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ABSTRACT 

 

BIOCHEMICAL ANALYSIS OF THERMOTOGA MARITIMA RIBONUCLEASE III AND 

ITS RIBOSOMAL RNA SUBSTRATES 

Lilian Nathania 

Doctor of Philosophy 

Temple University, 2011 

Doctoral Advisory Committee Chair: Dr. Allen W. Nicholson 

 

 The site-specific cleavage of double-stranded (ds) RNA is a conserved early step 

in bacterial ribosomal RNA (rRNA) maturation that is carried out by ribonuclease III. 

Studies on the RNase III mechanism of dsRNA cleavage have focused mainly on the 

enzymes from mesophiles such as Escherichia coli. In contrast, little is known of the 

RNA processing pathways and the functions of associated ribonucleases in the 

hyperthermophiles. Therefore, structural and biochemical studies of proteins from 

hyperthermophilic bacteria are providing essential insight on the sources of biomolecular 

thermostability, and how enzymes function at high temperatures.  

 The biochemical behavior of RNase III of the hyperthermophilic bacterium 

Thermotoga maritima is analyzed using purified recombinant enzyme and the cognate 

pre-ribosomal RNAs as substrates. The T. maritima genome encodes a ~5,000 

nucleotide (nt) transcript, expressed from the single ribosomal RNA (rRNA) operon. 

RNase III processing sites are expected to form through base-pairing of complementary 

sequences that flank the 16S and 23S rRNAs. The Thermotoga pre-16S and pre-23S 

processing stems are synthesized in the form of small hairpins, and are efficiently and 

site-specifically cleaved by Tm-RNase III at sites consistent with an in vivo role of the 

enzyme in producing the immediate precursors to the mature rRNAs. T. maritima (Tm)-



iii 
 

RNase III activity is dependent upon divalent metal ion, with Mg2+ as the preferred 

species, at concentrations ≥ 1 mM. Mn2+, Co2+ and Ni2+ also support activity, but with 

reduced efficiency. The enzyme activity is also supported by salt (Na+, K+, or NH4
+) in the 

50 – 80 mM range, with an optimal pH of ~8. Catalytic activity exhibits a broad 

temperature maximum of ~40 – 70°C, with significant activity retained at 95°C. 

Comparison of the Charged-versus-Polar (CvP) bias of the protein side chains indicates 

that Tm-RNase III thermostability is due to large CvP bias.  

Analysis of pre-23S substrate variants reveals a dependence of reactivity on the 

base-pair (bp) sequence in the proximal box (pb), a site of protein contact that functions 

as a positive determinant of recognition of E. coli (Ec)-RNase III substrates. The pb 

sequence dependence of reactivity is similar to that observed with the Ec-RNase III pb. 

Moreover, Tm-RNase III cleaves an Ec-RNase III substrate with identical specificity, and 

is inhibited by pb antideterminants that also inhibit Ec-RNase III. These studies reveal 

the conservation across a broad phylogenetic distance of substrate reactivity epitopes, 

both the positive and negative determinants, among bacterial RNase III substrates.
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1.1 Mechanistic Framework of the Pathway of Gene Expression  

 The central dogma of molecular biology refers to the direction of flow of gene 

expression in biological systems. In general, cellular genetic information flows from DNA 

to RNA to protein. DNA contains the complete genetic instructions that define the 

structure and function of an organism. RNA serves as the intermediate between a gene 

and its corresponding polypeptide. Selected sequences in the DNA are enzymatically 

copied to form primary transcripts that are then processed by a variety of reactions to 

form the mature, functional messenger RNAs (mRNAs).  The mRNAs are subsequently 

translated into polypeptides in the process of translation. Proteins are assembled 

according to the genetic code encoded in the corresponding mRNAs. Therefore, RNA is 

the information link between DNA and protein, and the use of RNAs can allow the cell to 

separate information storage from information utilization.  

In contrast to DNA, which exhibits a double-helical structure, many RNAs are 

single-stranded molecules that can fold into complex three-dimensional shapes that 

markedly differ from one RNA to another. RNA folding is driven by the interaction of 

sequences with complementary nucleotides, that typically form double-stranded stems 

that are capped by a short single-stranded loop (Karp, 2008). RNA structures can confer 

specific functions. Folding of RNA into stable tertiary structures can provide catalytic 

activity (ribozymes) (Doherty and Doudna, 2001). RNA tertiary structure can mimic 

proteins in its structural complexity, and allow RNA to bind diverse ligands, from small 

molecules to proteins (Gold et al., 1995; Hermann and Patel, 2000). As discussed 

below, double-helical structures in RNA provide targets for site-specific enzymatic 

cleavage with important functional consequences.  

 There also is a widespread participation of RNA in diverse gene regulatory 

pathways. RNAs act as molecular switches (riboswitches) by binding specific 

metabolites that confer regulation (Winkler and Breaker, 2005; Mandal and Breaker, 
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2004). Small non-coding RNAs, including short interfering(si) RNAs and micro(mi) 

RNAs, selectively target mRNAs for destruction, or suppress mRNA translation that 

results in down-regulation of gene expression (Hannon, 2002; Dykxhoorn et al., 2003). 

The biology of small non-coding RNAs has been an area of intensive research in recent 

years, and could hold the key to future biotechnological and therapeutic applications. 

From a biotechnological standpoint, siRNAs and miRNAs are proving to be highly useful 

in assigning functions to gene in a wide variety of organisms. From a therapeutic 

standpoint, these small RNAs may act to downregulate the expression of mutant genes 

in specific disease states. siRNAs have also been shown to be of importance in host 

defense against viruses and transposons (Agrawal et al., 2003). 

 

1.2 RNA Maturation and Degradation Pathways 

 Most RNA molecules are transcribed as precursors that undergo one or more 

processing steps in order to attain their mature, fully functional forms. RNA processing 

events can occur either in a co- or post-transcriptional manner and include: 5’-end 

capping with 7-methylguanosine, addition of a poly(A) tail at the RNA 3’-end, splicing to 

remove introns, RNA editing by nucleotide insertion, deletion or deamination, and exo 

(3’-5’ or 5’-3’) or endonucleolytic cleavage (Alberts et al., 2007; Weaver, 2002). 

Ribonucleases are involved in many of these reactions, and mediate the processing, 

degradation, and quality control of RNA. In general, ribonucleases can be broadly 

grouped into two classes according to the manner in which they cleave RNAs. 

Endoribonucleases cleave internal phosphodiesters, while exoribonucleases cleave 

RNA chains from the 5’ or 3’ terminus. One of the key endoribonucleases involved in 

RNA maturation in bacterial cells is ribonuclease III (RNase III).  

As a representative bacterial RNA maturation pathway, the three ribosomal 

RNAs (rRNAs) (16S, 23S and 5S) are transcribed as a ~5500 nt precursor. The rRNAs 
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are separated from each other as well as from several transfer RNAs (tRNAs) by 

endonucleolytic cleavage reactions (Figure 1). Following these cleavages, additional 

processing reactions, typically catalyzed by one or more 3’5’ exonucleases, remove 

the final residues to generate the mature 5’ and 3’ ends (Deutscher, 2009). 

Ribonucleases participate in RNA degradation. Every RNA is ultimately degraded 

into mononucleotides, and RNA degradation pathways play an essential role in 

determining the intracellular concentrations of RNA, which is responsive to changing 

cellular environments and physiological cues. The steady-state levels of mRNAs in turn 

regulate the level of gene expression (Rauhut and Klug, 1999). Bacterial RNA 

degradation pathways are mediated essentially exclusively by one or more 

ribonucleases.  

As a representative bacterial RNA decay pathway, an endonucleolytic cleavage 

catalyzed by RNase E initiates the decay of the E. coli rpsO mRNA, which encodes 

ribosomal protein S15 (Regnier and Hajnsdorf, 1991). The cleavage event removes the 

3’ terminal hairpin thereby allowing the mRNA to be rapidly degraded by the 3’-5’ 

exonuclease, polynucleotide phosphorylase (PNPase) (Hajnsdorf et al., 1994; Braun et 

al., 1996).  

 

1.3 Double-stranded RNA Cleavage in Bacterial rRNA Maturation 

 The 16S, 23S and 5S rRNA genes in bacteria are organized into specific 

transcription units, or operons. The 5’-end-proximal sequence of the primary transcript is 

the 16S rRNA, followed by the 23S rRNA and the 5S rRNA. One or two tRNA are 

located between the 16S and 23 rRNAs, or downstream of the 5S rRNA (Srivastava et 

al., 1990). The 16S and 23S rRNA precursors have double-helical stems that are 

created through the pairing of flanking complementary sequences (Young et al., 1978; 

Bram et al., 1980).  
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Figure 1. Processing of the bacterial ribosomal RNA (rRNA) precursor. 

Shown is the linear structure of the E. coli ribosomal RNA (rRNA) precursor that includes 
regions for tRNA (DNA: red; RNA: pink), rRNA-coding regions (DNA: orange; RNA: 
brown), and spacers (DNA: yellow; RNA: mustard). This diagram is based on Figure 
16.5 in Weaver (2002). As usual with bacterial operons, the rRNAs are transcribed as a 
precursor. The rRNA is processed by endonucleolytic cleavages, including RNase III, to 
generate the 16S rRNA and 23S rRNA precursors, which are further processed by other 
enzymes to their mature forms.  
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The RNase III cleavage events do not directly create the mature 16S and 23 rRNAs and 

additional ribonucleases are required to complete the maturation process (Deutscher, 

2004, 2009).  

 

1.3.1 The Ribonuclease III Family 

 Members of the RNase III family are widely distributed and highly conserved 

among prokaryotic and eukaryotic organisms. RNase III is found in all examined 

eubacteria except Deinococcus radiodurans (Condon et al., 2002). Bacteria typically 

contain a single gene for RNase III, termed the rnc gene. In eukaryotic cells, Dicer and 

Drosha participate in miRNA maturation and the RNA interference pathway (Ketting et 

al., 2001; Bernstein et al., 2001; Lee et al., 2003, 2006). Bacterial RNase III hydrolyzes 

dsRNA phosphodiesters, yielding 5’-monophosphate, 3’-hydroxyl product ends, with a 

two nucleotide (nt) overhang at the 3’ terminus (Dunn, 1982). This pattern of cleavage is 

a conserved feature of all RNase III family members. RNase III is active as a 

homodimer, and requires a divalent metal ion (with Mg2+ as the preferred species) as an 

essential catalytic cofactor (Dunn 1982; Court, 1993). Exhaustive cleavage of long 

dsRNA substrates by bacterial RNase III generates double-stranded products, ~12-15 

bp in length (Nicholson, 1996). The eukaryotic homolog Dicer produces RNA duplexes 

of ~21 – 23 bp (Li et al., 2010). 
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1.3.2 Classification of RNase III Family Members 

 RNase III family members can be grouped into four classes, based on domain 

composition (Ji, 2008; Drider and Condon, 2004; Nicholson, 2003). RNase III family 

polypeptides vary widely in length, from ~200 to ~2000 amino acids (MacRae and 

Doudna, 2007). Class I are the smallest of the RNase III polypeptides, and contain a 

single endonuclease domain (NucD) and a dsRNA-binding domain (dsRBD). Class I 

RNase III proteins are homodimeric in form, with dimerization occurring through self-

association of the nuclease domain (Figure 2B). This class is also the best-characterized 

and most extensively studied of the RNase III family (Drider and Condon, 2004), and is 

found ubiquitously in the Bacteria and also the fungi (MacRae and Doudna, 2007). E. 

coli, Aquifex aeolicus, and Thermotoga maritima RNases III are representative members 

of bacterial class I RNase III enzymes, and have a polypeptide length of 226 (26 kDa), 

221 (26 kDa), and 240 (29 kDa) amino acids, respectively (Figure 2A). In eukaryotes, 

the Class I RNase III enzymes are exemplified by the well-characterized enzyme Rnt1p 

of Saccharomyces cerevisiae. Rnt1p plays a key role in the processing of the rRNA 

precursor (Elela et al., 1996; Kufel et al., 1999). Rnt1p has an N-terminal extension of 

~200 amino acid residues that is required for dimer stability, efficient catalytic activity, 

and perhaps also subcellular localization (Lamontagne et al., 2001) (Figure 2A).  

Class II RNase III polypeptides are exemplified by Drosha of Drosophila 

melanogaster. This protein contains a larger N-terminal extension of ~900 amino acid 

residues, followed by two NucDs, and a single dsRBD (Fillipov et al., 2000). This 

enzyme is involved in the initial processing of the primary transcripts of miRNAs (pre-

miRNAs) to generate intermediate precursors to the mature miRNAs. 

Class III RNase III polypeptides are represented by mammalian Dicer, which has 

an N-terminal extension of ~1500 amino acids, which includes a helicase/ATPase 

domain, followed a small domain of unknown function (DUF283), and a centrally-
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positioned Piwi-Argonaute- Zwille (PAZ) domain. These domains are followed by a C-

terminal region similar to that seen in Drosha, which consists of tandem copies of the 

NucD, and a single dsRBD (MacRae and Doudna, 2007; Drider and Condon, 2004). 

Dicer is involved in the processing of dsRNA into siRNAs, and also creating the mature 

miRNAs from the pre-miRNAs. Class II and Class III RNase III proteins function as 

monomers, but the tandem NucDs form an intramolecular pseudodimer structure, 

analogous to that of the bacterial RNase III homodimer (Figure 2C) (Han et al., 2004; 

Zhang et al., 2004). 

Lastly, the Class IV is represented by Mini-RNase III of Bacillus subtilis that has a 

polypeptide length of 143 amino acids and a molecular weight of 17.1 kDa. It consists of 

only a single NucD and lacks the dsRBD at the C-terminus (Figure 2A). Mini-III is 

essentially confined to two bacterial phyla, the Firmicutes and the Cyanobacteria and is 

absent in archaea and eukaryotes (Redko et al., 2008). Similar to other members of the 

Class I RNase III enzymes, Mini-III dimerizes through its Nuclease domain. Mini-III is 

responsible for maturation of the 5’ and 3’ termini of 23S rRNA, and requires ribosomal 

protein L3 as a cofactor to stimulate its activity. Ribosomal protein L3 binds next to the 5’ 

and 3’ end of the precursor 23S rRNA, and causes a subtle conformational change in 

the substrate in order to facilitate a productive catalytic complex with Mini-III (Redko and 

Condon, 2009).  

 

1.3.3 Functions of Eukaryotic RNases III 

 The discovery that Drosha and Dicer are responsible for generating microRNAs 

from the primary transcripts catalyzed renewed interest in RNase III mechanism and 

structure.  RNA interference was discovered in studies on the nematode Caenorhabditis 

elegans, where it was found that introduction of an RNA duplex, created by annealing 

sense and antisense RNA strands corresponding to an endogenous gene, caused 
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silencing of expression of the gene (Fire et al., 1998; Mello and Conte, 2004).  In the 

RNAi pathway, the RNA duplex is processed into short RNA duplexes by Dicer, creating 

products (siRNAs) of ~ 21-25 bp in length. One of the strands is incorporated into a 

complex termed RISC, which catalyzes cleavage of the target mRNA at the site of 

complementarity, causing post-transcriptional gene silencing (Fire et al., 1998; 

Lamontagne et al., 2001).  

 

 Drosha 

 The mammalian Drosha polypeptide has two NucDs, a single dsRBD, and an N-

terminal extended domain of ~900 residues, containing proline-rich region (~220 amino 

acids) and an arginine/serine (RS)-rich region (~250 amino acids). The RS domain and 

the tandem NucDs are separated by a 478-amino acid segment (Fillipov et al., 2000; Wu 

et al., 2000), and the RS-rich region contains a nuclear localization signal (Lee et al., 

2006). Drosha carries out the first step in the miRNA maturation pathway (see below), 

and also may be involved in the processing of the mammalian rRNA precursor (Wu et 

al., 2000; Lee et al., 2003).  

RNA Polymerase II synthesizes the primary precursors to the miRNAs (pri-

miRNAs) which exhibit RNA hairpins (Lee et al., 2004, Krol et al., 2010). Pri-miRNAs are 

usually several kilobases in length, often exceeding ten kilobases. Therefore, accurate 

processing of these transcripts is crucial to ensure the proper production of mature, fully 

functional miRNAs. The initial processing step occurs in the nucleus, where Drosha 

cleaves the pri-miRNA to release ~70 nucleotide stem-loop structures termed precursor 

miRNAs (pre-miRNAs). However in order to specifically cleave pri-miRNAs, Drosha 

associates with a protein cofactor called DGCR8 (DiGeorge Syndrome Critical Region 

gene 8) in mammals, or Pasha (“partner of Drosha”) in Drosophila melanogaster and 

Caenorhabditis elegans, in a complex called the Microprocessor (Gregory et al., 2004; 
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Figure 2. The RNase III family. 
 

