (Å) 0.0114 0.0139 - 0.009 

Angles (˚) 1.444 1.556 - 1.155 

Ramachandran 

(%) 
    

Favored 93.1 93.0 - 97.3 

Allowed 6.8 7.0 - 2.7 

Outliers 0.1 0.0 - 0.0 

Avg. B-factor 55.50 29.60 - 33.60 

† 𝑅𝑅sym = (∑ 𝛼𝛼∑ |𝐼𝐼𝑖𝑖(ℎ𝑘𝑘𝑘𝑘)− 〈𝐼𝐼𝑖𝑖(ℎ𝑘𝑘𝑘𝑘)〉|𝑖𝑖ℎ𝑘𝑘𝑘𝑘 ) (∑ ∑ 𝐼𝐼𝑖𝑖(ℎ𝑘𝑘𝑘𝑘)𝑖𝑖ℎ𝑘𝑘𝑘𝑘 )⁄ , where 𝐼𝐼𝑖𝑖(ℎ𝑘𝑘𝑘𝑘) is the intensity 

of the 𝐾𝐾th observation of reflection ℎ𝑘𝑘𝑘𝑘, 〈⋅〉 denotes the mean of symmetry-related (or Friedel-

related) reflections, and the coefficient 𝛼𝛼 = 1; the outer summations run over only unique ℎ𝑘𝑘𝑘𝑘 

with multiplicities greater than one. 

‡ 𝑅𝑅meas is defined analogously as 𝑅𝑅sym, save that the prefactor 𝛼𝛼 = �𝑁𝑁ℎ𝑘𝑘𝑘𝑘 (𝑁𝑁ℎ𝑘𝑘𝑘𝑘 − 1)⁄  is 

used; 𝑁𝑁ℎ𝑘𝑘𝑘𝑘 is the number of observations of reflection ℎ𝑘𝑘𝑘𝑘 (index 𝐾𝐾 = 1 → 𝑁𝑁ℎ𝑘𝑘𝑘𝑘).  

¥ 𝑅𝑅p.i.m., the precision-indicating merging R-factor, is defined as above but with the prefactor 

𝛼𝛼 = �1 (𝑁𝑁ℎ𝑘𝑘𝑘𝑘 − 1)⁄ . 

§ 𝐶𝐶𝐶𝐶1/2 is the correlation coefficient between intensities chosen from random halves of the 

full dataset. 
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replacement using Phaser from PHENIX. The model was confirmed and initially refined in 

AutoBuild. Further refinement was done using REFMAC5 [54]and the phenix.refine module. 

Model building and structure manipulation steps were performed in the Coot software environment 

[55]. The higher resolution r(U)5 additive structure was solved using the same probe and procedure. 

5.15 Analytical size-exclusion chromatography (AnSEC).  

Recombinant Tma Hfq was dialyzed into 25 mM Tris pH 8.0 and 1 M NaCl. The chromatography 

system consisted of a Superdex 200 10/300GL column (spherical composite of crosslinked agarose 

and dextran matrix) and a Biologic DuoFlowTM system (BioRad) at 4°C. Tma Hfq and molecular 

weight standards were injected and eluted with approximately seven column volumes of 25 mM 

Tris pH 8.0 containing 1 M NaCl at 0.4 mL/min; absorbance was monitored at 280 nm throughout 

each run. A standard curve was generated using Gel Filtration Markers Kit for Protein Molecular 

Weights 29,000 – 700,000 Da (MWGF1000-1KT, Sigma-Aldrich).  

5.16 Production and purification of anti-Tma Hfq pAb.   

Recombinant Tma Hfq was dialyzed into 10 mM Na2HPO4, 1.8 mM NaH2PO4, 2.7 mM KCl, and 

137 mM NaCl at pH 7.40 (PBS) and concentrated to 1 mg/mL using a 3350-Da molecular weight 

cut off (MWCO) concentrator. pAbs were produced against purified recombinant Tma Hfq by 

Covance (Denver, PA) using their 77-day production protocol in four specific-pathogen-free New 

Zealand White rabbits.  Sera was obtained from a pre-inoculation bleed, three production bleeds, 

and a terminal bleed from each rabbit, and were stored at −80 °C. 