A. Four classes of RNase III proteins: Class I, Bacterial RNase III and 
Saccharomyces cerevisiae Rnt1p; Class II, Mammalian Drosha; Class III, 
Mammalian Dicer; Class IV, Mini-III. Functional domains are colored as follows: 
Blue, Nuclease domain (NucD); Pink, dsRNA-binding domain (dsRBD); Purple, 
Arginine-Serine-rich (RS) region; Orange, Proline-rich region; Yellow, Piwi-Ago-
Zwille (PAZ) domain; Green, Domain of Unknown Function 283 (DUF283); Red, 
Helicase/ ATPase domain. This diagram is based on Figure 1 in MacRae and 
Doudna, (2004) and Figure 1 in Redko et al., (2008).  
 

B. The homodimeric structure of bacterial RNase III, with the two NucDs forming an 
intermolecular homodimer. Functional domains are colored as described in A. 
 

C. A model of the dimeric structures of the mammalian Drosha and Dicer. Two 
NucDs dimerize to form an intramolecular pseudodimer. The diagram of Drosha 
is based on from the study of Han et al., (2004) and on Figure 4 in MacRae and 
Doudna, (2007). The diagram of Dicer is based on Figure 7 in Zhang et al. (2004) 
and Figure 2 in MacRae et al. (2006). These diagrams are not drawn to scale. 
Functional domains are colored as described in A.  
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Han et al., 2006). DGCR8 / Pasha is an ~120 kDa protein that contains an N-terminal 

region required for cellular localization, a WW domain in the central region, and two 

dsRBDs at the C-terminus (Lee et al., 2006). The WW domain is known to interact with 

proline-rich motifs (Sudol et al., 2005) and therefore, it was proposed that the WW 

domain on DGCR8 interacts with the proline-rich region of Drosha (Gregory et al., 2004). 

In the microprocessor complex, DGCR8 acts as a dsRNA-binding domain protein by 

recognizing and binding to the base of a pri-miRNA hairpin, and stabilizes productive 

binding of Drosha, allowing cleavage of the substrate 11 bp from base of the helical 

stem (Figure 3A) (Faller et al., 2010; Jinek and Doudna, 2009).  The pre-miRNAs are 

transported to the cytoplasm via the action of the nuclear export factor, Exportin 5, and 

are processed by Dicer to create the ~22 nucleotide mature miRNAs (Lee et al., 2002; 

Krol et al., 2010).  

 Dicer 

 Dicer is a large multidomain enzyme that belongs to Class III of the RNase III 

family. In addition to two NucDs, and a single dsRBD located at the C-terminus, Dicer 

also contains an N-terminal ATPase/ DexD helicase domain, a small domain of unknown 

function (DUF283), and a Piwi-Ago-Zwille (PAZ) domain.  The function of the N-terminal 

helicase domain is unclear. RNA helicases are enzymes that can catalyze the unwinding 

of dsRNA in an ATP-dependent manner (Cordin et al., 2006). In this regard, ATP is 

required for catalytic activity of C. elegans and Drosophila Dicer (Bernstein et al., 2001; 

Ketting et al., 2001). However, ATP is not required for mammalian Dicer catalytic activity 

(Provost et al., 2002; Zhang et al., 2002). Additionally, Dicer of Giardia intestinalis lacks 

the helicase domain, but is functional in vivo and in vitro (MacRae et al., 2006). Possible 

functions of the helicase domain include (i) unwinding of siRNA into two single-stranded 

RNAs, (ii) acting as a protein interaction domain, or (iii) facilitating the transfer of 
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substrates or products to other components of the RNAi machinery, including RISC 

(Bernstein et al., 2001; MacRae et al., 2006; Ma et al., 2008).  

Sequence homologies and topological analyses predict that DUF283 adopts the 

canonical α-β-β-β-α fold that is characteristic of dsRBDs, and therefore that this domain 

may interact with dsRNA. It is also thought that DUF283 participates in miRNA/ siRNA 

strand selection (Dlakic, 2006).  

A 3.3 Å structure of Dicer of Giardia intestinalis (Figure 3B) provided essential 

structural insight on how the enzyme provides dsRNA products of specified length.  

Giardia Dicer contains only the PAZ domain and the tandem nuclease domains. The 

PAZ domain contains a pocket that specifically recognizes the two nt 3’-overhang, 

processed dsRNA end, and therefore positions the dsRNA to be cleaved at a specific 

distance (Ma et al., 2004). The PAZ domain plays a similar role in Dicer action as 

DGCR8 does in Drosha (MacRae and Doudna, 2007).  The distance between the 

catalytic center and the binding pocket of the PAZ domain correlates precisely with the 

length of the Dicer cleavage product (~25 bp), which suggests that Dicer acts as a 

molecular ruler in selecting the cleavage site (Jinek and Doudna, 2009).  

Small regulatory RNA biogenesis and function 

The concept that small RNA molecules can directly regulate gene expression 

began with a perplexing discovery. The petals of a petunia plant are normally light 

purple. In 1990, two groups of researchers reported their attempts to deepen the color of 

the flowers by introducing into the plant, extra copies of a gene encoding a specific 

pigment-producing enzyme. Instead, the presence of these extra genes caused the 

petals to lose their pigmentation, instead of becoming more darkly pigmented. 

Subsequent studies indicated that both the introduced genes and their endogenous 

counterparts were being transcribed, but the resulting mRNAs were rapidly degraded. 
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The phenomenon was termed post-transcriptional gene silencing (PTGS) (Que and 

Jorgensen, 1998; Hammond et al., 2001).  

 Insight on the mechanism of PTGS was provided in studies on C. elegans.  In 

1998, Andrew Fire and Craig Mello conducted experiments in which C. elegans was 

injected with several different preparations of RNA, with the goal of stopping production 

of a particular protein. One of the RNA preparations consisted of a double-stranded RNA 

(dsRNA) containing both sense and antisense sequences of the target gene. The 

dsRNAs were taken up by the cells where they induced a potent response leading to the 

selective destruction of mRNAs having the same sequence as the added dsRNA. The 

phenomenon was coined RNA interference (RNAi) (Fire et al., 1998). 

 The RNAi pathway involves the intracellular production of small regulatory RNAs, 

~ 20-30 nucleotides long, whose sequences are complementary to a segment of the 

target gene transcript. The two main classes of small regulatory RNAs are siRNAs and 

miRNAs. The production of these RNAs is dependent upon the processing of dsRNA 

precursors that can be produced in cells by (i) replication of RNA viruses, (ii) 

transcription of mobile genetic elements, (iii) self-annealing of cellular transcripts, or (iv) 

transfection of dsRNAs into cells. The stem-loop structures of the miRNA precursors are 

first recognized by Drosha in the nucleus and then transported to cytoplasm to be further 

processed by Dicer (see also above) (Figure 4A). siRNAs are generated by the direct 

processing of long dsRNA precursors by Dicer (Figure 4B) (Sashital and Doudna, 2010). 

These small RNAs are incorporated into a complex called the RNA-induced silencing 

complex (RISC), that contain argonaute (Ago) protein – the catalytic (“slicer”) component 

of RISC. RISC uses the small RNAs as guides to find the target mRNA, then induces the 

degradation of the mRNA through cleavage, or represses its translation.   

 The discovery that Drosha and Dicer are responsible for generating small non-

coding RNAs that play major roles in controlling gene expression, cell growth and 
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differentiation, and also have antiviral functions, sparked renewed interest in the 

structure and mechanism of RNase III. Since RNase III possesses the simplest structure 

amongst all other RNases III, structural and biochemical studies of this enzyme will 

provide fundamental insights into the molecular mechanisms of dsRNA processing and 

gene regulation by other RNase III family members. 
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Figure 3. The domain structures of Drosha and Dicer and interactions with  
     substrate. 
 

A. Schematic model of a Microprocessor (Drosha-DGCR8) complex bound to a pri-
miRNA (MacRae and Doudna, 2007). Drosha and DGCR8 are shown in green 
and blue, respectively. RNase IIIa and RNase IIIb represent the intramolecular 
pseudodimer of the two nuclease domains (NucDs). Black arrows indicate the 
cleavage sites in the pri-miRNA. The distance between DGCR8 and the catalytic 
center is ~11 bp.  
 

B. A 3.3 Å crystal structure of Giardia intestinalis Dicer with a bound dsRNA 
(MacRae and Doudna, 2007). Giardia Dicer lacks the Helicase, DUF283 and the 
dsRNA-binding domains. Purple spheres represent the proposed binding sites for 
the catalytic metal ions. Two nuclease domains (NucDs) RNase IIIa and RNase 
IIIb are shown in green. The PAZ domain is shown in yellow. Cleavage points on 
the dsRNA are shown by yellow arrows. The connector helix that bridges the 
PAZ domain and the RNase IIIa domain is shown in red.  The distance between 
the PAZ domain that binds the 3’end of dsRNA to the catalytic center is 65 Å, 
which matches the cleavage products of Giardia Dicer of ~25 bp.  
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Figure 4. miRNA and siRNA biogenesis. 

A. Schematic model of miRNA biogenesis and mechanism (Jinek and Doudna, 
2009). miRNA is first transcribed as a primary transcript (pri-miRNAs) that folds 
upon itself to form a stem-loop structure.  The hairpin structure is recognized by 
the Microprocessor (Drosha-DGCR8), which is cleaved to produce precursor 
miRNA (pre-miRNA). The pre-miRNA is then transported to the cytoplasm and 
cleaved by Dicer, producing the mature miRNAs. miRNA is then loaded onto the 
RNA-induced silencing complex (RISC), containing an argonaute (Ago) protein. 
RISC uses the miRNA as a guide to find the complementary sequence in the 
target mRNA through base-pairing. This ultimately leads to degradation of the 
target mRNA poly(A) tail and translational repression. 
 

B. Schematic representation of siRNA biogenesis and RNAi mechanism (Jinek and 
Doudna, 2009). siRNA is derived from longer dsRNA precursors that are 
recognized by Dicer. Dicer cleaves the dsRNA into short (~21-25) duplex 
products (siRNAs), that are then loaded onto the RNA-induced silencing complex 
(RISC) that contains an argonaute (Ago) protein. The argonaute protein cleaves 
and removes the “passenger strand” of the siRNA, then uses the guide strand to 
find the target mRNA through perfect complementary base-pairing. RISC then 
cleaves the target mRNA. After the mRNA is cleaved, it then enters the 
degradative pathway, resulting in silencing of expression of that gene. 
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1.4 Ribonuclease III 

1.4.1 Functions 

RNase III was initially identified in extracts of Escherichia coli by Robertson and 

colleagues (Robertson et al., 1967, 1968), and was the first characterized dsRNA-

specific nuclease. RNase III was subsequently shown to be involved in the initial steps in 

the processing of 16S and 23S rRNAs from a larger precursor (Dunn, 1982; Court, 

1993). In Salmonella typhimurium and other members of the alpha subclass of 

Proteobacteria, RNase III also recognizes and processes intervening sequences (IVS) 

found within the 23S rRNA. It has been suggested that fragmentation of the rRNA may 

facilitate cell adaptation to a rapidly changing growth environment that may require 

ribosome turnover (Burgin et al., 1990; Evguenieva-Hackenberg and Klug, 2000; Hsu et 

al., 1994).  

RNase III also is involved in mRNA maturation pathways. For example, E. coli 

RNase III cleaves the polycistronic early mRNA precursor of phage T7 to provide the 

mature fully functional forms. The processed T7 mRNAs exhibit 3’-end stem-loop 

structures that stabilize the mRNAs, presumably by blocking the action of the 3’5’ 

exonucleases RNase II and polynucleotide phosphorylase (Panayotatos and Truong, 

1985). RNase III can regulate gene expression either through its catalytic action, or by 

binding RNA without cleaving it. For example, E. coli RNase III participates in the first 

step in the decay of the pnp-rpsO mRNA, which encodes polynucleotide phosphorylase 

and ribosomal protein S15 (Portier et al., 1987). Cleavage of this mRNA within the 5’ 

UTR causes a decrease in mRNA levels due to accelerated decay, resulting in 

downregulation of protein production (Robert-Le Meur and Portier, 1992; Jarrige et al., 

2001). In the case of bacteriophage lambda cIII gene regulation, binding of RNase III to 

dsRNA structure without subsequent cleavage is suggested to alter the mRNA 

conformation and stimulate its translation (Altuvia et al., 1987).  
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RNase III activity can be regulated in several ways. First, E. coli RNase III 

regulates its own synthesis by cleaving a stem-loop structure within the 5’ UTR of its 

own mRNA, thus initiating degradation of the mRNA (Bardwell et al., 1989; Matsunaga 

et al., 1997). Second, RNase III activity is stimulated by phosphorylation infection of E. 

coli by the bacterial virus T7. Phosphate transfer to one or more serine side chains on 

RNase III by the T7-encoded protein kinase enhances RNase III activity (Mayer and 

Schweiger, 1983). The phosphorylation may allow more efficient processing of the 

heavily produced T7 mRNA precursors (Dunn and Studier, 1983; Nicholson, 1999). E. 

coli RNase III also participates in cellular responses to specific stress. Downregulation of 

RNase III activity leads to an increase in expression of the bdm (biofilm-dependent 

modulation) gene, whose product is responsible in enhancing biofilm formation during 

cellular adaptation to high osmotic pressure (Sim et al., 2010). The endonucleoytic 

activity of E. coli RNase III also is regulated by an evolutionarily conserved E. coli 

protein, YmdB. The production of YmdB is increased during cold-shock stress, and the 

entry of cells into stationary phase. YmdB then down-regulates RNase III activity, 

perhaps by destabilizing the RNase III homodimer, and perhaps forming a heterodimer 

(Kim et al., 2008). 

The essential requirement for RNase III is organism and growth-condition-

specific. E. coli RNase III mutants are viable, but grow more slowly (Babitzke et al., 

1993). However, RNase III is essential for E. coli growth in anaerobic conditions, or in 

the presence of limited carbon sources (Aristarkhov et al., 1996). In contrast, B. subtilis 

RNase III and S. cerevisiae Rnt1p are essential enzymes (Herskowitz and Bechhofer, 

2000; Chanfreau et al., 1998). 
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1.4.2. RNase III Structure 

 Bacterial RNase III polypeptides are ~220 amino acids in length and contain an 

N-terminal nuclease domain (NucD) that is connected to a C-terminal dsRNA-binding 

domain (dsRBD) by a short (~7 amino acid) flexible linker. The holoenzyme is active as 

a homodimer, which is formed by dimerization of the NucD, and therefore contains two 

catalytic sites and two dsRBDs.  

Only RNase III from a limited set of mesophiles, including E. coli and B. subtilis, 

have been extensively studied, and the biological functions of only E. coli RNase III can 

really be considered reasonably well understood. In contrast, comparatively little is 

known of the RNA processing and decay pathways and the associated ribonucleases of 

bacterial extremophiles. Structural analyses of RNases III of Thermotoga maritima and 

Aquifex aeolicus have been accomplished, but biochemical information on these 

enzymes is lacking. Such studies can provide the basis for structure-function description 

and essential insights on the factors that contribute to biomolecular thermostability and 

catalytic activity under extreme conditions. 

 

1.4.2.1 Thermotoga maritima RNase III 

 Thermotoga maritima (Tm) is a rod-shaped, non-spore-forming bacterium with an 

outer sheath-like envelope belonging to the order of Thermotogales. T. maritima was 

first isolated from geothermal vents on the ocean floor near Italy. It is a 

hyperthermophilic organism that exhibits an optimum growth temperature of ~80°C 

(Huber et al., 1986). From an evolutionary standpoint, Thermotoga maritima represents 

one of the deepest and most slowly-evolving lineages of the Eubacteria (Achenbach-

Richter et al., 1987).  

 The genome of T. maritima strain MSB8 was fully sequenced in 1999 (Nelson et 

al., 1999), which provided evidence for extensive lateral gene transfer between bacteria 
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and archaea. Specifically, ~24% of the T. maritima open reading frames encode proteins 

that are more similar to archaeal proteins than to bacterial proteins (Nelson et al., 1999). 

 The T. maritima genome encodes a relatively limited set of ribonucleases 

(Condon and Putzer, 2002), several of which have been characterized. Tm-RNase P has 

been overexpressed and purified, and its enzymatic activity characterized (Paul et al., 

2001). Cleavage of a precursor tRNATyr in vitro by Tm-RNase P requires salt, divalent 

metal ion, and has a temperature optimum of ~50°C. Structural and biochemical studies 

of Tm-RNase Z also have been accomplished. Tm-RNase Z belongs to the metallo β-

lactamase family of enzymes, and is zinc-dependent (Ishii et al., 2005; Ceballos and 

Vioque, 2007). It is active as a homodimer and cleaves precursor tRNAs at a site 

immediately downstream of the CCA motif, thus providing the mature 3’-ends of the 

tRNAs in a single step (Minagawa et al., 2004; Ceballos and Vioque, 2007). Recently, 

biochemical properties of Tm-RNase HI, including the magnesium ion-dependence, 

enzyme sensitivity to high salt concentrations, and importance of the N-terminal hybrid 

binding domain (HBD) in substrate binding have been characterized in vitro (Jongruja et 

al., 2010).  

 The single T. maritima RNase III (rnc) gene is located between a proposed 

calcineurin-like phosphoesterase gene and an elongator protein 3 gene. The non-

canonical UUG translation initiation codon for Tm-RNase III is located several 

nucleotides upstream of the UGA stop codon for the calcineurin-like phosphoesterase 

gene, and the UGA stop codon for Tm-RNase III overlaps the AUG start codon of the 

elongator protein 3 reading frame (Figure 5A). This arrangement suggests coupled 

translation of the three genes in a single transcript. 

 The single T. maritima rnc gene encodes a polypeptide of 240 amino acids, with 

a predicted molecular mass of 29.6 kDa. The polypeptide contains an N-terminal NucD 

and a C-terminal dsRBD, containing a single copy of the conserved dsRNA-binding motif 
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(dsRBM). A structurally flexible, seven-residue linker (amino acids 162-168) connects 

the NucD to the dsRBD (Figure 5B). A 2.0 Å crystal structure of Tm-RNase III was 

reported by the Joint Center for Structural Genomics of the University of California, San 

Diego (PDB entry 1O0W), which reveals the two dsRBDs in a symmetrically extended 

positions with respect to the dimeric NucD (Figure 5C).  

 

1.4.2.2 The double-stranded-RNA-Binding Domain (dsRBD) 

 The double-stranded RNA binding motif (dsRBM), which represents the C-

terminal proximal domain of RNase III, is widely distributed in eukaryotes and viruses. 

The dsRBM is involved in a variety of processes including, but not limited to, RNA 

editing (Bass, 1997), protein phosphorylation in mammalian translational control (Patel 

and Sen, 1992; Clemens, 1997), and dsRNA processing in rRNA as well as miRNA 

maturation pathways (Bernstein et al., 2001; Lee et al., 2003). The dsRBM has a strict 

specificity for dsRNA, and not detectably bind dsDNA, RNA-DNA hybrids, ssDNA, or 

ssRNA (Tian et al., 2004). 

 The first reported structure of a dsRBM was that of E. coli RNase III (Kharrat et 

al., 1995). The NMR analysis revealed an α-β-β-β-α supersecondary fold, with the  N- 

and C-terminal α-helices packed on the same face of a three-stranded, antiparallel β-

sheet (Kharrat et al., 1995). Crystallographic analysis of a dsRNA bound to a dsRBM of 

Xenopus laevis RNA-binding protein A (Xlrbpa) also showed the dsRBD as a compact 

α/β sandwich that contacts both strands at the major and minor grooves on one face of 

the dsRNA (Figure 6A) (Ryter and Schultz, 1998). The dsRBD establishes dsRNA 

specificity via hydrogen-bonding interactions of the 2’-hydroxyl groups on each strand 

adjacent to the minor groove (Bevilacqua and Cech, 1996). Three regions of the dsRBD 

are important for dsRNA recognition: the α1 helix (region 1) and the loop connecting β1 

and β2 (region 2) contact the minor groove, and the loop connecting the β3 strand and 
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Figure 5. T. maritima RNase III. Gene and protein structures. 

A. The T. maritima RNase III gene and genetic neighborhood. Arrows indicate the 
proposed directions of transcription. The non-canonical UUG translation initiation 
codon for Tm-RNase III is underlined and is 8 nucleotides (nt) upstream of the 
UGA (overlined) stop codon of the open reading frame (ORF) for the proposed 
calcineurin-like phosphoesterase gene. The putative ribosome-binding site is 9 nt 
upstream of the UUG start codon. The proposed UGA (overlined) stop codon for 
Tm-RNase III overlaps with the AUG (underlined) start codon of the ORF for the 
proposed elongator protein 3.  
  

B. Tm-RNase III domain structure. The Tm-RNase III polypeptide contains 240 
amino acids. The NucD (blue) comprises the N-terminal two-thirds of the protein. 
The dsRBD (pink) comprises the C-terminal one-third of the protein. A flexible 7-
residue linker (amino acids 162-168) connects the NucD and dsRBD. The NucD 
consists of nine α helices and two 310 helices, while the dsRBD exhibits a 
conserved α-β-β-β-α secondary structure, with an additional 310 helix.   

 
C. The 2.0 Å structure of Tm-RNase III reported by the Joint Center for Structural 

Genomics (PDB entry 1O0W).  Tm-RNase III crystal structure reveals the two 
dsRBDs in extended symmetrical positions with respect to the dimeric NucDs. 
Tm-RNase III functions as a homodimer that is formed through the self-
association of the NucDs that constitutes the dimer interface. Arrows indicate the 
NucD, the dsRBD, the Linker, and the dimer interface. 
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 Figure 6. Structures of the Double-stranded RNA-binding domain (dsRBD) of  
      XlrbpA, and the nuclease domain (NucD) of RNase III. 

 
A. Crystal structure of a double-stranded RNA-binding motif (dsRBM2) of Xenopus 

laevis RNA-binding protein A (Xlrbpa) bound to dsRNA. The dsRNA is colored in 
light green. The structure exhibits an α-β-β-β-α secondary structure (colored in 
magenta and grey: α-helices as spirals, β-sheets as arrows) (Chang and Ramos, 
2005). The two α-helices are positioned on the same face of a three-stranded, 
anti-parallel β-sheet. This domain binds to one face of the dsRNA. Three regions 
are important for RNA recognition: Region 1 (α1) interacts with minor groove of 
dsRNA; Region 2 (β1-β2 loop) interacts with the minor groove of the dsRNA; and 
Region 3 (β3-α2 loop) interacts with the intervening major groove of dsRNA. 
Major and minor grooves of dsRNA are labeled. The three regions of interactions 
are defined by black lines.  
 

B. Crystal structure of the Aquifex aeolicus RNase III NucD (Blaszczyk et. al., 
2001). (a) One NucD subunit is shown in a molecular surface representation, 
with blue and red indicating surfaces with positive and negative potentials, 
respectively. Another NucD subunit is illustrated as a backbone worm. The α-
helices (α3-α7) that are involved in dimerization are indicated with green labels. 
The hydrophobic amino acid side chains that form the “ball-and-socket” 
structures are shown in stick models: The ‘ball’ is formed by F41 from one NucD 
subunit, while the ‘socket’ is formed by five side chains V52, V56, L67, S68, and 
K71 (all A. aeolicus numbering). (b) The homodimeric structure of the NucD in a 
molecular surface representation, with blue and red indicating surfaces with 
positive and negative potentials, respectively.  
 

C. A ribbon diagram of the two NucDs of A. aeolicus RNase III, shown in blue and 
green. The α-helical secondary structure assignment in the green NucD is 
indicated by red labels. Two clusters of six negatively charged amino acid 
residues that make up the active sites at each end of the catalytic valley are 
labeled: E37, E40, D44, D107, and E110 from one NucD, and E64 from the other 
subunit.  
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the α2 helix (region 3) contacts the major groove (Figure 6A) (Tian et al., 2004; Mueller 

et al., 2010).  

 The dsRBD is essential for bacterial RNase III action. A truncated form of E. coli 

RNase III lacking both dsRBDs cannot cleave small substrates in vitro under standard 

conditions (Sun et al., 2001). However, the catalytic activity of the truncated mutant can 

be partially restored using Mn2+ as the metal ion, and using lower salt concentrations 

(Sun et al., 2001). A recent RNase III heterodimer-based in vitro analysis, in which only 

one of the RNase III subunits lacks the dsRBD, indicates that one dsRBD is sufficient for 

site-specific cleavage activity of the dsRNA substrate, albeit at a slower rate (Meng and 

Nicholson, 2008). 

 

1.4.2.3 The Nuclease Domain (NucD) 

The nuclease domain (NucD) comprises the N-terminal two-thirds of RNase III 

polypeptides (Figure 5B). The crystal structure of A. aeolicus RNase III NucD with bound 

metal (Mg2+ or Mn2+) ions was reported by Ji and coworkers (Blaszczyk et al., 2001). The 

NucD dimerizes to form a homodimeric structure that is stabilized mainly by hydrophobic 

interactions, and several hydrogen bonds or salt bridges. The length of the NucD varies 

to a minor extent between species, but it is characterized by an 11-amino acid stretch, 

(HNERLEFLGDS in E. coli RNase III), known as the RNase III signature motif.  

 The E. coli RNase III NucD possesses seven α-helices (α1 – α7), while A. 

aeolicus has an additional 310 helix. The NucD of Tm-RNase III contains two additional 

α- and 310 helices (Figure 4B) (Akey and Berger, 2005; Blaszczyk et al., 2004). The α3 

helix of each subunit creates the dimer interface, with identical “ball-and-socket’ 

junctions at each end of the dimer interface. The ‘ball’ is the side chain phenylalanine 

(F41, A. aeolicus numbering) in one NucD, while the ‘socket’ is a cavity on the partner 

NucD formed by hydrophobic side chains V52, V56, L67, and S68, as well as K71 (A. 
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aeolicus numbering) (Figure 6B). The ‘ball-and socket’ junctions, and the antiparallel α3 

helices create a catalytic “valley” ~50 Å long and ~20 Å wide, with two active sites at 

each end. The cleft can accommodate and precisely position a dsRNA substrate. 

 

1.4.3 RNase III Catalytic Site Structure and Mechanism  

 The dimerization of the nuclease domain provides a catalytic site at each end of 

the subunit interface. The catalytic site contains a set of six highly-conserved acidic 

residues: E37, E40, D44, E64, D107, and E110 (A. aeolicus RNase III numbering) 

(Figure 6C) or E51, E54, D58, V78, D117, and E130 (T. maritima RNase III numbering) 

(Figure 7). Binding of dsRNA to the valley places a phosphodiester bond of each strand 

of the target site in a catalytic site. A single binding event is followed by a hydrolysis 

reaction in each site. The two catalytic events can occur following substrate binding, but 

are not strictly concerted reactions. Thus, specific reaction conditions, or mutational 

inactivation of one subunit, can cause release of dsRNA after cleavage of only one 

phosphodiester (Gan et al., 2005, 2006; Meng and Nicholson, 2008). 

Enzyme kinetic studies and the action of a specific inhibitor indicate that RNase 

III uses a two-metal-ion catalytic mechanism. This mechanism is based on an original 

proposal by Steitz and coworkers for the mechanisms of other phosphodiesterases 

(Beese and Steitz, 1991; Steitz and Steitz, 1993). The determination of the Hill 

coefficient indicates two Mg2+ ions are required for E. coli RNase III catalytic activity (Sun 

et al., 2005). Also, 2-hydroxy-4H-isoquinoline-1,3-dione (Figure 8), which binds two 

metal ions and inhibits other two-metal-ion ribonucleases (Parkes et al., 2003; Klumpp et 

al., 2003; Hang et al., 2004) also inhibits E. coli RNase III in vitro (Sun et al., 2005). In 

the two-metal-ion mechanism, one Mg2+ ion activates the water nucleophile, while the 
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Figure 7. Sequence alignment of bacterial RNase III polypeptides. 
 
The figure shows the alignment of four bacterial RNase III polypeptides:  Thermotoga 
maritima (Tm), Aquifex aeolicus (Aa), Mycobacterium tuberculosis (Mt) and Escherichia 
coli (Ec) (Pertzev and Nicholson, 2006). The NucD and the dsRBD segments are noted 
on the right. The flexible linker is underlined in blue. Secondary structures are 
highlighted in green, with structural features indicated on top. The locations of RBM 1-4 
and the corresponding site of interaction with the dsRNA substrate sequence elements 
[proximal box (pb), middle box (mb), distal box (db)] are indicated in red.  
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                            α1     α2         α2'       α3 
T. maritima        MNESERKIVE EFQKETGINF KNEELLFRAL CHSSYANEQN QAGRKD VES NEKLEFLGDA    59 
A. aeolicus        -----MKMLE QLEKKLGYTF KDKSLLEKAL THVSYS---- ------KKEH YETLEFLGDA    45 
M. tuberculosis    ----MIRSRQ PLLDALGVDL -PDELLSLAL THRSYAYENG ------GLPT NERLEFLGDA    49 
E. coli            ---MNPIVIN RLQRKLGYTF NHQELLQQAL THRSAS---- ------SK-H NERLEFLGDS    46 
 
        RBM 3           RBM 4(db) 
       α3     α4     α5       310   α5’ 
T. maritima        VLELFVCEIL YKKYPEAEVG DLARVKSAAA SEEVLAMVSR KM---NLGKF LFLGKGEEKT   116 
A. aeolicus        LVNFFIVDLL VQYSPNKREG FLSPLKAYLI SEEFFNLLAQ KL---ELHKF IRIKRG--KI   100 
M. tuberculosis    VLGLTITDAL FHRHPDRSEG DLAKLRASVV NTQALADVAR RLCAEGLGVH VLLGRGEANT   109 
E. coli            ILSYVIANAL YHRFPRVDEG DMSRMRATLV RGNTLAELAR EF---ELGEC LRLGPGELKS   103 
 
                                                                       Flexible Linker 
     310     α6     α7   
T. maritima        GGRDRDSILA DAFEALLAAI YLDQ--GYEK IKELFEQEFE FYIEKIMK-G EMLFD        168 
A. aeolicus        ----NETIIG DVFEALWAAV YIDSGRDANF TRELFYKLFK EDILSAIKEG RVKKD        157 
M. tuberculosis    GGADKSSILA DGMESLLGAI YLQH--GMEK AREVILRLFG PLLDAAPTLG AGL-D        155 
E. coli            GGFRRESILA DTVEALIGGV FLDS--DIQT VEKLILNWYQ TRLDEI-SPG DKQKD        161 
 
         RBM 1(pb)                 RBM 2(mb) 
    α8     β1 310   β2   β3   α9 
T. maritima        YKTALQEIVQ SEHKVPPEYI LVRTEKNDGD RIFVVEVRVN GKTIAT-GKG RTKKEAEKEA   227 
A. aeolicus        YKTILQEITQ KRWKERPEYR LISVEGPHHK KKFIVEAKIK -EYRTL-GEG KSKKEAEQRA   209 
M. tuberculosis    WKTSLQELTA ARGLGAPSYL VTSTGPDHDK EFTAVVVVMD SEYGS--GVG RSKKEAEQKA   213 
E. coli            PKTRLQEYLQ GRHLPLPTYL VVQVRGEAHD QEFTIHCQVS GLSEPVVGTG SSRRKAEQAA   215 
 
     α9 
T. maritima        ARIAYEKLLK ERS-------- 240 
A. aeolicus        AEELIKLLEE SE--------- 221 
M. tuberculosis    AAAAWKALEV LDNAMPGKTSA 244 
E. coli            AEQALKKLEL E---------- 226 

  

NucD 

dsRBD 
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other metal ion neutralizes the negative charge that develops on the 3’-oxyanion leaving 

group (Steitz and Steitz, 1993; Horton and Perona, 2001; Yang, 2010).  

Structural analyses of RNase III family members reveal binding sites for two 

divalent metal ions in the active site. One study analyzed the crystal structure of 

Mycobacterium tuberculosis RNase III, and showed two Ca2+ ions in each catalytic site, 

separated by ~5.4 Å (Akey and Berger, 2005). Another study determined the structure of 

Giardia intestinalis Dicer, and showed the presence of two europium (Eu3+) ions in each 

catalytic site, separated by ~4.2 – 5.5 Å. Although Eu3+ ion does not support Dicer 

catalytic activity, the Eu3+sites can also be occupied by Mn2+, which does support Dicer 

activity (MacRae et al., 2006). Recently, A. aeolicus RNase III was crystallized in the 

presence of dsRNA and Mg2+ ions. The structure shows two Mg2+ ions in each catalytic 

site, separated by ~4.0 Å (Figure 9A) (Gan et al., 2008).  