In preparation for purification, serum was thawed at 4 °C with gentle mixing and then 

clarified by centrifugation at 5,000g for 15 minutes.  The serum was diluted threefold with binding 

buffer (20 mM phosphate pH 7.00) and then loaded onto a HiTrapTM protein G column using an 

AKTAprime HPLC.  The column was washed with 10 column volumes of binding buffer, and then 
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eluted with 10 column volumes of 0.1 M glycine pH 2.70 using a step gradient.  Immediately upon 

elution, the samples were neutralized with 1 M Tris pH 9.00 at 0.2 volumes per volume of eluent.  

Fractions containing eluted pAbs were combined and dialyzed into 20 mM HEPES pH 8.0 with 

300 mM NaCl.  Purified pAbs (at ~38.2 μM) were stored at −20 °C in storage buffer consisting of 

10 mM HEPES pH 7.80, 150 mM NaCl, 100 µg/mL BSA, and 25% v/v glycerol. 

5.17 Semi-Native Western Blot Analysis.  

Recombinant Tma Hfq was dialyzed into 25 mM Tris pH 8.00, 350 mM NaCl and serially diluted 

from 20 µM to 78 nM across nine samples.  The diluted samples were incubated at RT for 30 

minutes and 4x semi-native loading buffer was added to each sample (final 1x working 

concentrations: 50 mM Tris pH 6.8, 0.5% sodium dodecyl sulfate, 10% glycerol, 12.5 mM 

ethylenediaminetetraacetic acid (EDTA), and 0.02% bromophenol blue).  Protein samples were 

separated on a 7.5% w/v TGX gel (Bio-Rad) at RT using 1x Tris-glycine sodium dodecyl sulfate 

(SDS) running buffer (200V, 28 min), and then transferred to a nitrocellulose membrane using the 

Trans-Blot Turbo transfer system (Bio-Rad) with a Trans-Blot Turbo Transfer pack (Bio-Rad) at 

2.5 A (up to 25 V) for 3 minutes.  The Odyssey one-color protein molecular weight marker (Li-

Cor), which fluoresces in the 700nm channel of any of the Odyssey Imaging Systems, was run in 

parallel to the protein samples. The membrane was blocked with 5% w/v dry milk and probed with 

rabbit anti-Tma Hfq polyclonal (pAb) antibodies (Covance; see Appendix 2).  Goat anti-rabbit IgG 

IRDye 800CW was used as the secondary antibody (Li-Cor) for visualization using an Odyssey Li-

Cor imaging system.  The signal intensity of each band was quantified using the Image Studio 

software.  The signal was then normalized by the total signal intensity of each lane in order to 

determine the fraction of the sample in each oligomeric state at a specific concentration (i.e. in a 

particular lane). 
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5.18 Isothermal Titration Calorimetry (ITC).  

Measurements of heat changes associated with the oligomerization of Tma Hfq were made on a 

MicroCal VPTM-ITC system at 25˚C.  Recombinant Tma Hfq was dialyzed against 25 mM Tris pH 

8.00, 350 mM NaCl, diluted with dialysis buffer to 22.5 μM and degassed at 25 ˚C before loading 

into the ITC syringe.  Dialysis buffer was filtered through a 0.22 µm filter membrane (Millipore) 

and degassed at 25˚C in a ThermoVac (MicroCal) before loading the sample cell (1.44 mL volume).  

Injections were set for 10 µL of injectant (22.5 µM Tma Hfq), with a 2-minute spacing interval 

between injections. Raw data was collected as thermal power (μcal/s) over time (min). 

5.19 Analysis of ITC data.  

Each titration peak in the thermograph (thermal power (μcal/s) as a function of time (min)) was 

integrated using MicroCal software (MicroCal LLC) to determine the thermal heat per injection 

(μcal/injection). To generate a binding curve, the thermal heat per injection was converted to the 

thermal heat per mole of injectant (μcal/mole or injectant) and plotted against the log of the 

concentration of Tma Hfq.  The binding curve was then fit to a sigmoidal Boltzmann function, 

which is related to the Hill equation, and which can be rearranged to read 

𝑦𝑦 = (𝐴𝐴1−𝐴𝐴2)

1+𝑒𝑒
(𝑥𝑥−𝑥𝑥0)
𝜕𝜕𝑥𝑥

+ 𝐴𝐴2   (Equation 1) 

where x0 is the inflection point of the sigmoidal curve, dx is the width of the transition, and A1 and 

A2 are equal to the enthalpy (in kcal/mol) of the initial and final state, respectively[43,44].  

Nonlinear least-squares fits of the equation to the data were performed in OriginPro7.5. 
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