The catalytic valley of RNase III is highly negatively charged, due to the presence 

of the multiple carboxylic acid side chains (Figure 6B). It has been proposed that Mg2+ is 

important for substrate binding as well as performing an essential catalytic role 

(Blaszczyk et al., 2001, 2004). When Mg2+ is absent, the dsRNA is bound outside of the 

catalytic valley, while when Mg2+ is present, dsRNA is bound in the catalytic valley 

(Figure 9A) (Gan et al., 2008). The two Mg2+ ions in the catalytic sites are located in 

close proximity to a scissile bond, with the distance between the two metal ions ~4 Å 

(Gan et al., 2008). One Mg2+ ion is coordinately bound to three acidic side chains (E40, 

D107, and E110) and two water molecules. The other Mg2+ ion coordinates with two side 

chains (E110 and D44) and one water molecule (Figure 9B). Residues D44 (of the 

signature motif) and E110 are strictly conserved in all members of the bacterial RNase III 

family (Figure 7).  

 In contrast, the two other conserved acidic residues, E37 and E64, do not appear 

to play essential catalytic roles, although they are located near the dsRNA (Zhang et al., 
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2004). It has been suggested that E37 is involved in subunit dimerization, while E64 

participates in substrate recognition and scissile-bond selection (Gan et al., 2006).  

 

1.4.3.1 RNase III Recognition of dsRNA  

Structural information on RNase III has rapidly progressed since 1995, when an 

NMR solution structure of the dsRBD of E. coli RNase III was reported (Kharatt et al., 

1995). The structures of wild-type A. aeolicus RNase III NucD, and specific mutants 

(E110K, D44N) were determined either in ligand-free form, or in the presence of short 

dsRNA or RNA hairpins (Blaszczyk et al., 2001; Gan et al., 2005, 2006, 2008). The 

crystal structure of T. maritima RNase III was separately determined by the Joint Center 

for Structural Genomics (PDB entry 1O0W), in metal- and dsRNA-free form, and 

Mycobacterium tuberculosis RNase III was crystallized in 2005 (Akey and Berger, 2005). 

These structures have served to provide a proposed pathway of dsRNA recognition and 

cleavage by RNase III.  

Comparison of the structure of A. aeolicus RNase III bound to a cleaved 

substrate with the structure of RNA-free T. maritima RNase III indicates a dramatic 

rotation and shift in the positions of the dsRBDs with respect to the NucD (Figure 10A,B) 

(Blaszczyk et al., 2004; Gan et al., 2005, 2006). In the free enzyme, the two dsRBDs are 

positioned in a symmetric, extended arrangement at opposite ends of the dimer. When 

substrate binds, the two dsRBDs shift and rotate significantly, stabilizing the bound 

dsRNA in the catalytic valley. Considering that the NucD and the dsRBD are relatively 

rigid structures, the flex of the linker that connects the two domains is essential in 

enabling the major rotation of each dsRBD during the RNase III-dsRNA recognition 

process. Binding of the dsRNA to the NucD places a scissile bond in each strand of the 

target site in one of the two catalytic sites, allowing the catalytic process to create 

product ends exhibiting 2-nt 3’-overhangs. 
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Figure 8. Structure of 2-hydroxy-4H-isoquinoline-1,3-dione.  

Structure of 2-hydroxy-4H-isoquinoline-1,3-dione, an inhibitor of ribonucleases that 
employ two divalent metal ions in their active sites (Klumpp et al., 2003). The three 
oxygen atoms are positioned in locations compatible to interact with two divalent metal 
ions (M2+) at a distance of 4 Å. Each metal ion interacts two oxygen atoms at equal 
distances of 2.1 Å. 
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Figure 9. Role of Mg2+ ion in dsRNA binding and cleavage by RNase III. 
 

A. Mg2+ ion promotes binding of dsRNA to the NucD catalytic valley (Gan et al., 
2008). A. aeolicus RNase III bound to dsRNA. (a) In the absence of Mg2+, the 
RNA is bound on the outside of the catalytic valley. (b) In contrast, when Mg2+ 
ions are present, the RNA is bound inside the catalytic valley and is cleaved, 
producing a small duplex and a shorter dsRNA hairpin. Two hairpin molecules 
are rebound by protein to be further processed. Four Mg2+ ions, two in each 
active site, are shown as red spheres. The dimeric NucD is shown as a 
molecular surface in grey. The two dsRBDs are shown as ribbon diagrams in 
orange and cyan, where the helices are represented as spirals, strands as 
arrows, and loops as tubes. RNAs are shown as stick models, and are colored in 
blue and green. Locations of the scissile bonds are indicated by red arrows.  
 

B. A comparison of the catalytic site structural features of A. aeolicus RNase III 
bound to Mg2+ and dsRNA (colored in yellow) and the D44N A. aeolicus RNase 
III mutant, also bound to Mg2+ and dsRNA (colored in blue). Protein side chains 
and nucleotide residues are shown in stick model form. Mg2+ ions (A and B) and 
water oxygen atoms are represented as spheres. The distance between the two 
Mg2+ ions is 4.0 Å. Metal coordinate bonds and hydrogen bonds are indicated by 
solid and dashed lines, respectively. The RNA nucleotide residue in the middle 
(the scissile bond cleavage site) is named ‘R 0’, and the rest are numbered 
according to the polarity of the RNA strand. Metal A coordinates with three acidic 
side chains (E40, D107, and E110) and two water molecules. Metal B interacts 
with two side chains (E110 and D44) and one water molecule. However mutation 
of D44 to Asparagine prevents binding of Metal B.  
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Figure 10. RNase III interactions with dsRNA. 
 
A and B. Structural basis for induced fit (Gan et al., 2006). Comparison of A. aeolicus    

RNase III (D44N) with a bound minimal substrate (A) with T. maritima RNase III 
(PDB 1O0W) (B). The crystal structures show a dramatic rotation and shift of the 
two dsRBDs when dsRNA binds. When the enzyme is dsRNA-free, the two 
dsRBDs are positioned perpendicular with respect to the dimeric NucD, as in 
(B). When RNA is bound, the two dsRBDs undergo a major positional shift that 
places the dsRNA substrate into the catalytic valley, as in (A), made possible by 
a flexible, seven-residue linker between the NucD and the dsRBD. The NucDs 
are illustrated as molecular surfaces, with positive and negative potentials 
shown in blue and red, respectively. The dsRBDs are shown as Cα backbone 
worms in white. RNA is shown in stick model form.  

 
C. Locations of four RBMs (1 – 4) within an individual RNase III polypeptide (Gan et 

al., 2006).The dsRNA is shown as a molecular surface and RNase III as a Cα 
backbone worm (in white). The linker region connecting the NucD and the 
dsRBD is shown in red, and the four RBMs are in blue. RBMs 1 and 2 are 
located in the dsRBD, while RBM 3 and 4 are in the NucD.  

 
D. Schematic representation of the RNase III RBMs – dsRNA interactions. The 

diagram is based on Figure 5 in Gan et al. (2006) and Figure 7 in Pertzev and 
Nicholson (2006). RBM 1 and RBM 2, located in the dsRBD, are shown in pink in 
one subunit; while RBM 3 and 4, located in the NucD, are colored in blue. The 
RBMs are outlined in the other subunit. The stem-loop structure of the dsRNA is 
indicated by the grey rectangles, and the protein-interacting boxes in the dsRNA 
[proximal box (pb), middle box (mb), distal box (db)] are outlined by rectangles. 
The scissile bonds are indicated by black arrows.  
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1.4.3.2 The Site-specific Action of RNase III 

Specific RNA structural and sequence elements, referred to as reactivity 

epitopes, determine the cleavage sites of RNase III substrates. A primary reactivity 

epitope is helix length, with substrates of E. coli RNase III typically exhibiting two helical 

turns (~22 bp). One helical turn (~11 bp) is the minimum length required for reactivity. 

The presence of additional secondary structural elements, such as internal loops and 

bulges, or a bulge-helix-bulge motif, can limit cleavage site to a single phosphodiester, 

or fully block cleavage without disrupting enzyme binding (Nicholson, 1999; Calin-

Jageman and Nicholson, 2003; Pertzev and Nicholson, 2006). Base-pair sequence 

elements also control substrate reactivity. The sequence content of a four base-pair 

element, termed the proximal box (pb) and a two base-pair element, termed the distal 

box (db) identifies the RNase III binding site and therefore also the cleavage site. 

Specific bp substitutions in either box (called antideterminants) can inhibit substrate 

cleavage. The inhibitory base-pairs inhibit cleavage either by blocking enzyme binding, 

or by suppressing cleavage without affecting enzyme binding. The two types of inhibitory 

bp function either as recognition antideterminants or catalytic antideterminants, 

respectively (Zhang and Nicholson, 1997; Pertzev and Nicholson, 2006).  

RNase III binding of dsRNA is primarily determined by the action of the dsRBD. 

The crystal structure of A. aeolicus RNase III bound to a cleaved substrate reveals four 

RNA-binding motifs (RBMs) in the RNase III polypeptide (Figure 10C) that interact with 

the proximal box (pb), middle box (md), and distal box (db) (Gan et al., 2006). (Figure 

10D). The positions of the RBMs in the RNase III polypeptide are indicated in Figure 7. 

RBM1 and RBM2 are located in the dsRBD (Figure 10C), and play dominant 

roles in the recognition of dsRNA. RBM1 corresponds to the beginning of the N-terminal 

α helix of the dsRBD. It forms four hydrogen bonds with the O2’ hydroxyls of RNA, 
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among other interactions.  RBM1 appears to be crucial for recognition and binding of 

dsRNA, as it interacts with the proximal box of RNA in the catalytic complex.  

RBM 2 corresponds to the loop between β strands 1 and 2 of the dsRBD. It 

interacts with the minor groove of bound dsRNA. RBM 2 also interacts with two base 

pairs of RNA between the proximal and distal boxes, termed the middle box.  

RBM3 and RBM4 are located in the NucD (Figure 10C). RBM3 corresponds to 

the N-terminal portion of α helix 4. The side chains of specific residues of α helix 4 in 

RBM3 form hydrogen bonds with the 2’-hydroxyl group and a non-bridging phosphate 

oxygen of nucleotides at the cleavage site. RBM 3 is proposed to identify the scissile 

bond, and perhaps also facilitate the catalytic step.   

RBM 4 represents the loop between α helices 5 and 6 in the NucD, and interacts 

with the minor groove of the distal box. Since the distance between RBMs 3 and 4 is 

fixed, RBM 4 may help determine the binding location of RBM 3 and select the scissile 

bond.  

Collectively, the four RBMs identify and bind dsRNA by forming seven hydrogen 

bonds with O2’ hydroxyl groups in both strands, and by projecting two peptide loops 

(RBMs 2 and 4) into the minor groove at two positions. The minimal dsRNA substrate 

that can be recognized and cleaved by RNase III must contain at least 11 bp in order to 

interact with all four RBMs (Gan et al., 2006).  
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1.4.3.3 A Proposed Reaction Pathway for RNase III 

An overall pathway for bacterial RNase III recognition and cleavage of substrate 

has been proposed, based on crystallographic, biochemical, and modeling studies 

(Figure 11) (Gan et al., 2006; Meng and Nicholson, 2008). The pathway involves initial 

recognition of dsRNA by one of the two dsRBDs, followed by the engagement of the 

NucD. The second dsRBD then engages and locks the dsRNA in place, thus stabilizing 

the pre-catalytic complex. In the next step, phosphodiester hydrolysis occurs, with each 

catalytic site responsible for cleavage of one of the two strands of the dsRNA.  

Hydrolysis of a phosphodiester bond is proposed to involve three consecutive stages 

(Gan et al., 2008). In the first step, one of the two Mg2+ ions activates the water 

nucleophile by lowering the pKa of the bound water, the second Mg2+ ion coordinates 

with the 3’ leaving oxygen, facilitating the bond breakage by neutralizing the developing 

negative charge on the oxygen anion. In the transition step, the in-line nucleophilic 

attack on the phosphorus of the scissile bond by the Mg2+-activated OH- ion forms a 

bipyramidal, pentacoordinate phosphorus intermediate. In the final step, the 5’-

phosphate and the 3’-hydroxyl groups move away from the catalytic site, products are 

then released, and another catalytic cycle can occur (Figure 12). 
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Figure 11. Proposed pathway of dsRNA recognition and cleavage by RNase III. 
 
A proposed model for the overall reaction cycle for bacterial RNases III (Meng and 
Nicholson, 2008). The NucD and the dsRBD are colored in blue and pink, respectively. 
Cleavage sites on dsRNA are indicated by red arrows. The pathway involves the initial 
recognition of the substrate by one of the two dsRBDs, followed by the engagement of 
the NucD. The other dsRBD then binds and stabilizes the catalytically competent 
complex. The protein conformational change is possible through the flexibility of the 
linker connecting the NucD and the dsRBD.  
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Figure 12. A Stepwise model for the hydrolysis of a phosphodiester bond by  
      RNase III and the formation of cleavage product. 

 
The cleavage of dsRNA substrate by RNase III involves three consecutive stages of 
phosphoryl transfer, and two steps in product release (Gan et al., 2008).  
 

A. Model of protein-substrate complex. MgA coordinates with three acidic amino 
acid side chains: E40, D107, and E110. MgA activates the water nucleophile by 
lowering the pKa of the water molecule that is located 3.0 Å from the scissile 
bond phosphorus atom. MgB coordinates with the side chains of E110 and D44, 
and with the 3’ leaving oxygen to facilitate bond breakage.  

B. In-line nucleophilic attack by MgA-activated OH- ion on the 5’ phosphorus scissile 
bond to form the bipyramidal pentavalent phosphorane intermediate.  

C. The catalytic site arrangement immediately after phosphoryl transfer. In this step, 
the 3’ -oxygen moves slightly away from the catalytic site.  

D. Step 1 in product release: the 5’-phosphate has moved away from the catalytic 
site.  

E. Step 2 in product release: the RNA products, especially the 3’-OH product, move 
further away from the catalytic site.   
The amino acid and nucleotide residues are shown as stick models (C: grey; N: 
blue; P: orange). Mg2+ ions and water oxygens are shown as spheres in black 
and red, respectively. Metal coordination bonds are drawn as solid lines, and 
hydrogen bonds as dashed lines. The nucleotide residue corresponding to the 
scissile bond is numbered ‘R 0’ and the rest is numbered according to the 
polarity of the RNA strand.  
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1.5 Research Aims and Objectives 

 Our current understanding of bacterial RNA processing pathways is based 

mainly on studies using a limited set of mesophilic organisms, including E. coli and B. 

subtilis. Insight on a conserved mechanism of dsRNA processing may best be gained by 

the analysis of those ribonucleases III whose crystal structures have been determined. 

While a crystal structure of E. coli RNase III is not available, a 2.0 Å structure of T. 

maritima RNase III has been determined by the Joint Center for Structural Genomics 

(PDB 1O0W). However, the biochemical properties of Tm-RNase III have not been 

reported. Extremophile proteins have greater stability and retain their activities in 

extreme conditions such as high temperature, pH, or ionic strength. A study of T. 

maritima RNase III therefore is of interest because of (i) the availability of a structure; (ii) 

its deeply-branching lineage, affording comparative study of substrate reactivity 

epitopes; and (iii) potential thermostability, which may be of advantage in biophysical 

studies as well as potential biotechnological applications.  

The main objectives of this project are to (i) provide the first biochemical 

characterization of an extremophile RNase III, and (ii) determine and compare the 

reactivity epitopes of RNase III substrates from two phylogenetically, widely separated 

bacterial species, E. coli and T. maritima.  

Towards these goals, I have (i) overexpressed and purified a recombinant Tm-

RNase III in vitro; (ii) characterized T. maritima RNase III catalytic properties, including 

dependence on divalent metal ion, salt, pH, and temperature; (iii) analyzed the 

sequence-dependent processing reactivities of small RNA hairpins derived from the 

Thermotoga 16S and 23S pre-rRNAs; and (iv) characterized the ability of Tm-RNase III 

to cleave substrates of other bacterial rRNA precursors of a phylogenetically distant 

RNase III. 
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2.1 Materials and Reagents 

2.1.1 Materials 

Water was deionized and distilled. Chemicals and reagents were molecular 

biology grade and purchased from Sigma-Aldrich (St. Louis, MO) or from Fisher 

Scientific (Chicago, IL). Pipet tips, microcentrifuge tubes and Autoradiography Film (Blue 

Lite) were purchased from ISC Bioexpress (Kaysville, UT). Dialysis tubing (Spectra-Por 

CE, 10,000 MWCO) was purchased from Fisher Scientific. Electrophoresis items (glass 

plates, spacers, combs), and microelectroporation chambers were purchased from 

LabRepCo (Horsham, PA). Standardized 1 M solutions of MgCl2, MnCl2, and CaCl2 were 

obtained from Sigma-Aldrich. Ni2+-NTA affinity chromatography resin and restriction 

grade thrombin were purchased from Novagen (Madison, WI). Protein assay kits and 

Precision Plus Protein standards for SDS-PAGE were purchased from Bio-Rad 

Laboratories (Hercules, CA). Agarose and low-melting point (LMP) agarose were 

obtained from Invitrogen (Carlsbad, CA). Plasmid mini-prep kits, QIAquick gel extraction 

kits, and QIAquick PCR purification kits were purchased from Qiagen (Valencia, CA). 

Ribonucleoside 5’-triphosphates (rNTPs) were obtained from GE Healthcare Bio-

Sciences Corp. (Piscataway, NJ). [γ-32P] rATP (3000 Ci/mmol), [α-32P] rUTP (3000 

Ci/mmol), and [5’-32P] Cytidine 3’,5’-bisphosphate (3000 Ci/ mmol) were purchased from 

Perkin-Elmer (Boston, MA). E. coli bulk stripped tRNA was purchased from Sigma and 

was further purified by repeated phenol extraction, followed by ethanol precipitation. T4 

DNA ligase, Vent DNA polymerase, and T4 polynucleotide kinase were purchased from 

New England Biolabs (Beverly, MA). Restriction enzymes BamHI and NdeI were also 

purchased from New England Biolabs. Shrimp alkaline phosphatase (SAP) was obtained 

from Roche Molecular Biochemicals (Indianapolis, IN). QuickChange® site-directed 

mutagenesis kits were purchased from Agilent Technologies (Santa Clara, CA). T7 RNA 

polymerase was purified in-house as described (He et al., 1997; Studier et al., 1990) 
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using E. coli strain BL21 containing plasmid pDL21. Oligodeoxynucleotide transcription 

templates and mutagenic oligodeoxynucleotides (Table 2) were synthesized by 

Invitrogen and the deprotected, desalted forms were further purified by denaturing gel 

electrophoresis (Section 2.2.3.1). Purified DNAs and RNAs were stored at -20°C in TE 

buffer (pH 8.0) (see below).  

 

2.1.2 Reagents  

 In general, the pH of Tris buffers were adjusted to the specified value using 

concentrated (12 N) HCl. Tris buffers and salt solutions are autoclaved.  

 

TBE Buffer (1X) (pH 8.2 – 8.3) 

89 mM Tris Base 

89 mM Boric Acid 

2 mM EDTA (disodium salt) 

TE Buffer (1X) 

10 mM Tris-HCl (pH 8.0)  

 1 mM EDTA (disodium salt) 

RNA/DNA Extraction Buffer  

[Adjusted to pH 8.0 with concentrated NH4OH]  

0.5 M Ammonium acetate 

10 mM EDTA (disodium salt) 

Tm-RNase III Enzyme Dilution Buffer (1X) 

30 mM Tris-HCl (pH 8.0) 

10 mM NaCl 

T7 RNA Polymerase Transcription Buffer (5X) 

200 mM Tris-HCl (pH 8.2) 
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100 mM MgCl2 

50 mM Spermidine 

125 mM DTT 

0.05% (v/v) Triton X100 

400 mg/mL PEG 8000 

Reaction Stop Solution / Denaturing Gel Loading Solution (2X)  

89 mM         Tris base 

89 mM         Boric acid 

20 mM         EDTA (disodium salt) 

30% (v/v)    Glycerol (Molecular Biology Grade) 

7 M          Urea  

0.04% (w/v) Bromophenol blue 

Cleavage Assay Buffer (1X) for Tm-RNase III Substrates  

30 mM Tris-HCl (pH 8.0) 

10 mM NaCl 

1 mM   MgCl2 

P1 Nuclease Buffer (1X)  

[Guanine -specific conditions] 

20 mM         Sodium citrate (pH 9.0) 

6.5 M          Urea  

1 mM          ZnCl2  

0.04% (w/v) Xylene cyanol 

Binding Assay (Gel Mobility Shift) Buffer (10X) for Tm-RNase III Substrates  

2.5 M       Potassium glutamate 

300 mM    Tris-HCl (pH 8.0) 

50 mM      CaCl2 
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50% (v/v) Glycerol 

50 mM     Spermidine 

10 mM     DTT 

10 mM     EDTA (disodium salt) 

30% Acrylamide Stock Solution (29:1 acrylamide:bisacrylamide) 

Polyacrylamide gel solutions were stored in amber glass bottles at 4°C. 

[For denaturing polyacrylamide gels used in substrate cleavage assays] 

29% (w/v) Acrylamide 

1% (w/v)   N,N’-Methylene Bisacrylamide 

30% Acrylamide Stock Solution (80:1 acrylamide:bisacrylamide) 

[For non-denaturing polyacrylamide gels used in gel mobility shift assays]  

29.6% (w/v) Acrylamide 

0.38% (w/v) N-N’-Methylene Bisacrylamide 

15% Denaturing Polyacrylamide / 7 M Urea Gel 

[For substrate cleavage assays] 

21 g   Urea 

10 mL   5 X TBE 

25 mL   30% Acrylamide Stock Solution (29:1) (see above) 

0.5 mL   10% (w/v) Ammonium Persulfate 

0.05 mL TEMED  

8% Non-denaturing Polyacrylamide Gel  

[For gel mobility shift assays] 

13.33 mL 30% Acrylamide Stock Solution (80:1) (see above) 

0.25 mL   1M CaCl2 

5.0 mL     5X TBE 

0.5 mL     10% (w/v) Ammonium Persulfate 
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0.05 mL   TEMED 

SDS-PAGE Electrophoresis Buffer (5X) (pH 8.3)  

[1000 mL total volume] 

72 g Glycine 

15 g Tris base 

5 g   SDS 

SDS-PAGE Sample Buffer (2X)  

100 mL      Tris-HCl (pH 6.8) 

4% (w/v)    SDS 

0.2% (w/v) Bromophenol blue 

20% (v/v)   Glycerol 

200 mM     DTT 

Bacterial Cell Cracking Buffer (1X) for SDS-PAGE 

50 mM      Tris-HCl (pH 6.8) 

20 mM      EDTA (disodium salt) 

10% (v/v) Glycerol 

1% (v/v)   2-mercaptoethanol 

1% (w/v)  SDS 

12% SDS-PAGE 

 Separation Gel 

 [Final volume: 22.5 mL] 

5.7 mL     Tris-HCl (1.5 M, pH 8.8)  

 0.225 mL 10% (w/v) SDS 

 9.0 mL     30% Acrylamide Stock Solution (29:1) (see above) 

 0.225 mL 10% (w/v) Ammonium Persulfate 

 0.009 mL TEMED  
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Stacking Gel  

 [Final volume: 10 mL] 

1.25 mL Tris-HCl (1M, pH 6.8)  

 0.1 mL   10% (w/v) SDS 

 1.7 mL   30% Acrylamide Stock Solution (29:1) (see above) 

 0.1 mL   10% (w/v) Ammonium Persulfate  

 0.01 mL TEMED  

Gel Staining Buffer 

0.1% (w/v) Coomassie Brilliant Blue G-250 

45% (v/v)   Methanol 

10% (v/v)   Glacial acetic acid 

Gel Destaining Buffer 

45% (v/v) Methanol 

10% (v/v) Glacial acetic acid 

Ni2+-NTA Affinity Column Binding Buffer (1X) 

20 mM   Tris-HCl (pH 8.0) 

500 mM NaCl 

5 mM    Imidazole 

Ni2+-NTA-Column Washing Buffer (1X) 

20 mM   Tris-HCl (pH 8.0) 

500 mM NaCl 

60 mM   Imidazole 

Ni2+-NTA-Column Elution Buffer (1X) 

20 mM   Tris-HCl (pH 8.0)  

1 M     NaCl 

400 mM Imidazole 
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Ni2+-NTA-Column Dialysis Buffer 1 (1X) 

[500 mL total volume] 

60 mM Tris-HCl (pH 8.0) 

1 M       NaCl 

400 mM Imidazole 

Ni2+-NTA-Column Dialysis Buffer 2 (1X) 

[500 mL total volume] 

60 mM Tris-HCl (pH 8.0) 

1 M       NaCl 

Ni2+-NTA-Column Dialysis Buffer 3 (1X) 

[1000 mL total volume] 

60 mM Tris-HCl (pH 8.0) 

1 M      NaCl  

1 mM   EDTA (disodium salt) 

1 mM   DTT 

Dialysis Buffer (1X) for Thrombin Cleavage Reactions 

[Adjusted to pH 8.4 with concentrated HCl]  

20 mM   Tris base  

150 mM NaCl  

 

2.2 Methods 

2.2.1 Gene Cloning Procedures 

The wild-type Tm rnc gene was amplified from a sample of genomic DNA and 

cloned into expression plasmid pET-15b. The gene cloning procedures described below 

are summarized as follows: gene amplification, purification, restriction enzyme digestion, 

ligation, transformation, and sequence verification. The mutant (E130A) Tm rnc gene 
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was created using the QuickChange® site-directed mutagenesis kit as described in the 

manufacturer’s protocols.  

 

2.2.1.1 Target Gene Amplification 

 Tm rnc gene amplification  

 The Tm rnc gene was amplified from genomic DNA (a generous gift from Dr. 

Francis E. Jenney Jr., University of Georgia, Athens, GA) by the work of Dr. Wenzhao 

Meng, Temple University. To summarize this step, a 5’ “forward” primer: 5’-GGG AAT 

TCC A*TA TGA ACG AGA GTG AGA GAA AGA T-3’, and a 3’ “reverse” primer: 5’-CCC 

G*GA TCC TCA TGA TCT CTC CT-3’ were used in the PCR amplification. The 5’ 

forward primer carries an NdeI site (underlined) with the cleavage site indicated by the 

asterisk, and the rnc AUG initiation codon in bold face, while the 3’ reverse primer 

encodes a BamHI site (underlined) with the cleavage site indicated by the asterisk, 

directly adjacent to the sequence complementary to the rnc UGA stop codon (in bold 

face).  

 The amplification reaction (100 µL) contained: 1X PCR buffer (NEB), 2 mM 

MgSO4, 100 ng T. maritima DNA, the four dNTPs (10 mM each), 30 pmol 5’ forward 

primer, 30 pmol 3’ reverse primer, and 1 unit of Vent DNA polymerase. The initial 

denaturing temperature was 94°C (1 minute), followed by 30 cycles consisting of 94°C 

for 20 seconds, 55°C for 1 minute, and 72°C for 1 minute. The final extension 

temperature was 72°C for 7 minutes. The PCR was analyzed by electrophoresis of an 

aliquot (5 µL) of the reaction in a 1% agarose gel (1X TBE buffer, 35-50 V, 1-2 hours), 

followed by staining in ethidium bromide (EB) (0.5 µg/mL) for 10 minutes and rinsing it 

with water. The image of the stained gel was captured using an EpiChemi® Darkroom 

system (UVP, LLC) and Labwork 4.0 software.  
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Tm rnc mutant gene amplification  

 The E130A mutation was created using a single-step PCR reaction, according to 

the QuickChange® Multi-Site Directed Mutagenesis method. This method consisted of 

three separate procedures. The first step involved a PCR amplification to achieve 

multiple rounds of mutant strand synthesis. The second step involved the digestion of 

the amplification products with the restriction endonuclease Dpn I. Dpn I recognizes the 

sequence: 5’-Gm6ATC-3’ and methylation of adenine residues is required for reactivity. 

Dpn I digests only GmATC sequences containing N6-methyladenine (Lacks and 

Greenberg, 1975, 1977; Geier and Modrich, 1979). Plasmid DNA that is isolated from 

almost all of the commonly used E. coli strains is methylated and is a suitable template 

for mutagenesis. Therefore, this restriction endonuclease is specific for methylated and 

hemimethylated DNA and is used to digest the parental DNA template (Nelson and 

McClelland, 1992). In the last step, the mutated single-stranded DNA was transformed 

into E. coli XL-10® Gold ultracompetent cells for conversion to the double-stranded form.  

The mutagenic oligonucleotide primer sequence is: 5’- CTC GCC GAC GCG 

TTC GCA GCG CTT CTG GCT G-3’. The underlined, bold-faced nucleotide is the 

mutagenic nucleotide, and the codon that is affected is indicated by an underline. The 

reaction (25 µL volume) contained: 2.5 µL 10X QuickChange® Multireaction buffer, 0.75 

µL Quicksolution, 100 ng DNA template (pET15b-Tm-rnc), 100 ng mutagenic 

oligonucletiode primer, 1 µL dNTP mix, and 1 µL QuickChange® Multi enzyme blend.  

 For the PCR, the initial denaturing temperature was 95°C for 1 minute (1 cycle); 

followed by 30 cycles consisting of 95°C for 1 minute, 55°C for 1 minute, and 65°C for 

13 minutes. Following the temperature cycling, the reaction temperature was adjusted to 

~37°C. The mutant Tm-rnc gene PCR amplification products were incubated with Dpn I 

restriction enzyme according to the supplied protocol.   
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Gel purification of PCR products 

 If the reaction product consisted essentially of a single species as indicated by 

agarose gel electrophoresis, it was directly purified from the reaction mix using a 

QIAquick PCR purification kit (Qiagen) according to the supplier’s instructions. If 

additional products were present, agarose gel purification was performed. Specifically, 

PCR samples were electrophoresed in a 1% or 0.7% LMP agarose (Sigma-Aldrich) gel 

(1X TBE buffer, 4°C, 35-50 V, 1-2 hours). The gel was stained in EB (0.5 µg/mL) for 10 

minutes. Long wavelength UV light (365 nm) was used to locate the band, which was 

then excised with a sterile scalpel. The DNA was purified from the gel slice using the 

QIAquick gel extraction kit (Qiagen) according to the supplier’s instructions. 
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Figure 13. Plasmid pET-15b structure. 
 
The pET-15b plasmid is designed to fuse an N-terminal (His)6-tag (~2 kDa) on the 
expressed protein. A thrombin cleavage site allows removal of the (His)6 tag. The 
plasmid also carries the pBR322 replication origin, T7 promoter and terminator, and an 
ampicillin (Amp) resistance gene. The sequence is numbered according to the pBR322 
plasmid replication origin, which leads to a reversed T7 expression region on the map.  
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2.2.1.2 Restriction Enzyme Digestion, Ligation, and Transformation 

 NdeI/BamHI double digestion, and DNA ligation reactions 

 Restriction enzyme digestion, ligation, and transformation of the Tm-rnc gene 

were carried out by Dr. Wenzhao Meng, Temple University. To summarize, purified pET-

15b plasmid (~1 µg) and purified Tm-rnc gene DNA (~1 µg) were separately digested at 

37°C for 1 hour with 20 units each of NdeI and BamH1 restriction enzymes, 

simultaneously, in 1X NEB Buffer 4 (supplied by NEB). The reaction was stopped by 

heat inactivation (65°C for 20 minutes) or by adding EDTA (50 mM final concentration). 

Digested products were gel-purified or phenol-chloroform extracted. The digested vector 

can be additionally treated with shrimp alkaline phosphatase to minimize self-ligation of 

any single-cleaved plasmid DNA.  

The DNA ligation reaction (20 µL) contained: 0.1 µg each of the digested pET-

15b vector and Tm-rnc DNA, 1X T4 DNA ligase buffer (supplied by NEB), supplemented 

with 1 mM ATP and 400 units of T4 DNA ligase. The reaction was incubated at 4°C for 

48 hours, followed either by heat inactivation (65°C, 20 minutes) or by adding EDTA (50 

mM final concentration). Ligation reactions were stored at -20°C until further use.  

Dpn I digestion of mutant Tm-rnc gene amplification products 

To digest the parental (pET15b-rnc) DNA template, Dpn I restriction enzyme (1 

U) was added to the amplification reaction, according to the manufacturer’s protocols.  

Plasmid electroporation 

Transformation of plasmids into E. coli was performed by Dr. Wenzhao Meng. To 

summarize, electrocompetent E. coli DH10b cells (Invitrogen) (~16 µL) were transformed 

by electroporation using an aliquot of the ligation reaction (~4 µL). E. coli DH10b is 

derived from E. coli DH5α, which is RecA-deficient and exonuclease-deficient. In 

contrast to DH5α, DH10b can only be transformed by electroporation (Calvin and 

Hanawalt, 1988; Dower et al., 1988). Electroporation was carried out on ice. 20 µL of 
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transformation mix was added to a pre-cooled electroporation chamber. The E. coli cell-

porator pulse machine (Life Technologies) was used at the medium voltage setting (2.47 

kV). After electroporation, cells were transferred into 1 mL LB Broth and incubated at 

37°C for 1 hour (250 rpm shaking speed). Cells were collected by centrifugation at 5,000 

rpm, resuspended in 50 µL LB Broth, and plated on LB Agar plates containing ampicillin 

(Amp) [100 µg/mL] with overnight incubation at 37°C. Single colonies were separately 

picked and grown overnight in 5 mL LB Broth containing Ampicillin (100 g/mL) at 37°C. 

Cells were then collected by low-speed centrifugation (6000 rpm, 2 minutes). Plasmids 

were purified using a Qiagen plasmid mini-kit, according to the supplier’s instructions.  

The Dpn I-digested plasmid containing the mutant Tm rnc (E130A) gene was 

transformed into E. coli XL-10 Gold ultracompetent cells, per manufacturer’s protocols. 

Plasmids were purified using a Qiagen Plasmid Midiprep kit, according to the supplier’s 

instructions. 

  

2.2.1.3 Target Gene Verification 

 Prior to sequencing, the recombinant plasmids were characterized by restriction 

analysis. The presence of the Tm-rnc gene was confirmed by HindIII digestion, which 

produced two fragments of 744 and 5630 bp. Confirmed recombinant plasmids were 

sent out for sequencing by the DNA sequencing facility at the University of Pennsylvania 

School of Medicine (http://www.med.upenn.edu/genetics/core-facs/dna-seq/). The 

presence of the E130A mutation in the cloned Tm rnc gene also was verified by 

sequencing after plasmid purification.  
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Preparation of Electrocompetent E. coli cells 

 E. coli cells [DH10b or BL21(DE3)rnc105recA] were streaked on an LB Agar 

plate without antibiotic, followed by overnight incubation at 37°C. A single colony was 

picked and grown in 5 mL LB Broth (250 rpm shaking speed) at 37°C overnight. The 

culture was diluted into 400 mL LB Broth and grown at 37°C to an optical density (OD) of 

0.4 (595 nm). An OD595 of 0.4 corresponds to ~108 – 109 cells per mL. Cells were 

harvested by low-speed centrifugation (6,000 rpm, 4°C, 20 minutes) in a Sorvall SLA-

1500 rotor, and washed with 50 mL of cold 10% (v/v) glycerol, followed by additional 

low-speed centrifugation (6,000 rpm, 4°C, 20 minutes) two times. Cell pellets were 

gently resuspended in 1 mL of cold 10% (v/v) glycerol, and divided into small aliquots 

(~50 – 100 µL) at 4°C, followed by rapid cooling (~5 minutes) in an ethanol/ dry ice bath 

before storage at -80°C.  
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Table 1. E. coli strains and relevant genotypes. 

E. coli Strain Genotype Description 

DH10b F– mcrA ∆(mrr-hsdRMS-
mcrBC) Φ80lacZ∆M15 
∆lacX74 recA1 endA1 
araD139 ∆(ara leu) 7697 
galU galK rpsL nupG λ– 

Derived from E. coli DH5α, 
which is RecA and 
exonuclease deficient.  

BL21(DE3)rnc105recA F– rnc recA omp T hsdSB (rB
– 

mB
–) gal dcm (DE3) 

The DE3 gene encodes T7 
RNA polymerase under 
control of the IPTG-
inducible lac promoter.  
The recA mutation 
suppresses plasmid 
recombination. 
The rnc105 mutation 
(G44D) abolishes the 
activity of the 
chromosomally-encoded 
RNase III gene (Nashimoto 
and Uchida, 1985) 
 

XL 10-Gold 
Ultracompetent 

TetR∆ (mcrA)183 ∆(mcrCB-
hsdSMR-mrr)173 endA1 
supE44 thi-1 recA1 gyrA96 
relA1 lac Hte 
[F’ proAB lacIqZ∆M15 Tn10 
(TetR) Amy CamR] 

The Hte phenotype 
increases transformation 
efficiencies of ligated DNA 
and large DNA molecules. 
The endA 1 mutation 
abolishes endogenous 
endonuclease activity and 
improves the quality of 
plasmid DNA for 
sequencing. 
The recA mutation 
suppresses plasmid 
recombination and helps 
ensure adequate protein 
production. 
TetR and CamR indicate 
tetracycline and 
chloramphenicol antibiotic 
resistance.  
The lacIqZ∆M15 gene on 
the F’ episome allows blue-
white screening for 
recombinant plasmids. 
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2.2.2 Protein Overexpression and Purification 

 Tm-RNase III was overexpressed in E. coli BL21(DE3)rnc105recA cells and 

purified using Ni2+-NTA column chromatography.  

 

2.2.2.1 Protein overexpression 

To overexpress Tm-RNase III, BL21(DE3)rnc105recA cells were transformed 

with the recombinant pET-15b plasmid containing the Tm rnc gene, by electroporation 

using the medium voltage (2.47 kV) setting (similar to the plasmid electroporation 

protocol described above). A single colony was picked and grown overnight at 37°C in 5 

mL LB Broth containing Amp (50 µg/mL). The culture was diluted into 400 mL LB Broth 

containing Amp (50 µg/mL), followed by vigorous shaking (250 rpm) at 37˚C. IPTG (1 

mM final concentration) was added when the culture reached an optical density of ~0.4 

(595 nm), and incubation continued at 37˚C with vigorous aeration for 4 hours. Cells 

were collected by low-speed centrifugation (6000 rpm, 4°C, 30 minutes) using a Sorvall 

SLA-1500 rotor, and the bacterial pellet was stored at -20°C until further use. 

 For protein expression analysis by SDS-PAGE, an aliquot (1 mL) of the culture 

was taken before IPTG addition, as well as 4 hours after addition. The aliquots were 

briefly centrifuged (5000 rpm, 1-2 minutes), the supernatants removed, and the cell 

pellets stored at -20°C prior to SDS-PAGE analysis (see below).  

 

2.2.2.2 Protein Purification  

Ni2+-NTA affinity chromatography 

 E. coli cells obtained from the 400 mL culture were resuspended in 60 mL of Ni2+-

column binding buffer by repetitive pipetting and subjected to repeated sonication on ice. 

The ultrasonic cell disrupter (Misonix, Inc) was set at 4 Watts. The sonication time was 1 

minute, followed by cooling on ice for 1 minute. The process repeated 10 times. The 
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sonicate was clarified by low-speed centrifugation (6000 rpm, 4°C, 30 minutes) using a 

Sorvall SLA-1500 rotor. The supernatant was applied directly to the prepared purification 

column.  The Ni2+-NTA column was prepared using a 10-mL disposable plastic pipet, 

using a small ball of sterile glass wool as the column support. A short piece of Tygon 

tubing was attached to the tip of the pipet to direct the eluent, with a small screw clamp 

positioned on the tubing to control the flow rate. To purify protein from a 400-mL culture, 

~2 mL His-Bind resin (Novagen) was added on top of the glass wool plug. The 

purification was operated in a 4°C dairy-case refrigerator. The resin was first washed 

with 20 mL of Ni2+-NTA-column binding buffer, and then charged with 10 mL of 50 mM 

NiSO4. The clarified sonicate (~60 mL) was loaded onto the column, with the eluent flow 

rate at ~1 drop per second. The column was washed with 30 mL Ni2+-NTA-column 

binding buffer, followed by 20 mL of Ni2+-NTA-column washing buffer. Tm-RNase III was 

then eluted with 10 x 1 mL of Ni2+-NTA-column elution buffer, or until protein could no 

longer be detected by the Bradford protein assay (Bio-Rad Laboratories). This assay 

quantitates protein levels by measuring the binding of Coomassie Brilliant Blue G-250 

dye to proteins, which causes a shift in the dye color from red to blue (Bradford, 1976). 

Coomassie Brilliant Blue G-250 dye binds primarily to basic (especially arginine) and 

aromatic amino acid residues (Compton and Jones, 1985) present in proteins.  

 The eluted protein was placed in a dialysis membrane (Spectra Por CE, 10,000 

MWCO), and subjected to three rounds of dialysis at 4°C. The first and second dialyses 

were done in Ni2+-NTA-column Dialysis Buffer 1 (500 mL), and Ni2+-NTA-Column 

Dialysis Buffer 2 (500 mL), consecutively, each for a 2-hour period. The final dialysis 

was done overnight at 4°C against Ni2+-NTA-Column Dialysis Buffer 3 (1000 mL). The 

protein was then stored at -20°C in 50% (v/v) glycerol, 0.5 M NaCl, 30 mM Tris-HCl (pH 

8.0) 0.5 mM EDTA and 0.5 mM DTT. Protein concentrations were determined by the 
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Bradford assay, using bovine serum albumin (BSA) as the standard (Amarasinghe et al., 

2001; Meng et al., 2008).   

SDS-PAGE analysis  

 A 12% SDS-containing polyacrylamide gel (0.8-mm thick) was prepared that 

consisted of a separation gel and a stacking gel. The separation gel was poured first, 

and ~200 µL isopropanol was carefully layered on top to eliminate any air bubbles and 

provide a smooth interface. After the separation gel had fully polymerized (~30 minutes), 

the isopropanol was drained. The stacking gel was poured on top of the separation gel, 

and allowed to polymerize for ~15 minutes. 

 The cell pellets from the protein overexpression verification assay (Section 

2.2.2.1; see above) were thoroughly resuspended in 100 µL SDS-PAGE Cell Cracking 

Buffer (1X) and 50 µL of SDS-PAGE Sample Buffer (2X) added. Also, a 50 µL aliquot of 

purified Tm-RNase III was mixed with an equal amount of the SDS-PAGE Sample Buffer 

(2X). The samples and protein MW standards (Precision Plus ProteinTM Dual Color 

Standards, Bio-Rad Laboratories) were heated at 100°C for 5 minutes, and loaded onto 

the gel.  For a good resolution of protein separation, the samples were electrophoresed 

at ~120 V for 5-6 hours until the bromophenol blue dye marker ran off the bottom of the 

gel. The gel was stained with Coomassie Blue Gel Staining Buffer for ~2 hours, then 

destained with Coomassie Blue Gel Destaining Solution until the solution was clear.  

 

2.2.3. Enzyme Assays 

2.2.3.1 RNA Substrate Synthesis and Purification 

 Purification of oligodeoxynucleotides 

 The sequences of oligodeoxynucleotides used in this project are listed in Tables 

2 and 3. Deprotected oligodeoxynucleotides (synthesized by Invitrogen Custom Service) 

were resuspended in TE buffer. Typically, a 75 µL aliquot was combined with an equal 



68 
 

volume of the Denaturing Gel Loading Solution. The sample was electrophoresed at 

room temperature in a 15% denaturing polyacrylamide gel (1.5 mm thick) containing 7 M 

urea in TBE Buffer (1X). The oligodeoxynucleotides were visualized by UV shadowing 

which is a quick and easy method for visualizing any unlabeled nucleic acid (DNA or 

RNA) separated in a polyacrylamide gel (Hassur and Whitlock, 1974). A fluor-coated, 

silica TLC plate (Uniplate, Analtech, Inc.) is placed underneath the gel and a short 

wavelength UV light (254 nm) is shone down on the gel. The nucleic acid absorbs the 

light and casts a shadow on the fluorescent silica gel surface, thereby identifying the 

position of the nucleic acid. The nucleic acid will appear as a dark purple band, while the 

TLC plate will exhibit a green fluorescence.  

 Gel bands containing the desired DNA were excised with a clean scalpel blade. 

Gel slices were transferred into microcentrifuge tubes, crushed using 1000 µL plastic 

pipet tips, and soaked in 500 µL RNA/DNA Extraction Buffer at room temperature 

overnight. After centrifugation at maximum speed (14,000 rpm, 10 minutes), the 

supernatant was transferred into a clean microfuge tube and the DNA precipitated by 

adding 1/10 volume of 3M NaOAc (pH 5.2) and 2.5 volumes of absolute ethanol, then 

kept at -80°C for at least 2 hours. After centrifugation at maximum speed (14,000 rpm, 

30 minutes), the supernatant was carefully removed, and the DNA pellets washed with 

cold 70% ethanol and centrifuged at maximum speed (14,000 rpm, 15 minutes). The 

supernatant was carefully aspirated; the DNA pellets were briefly dried (~2 minutes) 

using a Vacufuge Concentrator 5301 (Eppendorf) and resuspended in 30 µL TE Buffer 

(pH 8.0). The DNA concentration was determined by UV spectrophotometry (Beckman 

DU 530 UV/VIS Spectrophotometer), and using Equation 1.  

Equation 1 

Molarity (µM) = 
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The extinction coefficients for the oligodeoxynucleotides could be obtained from 

the product information sheet provided by Invitrogen. Otherwise, they can be calculated 

as follows. Millimolar extinction coefficients of long (>30 nt) DNA (OD260.l/µmol.cm) are: 

A, 15.4; C, 7.4; G, 11.5; T, 8.7. Millimolar extinction coefficients of long (>30 nt) RNA 

(OD260.l/µmol.cm) are: A, 15.4; C, 7.2; G, 11.5; U, 9.9. The OD260/OD280 ratio assesses 

the purity of the purified oligonucleotides, with a value of 2.0 representing essentially 

pure RNA, 1.8 representing essentially pure DNA, and less than 1.8 indicating the 

presence of contaminants.   

In vitro enzymatic transcription of DNA templates 

In vitro enzymatic transcription reactions employed oligodeoxynucleotide 

templates encoding a T7 promoter. First, the oligodeoxynucleotide (1.6 µM, Table 2) was 

annealed with a “G-18 start” promoter oligonucleotide (Table 2) (1.8 µM) in 100 µL of 10 

mM Tris-HCl (pH 8.0) at 65°C for 5 minutes, followed by cooling on ice for 15 minutes.  

For nonradioactive transcription reactions (100 µL): 10 µL of the annealed DNA 

mix was mixed with 20 µL 5X T7 RNA Polymerase Transcription Buffer, 1 µL of 100 mM 

each rNTP (ATP, GTP, CTP, UTP), 5 µL of 100 mM DTT, and ~400 units of T7 RNA 

Polymerase. The reactions were incubated at 37°C for 3-4 hours, and then stopped by 

adding one-half volume of Reaction Stop Solution. The sample was electrophoresed at 

room temperature in a 15% denaturing polyacrylamide gel (16 cm length, 1.5 mm thick) 

containing 7 M urea in 1X TBE Buffer until the bromophenol dye just runs off the bottom 

of the gel.  The RNA gel band was then located, excised, and the RNA extracted using 

the methods described above (Section 2.2.3.1).  

Synthesis of internally 32P-labeled RNA 

The protocol described above was used to synthesize internally radiolabeled 

RNA, with the addition of 20 µCi of [α-32P] UTP (3000 Ci/mmol) to the reaction. The 

reaction was stopped by the addition of Reaction Stop Solution and electrophoresed at 
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room temperature in a 15% denaturing polyacrylamide gel (1.5 mm thick) containing 7 M 

urea in 1X TBE Buffer until the dye had run off the bottom of the gel. The gel band 

containing the radiolabeled RNA was visualized using Blue Lite Autorad film. 

Specifically, the film was exposed to the gel for 30 minutes, developed in developing 

buffer (GBX, Sigma-Aldrich) for 2 minutes, stopped in stopping buffer (GBX, Sigma-

Aldrich) for 30 seconds, and fixed in fixing buffer (GBX, Sigma-Aldrich) for 2 minutes. 

The radioactive RNA-containing gel band was excised and incubated in RNA/DNA 

Extraction Buffer (~500 µL). RNA was recovered by ethanol precipitation and 

resuspended in TE Buffer (~30 µL). The amount of radiolabeled substrate was 

determined by scintillation counting of a 1 µL aliquot in 1 mL Scintiverse E (Fisher), 

using a Liquid Scintillation Counter (Beckman-Coulter LS 6500). The amount of RNA in 

cpm is converted to mmol using Equation 2.  

Equation 2 

/ 	 	 0.99 	

	 	 	 	 	 	 	µ 	 	 	 	 	 	 2.2	
10

µ
	 	 	 	 	

 

 

Preparation of 5’-32P-labeled RNA 

For 5’-32P-labeling, enzymatically synthesized nonradioactive RNA (~6 pmol) was 

first treated with shrimp alkaline phosphatase (6 units) in the supplied buffer at 37°C for 

one hour. The reaction was inactivated by incubation at 65°C for 15 minutes. 

Dephosphorylated RNA (~3 pmol) was then incubated (60 µL reaction volume) at 37°C 

for one hour with 10 µCi of [γ-32P] ATP (3000 Ci/mmol) and T4 polynucleotide kinase (30 

units) using the supplied reaction buffer. The reaction was stopped by adding an equal 

volume of Reaction Stop Solution. Radioactive RNA was purified by electrophoresis in a 

15% denaturing polyacrylamide gel (1.5-mm thick) containing 7 M urea in 1X TBE buffer 
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as described in section 2.2.3.1, see above. The RNA was recovered by ethanol 

precipitation, briefly dried, resuspended in 30 µL TE buffer, and stored at -20°C. The 

amount of 5’-32P-labeled RNA was determined by scintillation counting of 1 µL aliquot in 

1 mL Scintiverse E. The amount of RNA in cpm can be converted to mmol using 

Equation 3.  

Equation 3 

	 	 0.99

	 	 	 	 3 10 µ 	 2.2	
10

µ

 

  

3’-end-32P-labeling of RNA 

The procedure described by Peattie (1979) was followed for the 3’- 32P-labeling 

of RNA. Enzymatically synthesized, nonradioactive RNA (4 pmol) was incubated in a 10 

µL total volume containing 10% (v/v) DMSO, 0.01 mg/mL BSA, 50 pmol [5’-32P] pCp 

(3000 Ci/mmol), 750 pmol/mL ATP, and 500 units/ mL T4 RNA Ligase (NEB) using the 

supplied RNA ligase buffer. The reaction was placed in an ice bucket and stored in a 

dairy case refrigerator overnight. RNA was purified by electrophoresis in a 15% 

denaturing polyacrylamide gel (1.5-mm thickness) containing 7 M urea in TBE buffer 

(1X) as described above. The RNA was recovered  from the extract of a crushed gel 

slice (see above) followed by ethanol precipitation, and stored at -20°C in TE buffer (~30 

µL). The amount of 3’-32P-labeled substrate was determined by liquid scintillation 

counting of a 1 µL aliquot in 1 mL Scintiverse E.  

 

2.2.3.2 Substrate Cleavage Assay 

 RNase III cleavage of substrate was performed using internally 32P-labeled or 5’-

32P-labeled RNA. To remove any intermolecular RNA complexes that may have formed 
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upon storage at -20°C, the 32P-labeled RNA was heated in TE buffer at 100°C for 30 

seconds, then placed on ice. In general, the standard assay involved the incubation of 

RNA (~10,000 cpm) in a buffer consisting of 50 mM NaCl, 1 mM MgCl2, and 30 mM Tris-

HCl (pH 8.0). Tm-RNase III was added at the specified concentration, followed by 

incubation at 45°C for 1 minute. Either divalent metal ion or RNA was added to initiate 

the reaction.  Specific assay conditions are provided in the relevant Figure legends. 

Aliquots of the reactions (10 µL volume) were removed and stopped by addition of an 

equal volume of Reaction Stop Solution and analyzed by electrophoresis in a 15% 

denaturing polyacrylamide gel containing 7 M urea in TBE buffer (1X). Gels were 

exposed to a phosphorimager screen overnight at 4°C. The reactions were visualized by 

scanning the screens using a Typhoon 9400 System (Amersham Biosciences) and were 

quantitated using ImageQuant software (v.5.2). Curve fitting for determination of Tm-

RNase III catalytic activity parameters was performed using Microsoft Excel.  

 

2.2.3.3 Gel Mobility Shift Assay 

Gel mobility shift assays were performed using 5’-32P-labeled RNA essentially as 

described (Amarasinghe et al., 2001). This protocol ensures that the 32P- radioactivity 

matches the amount of RNA used in the gel mobility shift assay, under conditions where 

[RNA]<<[Enzyme].  To dissociate any intermolecular RNA complexes formed upon 

storage at -20°C, the 32P-labeled RNA in TE buffer was heated in TE buffer at 100°C for 

1 minute, and then placed on ice. RNA (~20,000 cpm) was combined with the indicated 

amount of Tm-RNase III in 20 µL reactions containing RNase III substrate binding buffer 

and 5 mM CaCl2. The reaction mixture was incubated at 37°C for 10 minutes and placed 

on ice for 20 minutes. tRNA (1000 ng/µL final concentration) was added to the reaction, 

and aliquots directly loaded on an 8% non-denaturing polyacrylamide gel (1.5-mm thick) 

containing 0.5XTBE and 5 mM CaCl2. Electrophoresis was performed at ~5-6°C at 100 
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V for 3-4 hours, with the electrophoresis buffer containing 5 mM CaCl2. Binding reactions 

were visualized by phosphorimaging (Typhoon 9400 System) and analyzed by 

ImageQuant software (v.5.2). Apparent dissociation constants (K’D) were calculated 

using Equation 4, where [E]f and [S]f are the concentrations of added enzyme and 

substrate, respectively. [ES] is the concentration of the enzyme-substrate complex.  

Equation 4 

K’D = 
	 	

 

The concentration of the free substrate was calculated by measuring radioactive signals 

detected by phosphorimaging. The fraction of RNA bound (B) was calculated using 

Equation 5. [S]T is the concentration of total substrate, and [ES] is the concentration of 

the enzyme-substrate complex.  

Equation 5 

B =  

Equation 5 can then be presented as follows:  

Equation 6 

B = 
	

 or 

Equation 7 

 = 1 +  

Since the enzyme concentration (in the nM range) is in large excess over the substrate 

concentration (in the fM range), the free enzyme concentration is essentially equal to the 

total enzyme concentration, [E]T, which also reflects a dimer concentration of the Tm-

RNase III.  
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Equation 7 can then be presented as:  

Equation 8 

 = 1 +   or   = K’D .  + 1 

The apparent (nonequilibrium) dissociation constants (K’D values) then were determined 

by plotting the reciprocal of the fraction of RNA bound (  ) versus the reciprocal of the 

RNase III concentration ( ). The slope corresponds to the K’D for the complex, and a y-

intercept of 1.0 indicates a 1:1 binding equilibrium for RNA and protein (Carey et al., 

1983).  
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Table 2. Oligodeoxynucleotides. 

Name Sequence (5  3’) 

G-18 Start (T7 promoter oligo) TAA TAC GAC TCA CTA TAG 

T. maritima rnc gene 5’-primer (PCR) GGG AAT TCC ATA TGA ACG AGA 
GTG AGA GAA AGA T 
 

T. maritima rnc gene 3’-primer (PCR) CCC GGA TCC TCA TGA TCT CTC CT 

T. maritima E130A mutagenic primer  CTC GCC GAC GCG TTC GCA GCG 
CTT CTG GCT G 
 

Tm-16S[hp] CCC GAG CCA TTG GAA TAT GGA 
TAG CAG TTG CCT GCT ATC CAT 
ATT TCA ATG ACC CGG GTC TCC C 
 

Tm-23S[hp] AGG GTC ACT GGA AAC TGC ATA 
GGG TTG CCC CTA TGC AGT TTT 
CAA TGA CCC TCC C 
 

R1.1 AAG AAG GTC AAT CAT AAA GGC 
CAC TCT TGC GAA TGA CCT TGA 
GTT TGT CCC TCT ACT CCC C 
 

R1.1[WC-R] AAG AAG GTC AAA CTC AAG GCC 
ACT CTT GCG AAT GAC CTT GAG 
TTT GTC CCT CTA CTC CT 
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Table 3. Oligodeoxynucleotides encoding base-pair variants of Tm-23S[hp] RNA. 
    (TL: Tetraloop) 
 

 

Name Sequence (5  3’) 

Tm-23S[hp] 1 GC  UA AGG GTC ACT GGA AAC TGC 
ATA GGT TTG CAC CTA TGC 
AGT TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 2 GC  UA AGG GTC ACT GGA AAC TGC 
ATA GTG TTG CCA CTA TGC 
AGT TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 2 GC  CG AGG GTC ACT GGA AAC TGC 
ATA GCG TTG CCG CTA TGC 
AGT TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 3 GC  UA AGG GTC ACT GGA AAC TGC 
ATA TGG TTG CCC ATA TGC 
AGT TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 3 GC  CG AGG GTC ACT GGA AAC TGC 
ATA CGG TTG CCC GTA TGC 
AGT TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 3 GC  GG AGG GTC ACT GGA AAC TGC 
ATA CGG TTG CCC CTA TGC 
AGT TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 4 AU  CG AGG GTC ACT GGA AAC TGC 
ATC GGG TTG CCC CGA TGC 
AGT TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 5 UA  GC AGG GTC ACT GGA AAC TGC 
AGA GGG TTG CCC CTC TGC 
AGT TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 6 AU  CG AGG GTC ACT GGA AAC TGC 
CTA GGG TTG CCC CTA GGC 
AGT TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 7 CG  AU AGG GTC ACT GGA AAC TGA 
ATA GGG TTG CCC CTA TTC 
AGT TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 8 GC  UA AGG GTC ACT GGA AAC TTC 
ATA GGG TTG CCC CTA TGA 
AGT TTT CAA TGA CCC TCC C
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Table 3. (continued) 
 
 

 

Name Sequence (5  3’) 

Tm-23S[hp] 8 GC  AU AGG GTC ACT GGA AAC TAC 
ATA GGG TTG CCC CTA TGT 
AGT TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 8 GC  CG AGG GTC ACT GGA AAC TCC 
ATA GGG TTG CCC CTA TGG 
AGT TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 9 UA  GC AGG GTC ACT GGA AAC GGC 
ATA GGG TTG CCC CTA TGC 
CGT TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 9 UA  CG AGG GTC ACT GGA AAC CGC 
ATA GGG TTG CCC CTA TGC 
GGT TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 9 UA  AU AGG GTC ACT GGA AAC AGC 
ATA GGG TTG CCC CTA TGC 
TGT TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 10 CG AU  AGG GTC ACT GGA AAA TGC 
ATA GGG TTG CCC CTA TGC 
ATT TTT CAA TGA CCC TCC C 
 

Tm-23S[hp] 10 CG  UA AGG GTC ACT GGA AAT TGC 
ATA GGG TTG CCC CTA TGC 
AAT TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 10 CG  GC AGG GTC ACT GGA AAG TGC 
ATA GGG TTG CCC CTA TGC 
ACT TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 11 AU  CG AGG GTC ACT GGA ACC TGC 
ATA GGG TTG CCC CTA TGC 
AGG TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 11 AU  GC AGG GTC ACT GGA AGC TGC 
ATA GGG TTG CCC CTA TGC 
AGC TTT CAA TGA CCC TCC C
 

Tm-23S[hp] 11 AU  UA AGG GTC ACT GGA ATC TGC 
ATA GGG TTG CCC CTA TGC 
AGA TTT CAA TGA CCC TCC C
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Table 3. (continued) 
 
 

 

Name Sequence (5  3’) 

Tm-23S[hp] 12 AU  CG AGG GTC ACT GGA CAC TGC 
ATA GGG TTG CCC CTA TGC 
AGT GTT CAA TGA CCC TCC C
 

Tm-23S[hp] 13 AU  CG AGG GTC ACT GGC AAC TGC 
ATA GGG TTG CCC CTA TGC 
AGT TGT CAA TGA CCC TCC C
 

Tm-23S[hp] 14 AC  GC AGG GTC ACT GTA AAC TGC 
ATA GGG TTG CCC CTA TGC 
AGT TTA CAA TGA CCC TCC C
 

Tm-23S[hp] 15 GC  UA AGG GTC ACT TGA AAC TGC 
ATA GGG TTG CCC CTA TGC 
AGT TTT AAA TGA CCC TCC C
 

Tm-23S [hp] TL GCAA  
UUUU 

AGG GTC ACT GGA AAC TGC 
ATA GGG AAA ACC CTA TGC 
AGT TTT CAA TGA CCC TCC C
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3.1 Production of Recombinant T. maritima RNase III 

3.1.1 T. maritima (Tm) RNase III Overexpression and Purification 

The procedure used to overexpress and purify Tm-RNase III is briefly 

summarized here, while a more detailed protocol is provided in Chapter 2. T. maritima 

genomic DNA was used as a template for the amplification of the DNA sequence 

containing the rnc gene. The purified DNA was cloned into the NdeI and BamHI sites of 

pET-15b plasmid. The recombinant pET-15b (Tm-rnc) plasmid was introduced into the 

E. coli expression host, BL21(DE3)rnc105recA.  This strain carries a chromosomal locus 

encoding the highly processive T7 RNA polymerase, under control of the IPTG-inducible 

lacP promoter. Upon IPTG addition the T7 RNA polymerase directs the synthesis of 

large amounts of mRNA encoding Tm-RNase III, resulting in the accumulation of large 

amounts of Tm-RNase III. The total protein profile of BL21(DE3)rnc105recA cells 

containing pET-15b (Tm-rnc), either before (lane 1) or after IPTG (lane 2) addition is 

shown in Figure 14. Tm-RNase III has a molecular weight of approximately 29.6 kDa, 

which includes the N-terminal affinity tag containing a hexahistidine sequence.  

 Tm-RNase III was purified from sonicated cell lysates using a single round of 

affinity chromatography on a Ni2+-NTA column. This procedure yields ~1 mg of purified 

Tm-RNase III from a 200 mL bacterial culture. SDS-PAGE was used to assess the purity 

of Tm-RNase III (Figure 15).  

 

3.2 Characterization of T. maritima RNase III 

3.2.1 T. maritima RNase III Substrates 

 The T. maritima chromosome contains a single putative transcription unit that 

encodes the three rRNAs in the standard order of 16S-23S-5S, and which also encodes 

three tRNAs (Figure 16A) (Nelson et al., 1999). While the promoter and terminator have 
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Figure 14. Production of T. maritima RNase III in E. coli. 
 
Tm-RNase III expression was induced with IPTG as described in the text (see Materials 
and Methods, Section 2.2.2.1). Aliquots of the cell cultures were analyzed by 12% SDS-
PAGE, and protein was visualized by Coomassie Brilliant Blue staining (see also 
Materials and Methods). The apparent molecular mass of His6-Tm-RNase III is indicated 
to the right. The Tm-RNase III polypeptide with an N-terminal (His)6 tag has a calculated 
molecular mass of 29.6 kDa. Lane 1: protein markers (molecular masses are indicated 
to the left in kDa); Lanes 2 and 3: Tm-RNase III. ‘-’ and ‘+’ represent the protein profiles 
of samples taken either prior to, or 4 hours after addition of IPTG, respectively.  
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Figure 15. Gel electrophoretic analysis of purified T. maritima RNase III. 
 
An aliquot of purified Tm-RNase III (total yield ~1 mg) obtained from a single round of 
Ni2+-NTA affinity chromatography, was analyzed by 12% SDS-PAGE and visualized by 
Coomassie Brilliant Blue staining. Tm-RNase III is indicated by the black arrow. Lane 1: 
protein markers (molecular masses are indicated to the left in kDa); Lane 2: Tm-RNase 
III, with a molecular mass of ~30 kDa.  
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not been mapped, transcription of this chromosomal region is expected to produce a 

~5000 nt RNA, containing the 16S and 23S rRNA sequences that have double-stranded 

stem structure, created by the base-pairing of flanking 5’ and 3’ sequences (Figure 16A). 

The base-paired stem structures are highly conserved in bacteria (Saito et al., 2000) and 

have been shown in E. coli to be targets for site-specific cleavage by RNase III as an 

early step in the rRNA maturation pathway (Deutscher, 2009).  

 The T. maritima 16S and 23S processing stems exhibit similar lengths (~32 bp 

and ~28 bp of uninterrupted base-pairs, respectively), and also exhibit central regions of 

high sequence similarity (Figures 16B and C, respectively). Based on this information, 

two substrates were developed that were used to characterize the catalytic properties of 

Tm-RNase III: Tm-16S[hp] RNA and Tm-23S[hp] RNA (Figures 16B and 16C, 

respectively). The two RNA hairpins incorporated the sequences within the central 

regions of the 16S and 23S rRNA processing stems, respectively, and were generated 

by enzymatic transcription of oligodeoxynucleotides in vitro, using T7 RNA polymerase 

(Section 2.2.3.1). 

  

3.2.2 Site-specific Cleavage of Tm-16S[hp] and Tm-23S[hp] RNAs by Tm-RNase III 

 Tm-16S[hp] RNA and Tm-23S[hp] RNA were used in cleavage time course 

assays using purified Tm-RNase III. The gel electrophoresis-based assay can provide a 

quantitative measure of the cleavage reactivities of Tm-16S[hp] RNA and Tm-23S[hp] 

RNA. The assay also allows fractionation of the radiolabeled RNA cleavage products 

according to their size, and therefore provides a comparison of cleavage patterns of 

different substrates.  

 Internally-32P-labeled Tm-16S[hp] RNA and Tm-23S[hp] RNA are efficiently 

cleaved by Tm-RNase III in a time-dependent manner, and each forms three distinct 

products, indicating the site-specific hydrolysis of two phosphodiesters in each substrate  
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Figure 16. Sequences and secondary structures of two hairpin substrates based  
       on the T. maritima 16S and 23S pre-rRNA stem structures. 

 
A. Schematic structure of the putative primary transcription product of the single 

rRNA operon of T. maritima (~5000 nt). The structure emphasizes the highly 
conserved base-paired stems of 16S and 23S rRNAs, the positions of 5S rRNA, 
and three tRNAs.  
 

B. Sequence and proposed secondary structure of the 16S pre-rRNA processing 
stem (left panel) and the corresponding hairpin substrate, Tm-16S[hp] RNA (right 
panel). The positions of the 5’ and 3’ termini of mature 16S rRNA are highlighted 
in gray, and the brackets indicate the ends of the double-helical segment 
contained in Tm-16S[hp] RNA. Black arrows indicate the mapped cleavage sites 
in the Tm-16S[hp] RNA (see Results).  
 

C. Sequence and proposed secondary structure of the 23S pre-rRNA processing 
stem (left panel) and the corresponding hairpin substrate, Tm-23S[hp] RNA (right 
panel). The 5’ and 3’ termini of mature 23S rRNA are highlighted in gray, and the 
ends of the double-helical segment incorporated into Tm-23S[hp] RNA are 
indicated by brackets. The mapped cleavage sites in the Tm-23S[hp] RNA (see 
Results) are indicated by black arrows.  
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Figure 17. Tm-RNase III cleaves of Tm-16S[hp] RNA and Tm-23S[hp] RNA in a site- 
        specific manner. 
 

The RNA cleavage assay conditions are described in Materials and Methods. 
Reactions were electrophoresed in a 15% denaturing polyacrylamide gel and 
visualized by phosphorimaging. The figures on the left side of the phosphorimage 
indicate (from top to bottom): substrate, shortened hairpin product, 5’-end-
containing product, and 3’-end-containing product. The asterisks indicate 
products of cleavage of only one of the two target site phosphodiesters. Extra 
bands associated with the 3’-end-containing product correspond to non-
templated nucleotides added to the 3’-end of the transcript during synthesis by 
T7 RNA polymerase.  

 
A. Time course for cleavage of internally 32P-labeled Tm-16S[hp] RNA by Tm-

RNase III. The RNA concentration was 109 nM and the Tm-RNase III 
concentration was 25 nM. Lane 1: Tm-16S[hp] RNA incubated with Tm-RNase III 
for 10 min. in the absence of Mg2+. Lanes 2 – 5: Tm-16S[hp] RNA incubated with 
Tm-RNase III for 1 min., 2.5 min., 5 min., and 10 min., respectively.  

 
B. Time course for cleavage of internally 32P-labeled Tm-23S[hp] RNA by Tm-

RNase III. The RNA concentration was 128 nM and the Tm-RNase III 
concentration was 25 nM. Lane 1: Tm-23S[hp] RNA incubated with Tm-RNase III 
for 10 min. in the absence of Mg2+. Lanes 2 – 5: Tm-23S[hp] RNA incubated with 
Tm-RNase III for 1 min., 2.5 min., 5 min., and 10 min., respectively.  
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(Figures 17A and B, respectively). The 3’-end-containing cleavage products exhibit size 

heterogeneity, which reflects the tendency of T7 RNA polymerase to add one or two 

additional, non-templated nucleotides onto the 3’ end of the transcripts during 

transcription (Milligan et al., 1987; Milligan and Uhlenbeck, 1989). 

 

3.2.3 Mapping of Tm-RNase III Cleavage Sites 

 A key experimental goal in the analysis of ribonuclease catalytic behavior is to 

determine the sites of cleavage. This can be accomplished by determining the exact size 

and location of the termini of the RNA products. The most direct in vitro approach for 

mapping cleavage sites employs 5’- or 3’-radiolabeled RNA substrate in a gel 

electrophoretic assay. If the cleavage products are reasonably short (≤~200 nt), then 

one can directly compare the electrophoretic mobilities of the cleavage products with 

RNA “ladders” prepared from the same substrate. The ladders serve to align RNase 

cleavage products with the known sequence of the RNA (Sollner-Webb et al., 2001).  

 Agents that are used to generate RNA ladders include the non-sequence-specific 

condition of alkaline pH, and sequence-specific RNases such as RNase T1, and P1 

nuclease at alkaline pH (~9-10). RNase T1 (which cleaves after G residues) and alkaline 

pH (which cleaves after any residue) generate 5’-hydroxyl, 2’, 3’-cyclic phosphate 

product termini (Sollner-Webb et al., 2001; Donis-Keller et al., 1977), while nuclease P1 

generates 5’-phosphate, 3’-hydroxyl termini (Cruz-Reyes et al., 1998; Silberklang et al., 

1977). Nuclease P1 cleaves RNA in a non-sequence-specific manner at neutral pH 

(Silberklang et al., 1977). However, under basic conditions (~pH 9) and in the presence 

of urea, the enzyme exhibits G>A-specificity (Cruz-Reyes et al., 1998; Sollner-Webb et 

al., 2001).  

 The Tm-RNase III cleavage sites in Tm-16S[hp] RNA and Tm-23S[hp] RNA were 

mapped by comparing the gel electrophoretic mobilities of the products of Tm-RNase III 
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cleavage of the 5’- and 3’-end-labeled RNA hairpin substrates with the corresponding 

products of cleavage provided by P1 nuclease at pH 9, and alkaline hydrolysis (Figure 

18). The mapped cleavage sites are indicated by black arrows in Figure 16B and 16C, 

and reveal that Tm-RNase III cleaves Tm-16S[hp] RNA and Tm-23[hp] RNA at similar 

positions, creating three products: a 5’-end- and a 3’-end-containing fragment, and a 

shortened hairpin that exhibits a 2 nt, 3’-overhang. The two target sites in each substrate 

are external to the mature 5’ and 3’ rRNA termini (Figure 16B and C), consistent with a 

role for Tm-RNase III in providing the immediate precursors to the mature species.  

 

3.2.4 Tm-RNase III Binding Affinities of Tm-16S[hp] RNA and Tm-23S[hp] RNA 

 Gel mobility shift assays were performed to directly measure the binding affinity 

of Tm-16S[hp] RNA and Tm-23S[hp] RNA for Tm-RNase III under noncatalytic 

conditions. Ca2+ was included in the binding reaction buffer, which for E. coli RNase III 

was shown to promote stable RNA-protein complex formation, while not supporting 

catalytic activity (Li and Nicholson, 1996; Li et al., 1993).  

5’-32P-labeled RNA was incubated with increasing amounts of purified Tm-RNase 

III, and the reactions were electrophoresed in a non-denaturing polyacrylamide gel. For 

each RNA, a single predominant complex of reduced mobility is observed in the 

presence of Tm-RNase III, which is consistent with the observation of a single target site 

of cleavage for each RNA (Figures 19A, B). The apparent dissociation constant (K’D) of 

each complex was determined by quantitative analysis of the gel shift assays. The 

calculated values are 16 nM and 120 nM for the complexes involving Tm-16S[hp] RNA 

and Tm-23S[hp] RNA, respectively (Figure 19C). The assays reveal that Tm-RNase III 

binds to Tm-16S[hp] RNA significantly more tightly than to Tm-23S[hp] RNA, which may 

reflect subtle sequence differences between the two substrates, and also may reflect for 
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Tm-16S[hp] RNA the presence of a second complex of slower mobility at higher Tm-

RNase III concentrations (Figure 19A). 

 

3.3 Biochemical Properties of Tm-RNase III 

3.3.1 Divalent Metal Ion Dependence of Tm-RNase III Catalytic Activity 

 Most enzymes that cleave or create phosphodiester bonds require a divalent 

metal ion for catalytic activity. E. coli RNase III can use several different divalent metal 

ions to support its catalysis, with Mg2+ as the preferred species (Dunn, 1982; 

Amarasinghe et al., 2001; Li et al., 1993; Robertson et al., 1968). The ability of Mg2+, 

Mn2+, Ni2+, Co2+, or Ca2+ to support Tm-RNase III catalytic activity was determined. 

Internally 32P-labeled Tm-23S[hp] RNA was used as the substrate.  

 Tm-RNase III cleavage of internally 32P-labeled Tm-23S[hp] RNA was measured 

as a function of divalent metal ion concentration. Short reaction times were used, in 

order to limit the extent of cleavage. The results of a representative cleavage assay are 

shown in Figure 20A, where it is seen that Mg2+ supports Tm-RNase III cleavage of Tm-

23S[hp] RNA. Quantitative analysis shows that maximal activity is achieved at ~1 mM 

Mg2+ (Figure 20B). Mn2+ also supports substrate cleavage at an optimal concentration of 

~2 mM, but with a lower maximal activity compared to Mg2+ (Figure 20B). Co2+ supports 

catalysis with an apparent optimal concentration of ~0.5 mM, but also inhibits substrate 

cleavage at higher concentrations (Figure 20B). Ni2+ supports only nominal levels of 

activity (Figure 20B), and Ca2+ does not support a detectable level of Tm-RNase III 

catalytic activity over the concentrations tested (data not shown). Based on these results 

Mg2+ supports the most robust cleavage activity, and therefore Mg2+ at 1 mM was 

selected as a standard reaction component.  
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Figure 18. Mapping the Tm-RNase III cleavage sites in Tm-16S[hp] RNA and Tm- 
      23S[hp] RNA. 

 
The 5’- and 3’-32P-end-labeling of Tm-16S[hp] RNA and Tm-23S[hp] RNA with 
were performed as described in Materials and Methods. Approximately 20,000 
dpm of 5’- or 3’-32P-labeled RNA (~153 pM) was incubated with Tm-RNase III (25 
nM) for 1 minute at 45°C in the standard cleavage assay buffer. The control 
reaction was identical except that Tm-RNase III was omitted. Alkaline cleavage 
ladders were generated by incubating labeled RNA (20,000 dpm) for 6 minutes at 
95°C in alkaline cleavage buffer (provided by Ambion). P1 nuclease ladders were 
generated by incubating 5’- or 3’-labeled Tm-16S[hp] RNA or Tm-23S[hp] RNA 
(20,000 dpm) with 0.01 units or 1 unit, respectively, of P1 nuclease in pH 9 
buffer. The P1 reaction did not work well with 5’-32P-labeled and 3’-32P-labeled 
RNAs if their 5’- and 3’-ends contained unpaired G residues, which are highly 
sensitive P1. In this case, the alkaline ladder was used to map the cleavage 
sites, while the P1 reaction was primarily used to define the 5’- and 3’-end 
nucleotides.  

 
Mapping the 5’-end-proximal Tm-RNase III cleavage site in 5’-32P-labeled Tm-
16S[hp] RNA. The specific reactions are indicated at the top of the gel 
phosphorimage: P1, P1 nuclease reaction; OH, alkaline cleavage reaction; “+”, 
Tm-RNase III reaction; “-“, control reaction lacking Tm-RNase III. 

 
A. The single product observed in P1 lane is [5’-32P]pGOH, with the slightly slower 

moving [5’-32P]pGp directly adjacent in the OH lane. These species were used to 
establish the 5’ nucleotide, from which the cleavage site was identified (shown by 
the black arrow).  

   
B. Mapping the 3’-end-proximal Tm-RNase III cleavage site in 3’-32P-labeled Tm-

16S[hp] RNA. Lanes are labeled as described above. The main P1 nuclease 
cleavage product seen at the bottom of the phosphorimage is [5’-32P]pCp; the 
corresponding alkaline cleavage product (Cp) in the OH lane is unlabeled and 
therefore is not visible. However, 32P-labeled GpCp in the OH lane was 
observed, and this product, along with the P1 product, was used to identify the 
3’-end-proximal Tm-RNase III cleavage site (indicated by the black arrow). 
 

C. Mapping the 5’-end-proximal Tm-RNase III cleavage site in 5’-32P-labeled Tm-
23S[hp] RNA. Lanes are labeled as described in A. In the P1 nuclease lane, the 
minor species with the greatest electrophoretic mobility is [32P]phosphate, while 
the next higher, predominant species is [5’-32P]pGOH. The species in the OH lane 
with a slightly faster mobility is [5-32P]pGp. These products were used to identify 
the RNA 5’-end nucleotides, therefore allowing the mapping of the Tm-RNase III 
cleavage sites (shown by the black arrow). 

 
D. Mapping the 3’-end-proximal Tm-RNase III cleavage site in 3’-32P-labeled Tm-

23S[hp] RNA. Lanes are labeled as described in A. The fastest-moving species 
in the P1 nuclease lane is [5’-32P]pCp. The corresponding alkaline cleavage 
product, Cp, is not visible since it is not radiolabeled. However, the dinucleotide 
product UpCp is visible, and was used to identify the 3’-end and therefore also 
the cleavage site (indicated by the black arrow).   
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Figure 19. Tm-RNase III Affinity for Tm-16S[hp] RNA and Tm-23S[hp] RNA. 

A. Gel mobility shift assay of Tm-16S[hp] RNA binding to Tm-RNase III. The assay 
was performed as described in Materials and Methods, using 20,000 dpm of 5’-
32P-labeled Tm-16S[hp] RNA. Ca2+ (5 mM) was used in the buffer in place of 
Mg2+. Reactions were electrophoresed in an 8% non-denaturing polyacrylamide 
gel in 0.5X TBE buffer supplemented with 5 mM Ca2+. Reactions were visualized 
by phosphorimaging (see Materials and Methods). Enzyme concentrations are 
provided on top of the gel image. The positions of the free and protein-bound 
RNA are indicated on the left. The positions of the wells are indicated by an 
arrowhead. The asterisk on the right indicates the position of second complex, 
perhaps containing two Tm-RNase III homodimers observed at higher protein 
concentrations.  
 

B. Gel mobility shift assay of Tm-23S[hp] RNA binding to Tm-RNase III. The assay 
was performed as described above. Enzyme concentrations are provided on top 
of the gel image. The positions of free and protein-bound RNA are indicated on 
the left.  

 
C. Quantitative analysis of Tm-RNase III binding to Tm-16S[hp] RNA and Tm-

23S[hp] RNA. The fraction of substrate bound was determined as described in 
Materials and Methods. The reciprocal of the fraction of substrate bound as a 
function of the reciprocal of the protein concentration was plotted, and the slope 
(K’D) was determined. The K’D values for Tm-16S[hp] RNA (squares) and Tm-
23S[hp] RNA (diamonds) are 16 ± 0.5 nM and 120 ± 1.9 nM, respectively. The 
assays were done in duplicate and the errors are maximum errors.  
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Figure 20. Divalent metal ion dependence of Tm-RNase III catalytic activity. 
 

A. Mg2+ dependence of Tm-RNase III catalytic activity. The cleavage assay used 
internally 32P-labeled Tm-23S[hp] RNA as a substrate. Tm-RNase III (25 nM) was 
incubated with Tm-23S[hp] RNA (128 nM; 10,000 dpm) for 1 minute in reaction 
buffer containing Mg2+ ion (as the chloride salt) at the concentrations given at the 
top of the image, and which also contained 50 mM NaCl and 30 mM Tris-HCl (pH 
8.0). Reactions were initiated by addition of RNA, and then stopped by addition 
of gel loading solution containing 20 mM EDTA (see Materials and Methods). 
Reactions were performed in duplicate, electrophoresed in a 15% polyacrylamide 
gel, and visualized by phosphorimaging (see Materials and Methods). Lane 1: 
Control lane in which Tm-23S[hp] RNA was incubated with Tm-RNase III in the 
absence of Mg2+; lanes 2-9: 0.1 mM, 0.2 mM, 0.5 mM, 1 mM, 2 mM, 4 mM, 8 
mM, 10 mM of Mg2+. The figures on the gel image indicate the positions of 
substrate and the three cleavage products. The additional cleavage product that 
is directly underneath the substrate as observed in lanes 4 – 9, is probably a 
product of cleavage of only one of the two scissile phosphodiesters. 
 

B. Graphic analysis of the divalent metal ion dependence of Tm-RNase III catalytic 
activity. The fraction of Tm-23S[hp] RNA cleaved was plotted as a function of 
divalent metal ion concentration. The Mg2+ dependence is indicated by 
diamonds, Mn2+ by squares, Co2+ by triangles, and Ni2+ by circles.  
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3.3.2 Salt Dependence of Tm-RNase III Catalytic Activity 

 Monovalent cations are known to modulate reactivity and specificity of cleavage 

of E. coli RNase III substrates (Dunn, 1976). The effect of salt type and concentration 

(Na+, K+, and NH4
+ as the chloride salts) on Tm-RNase III activity was assessed, using 

internally 32P-labeled Tm-23S[hp] RNA, and in the presence of 1 mM Mg2+. The added 

salt concentration ranged between 30 and 330 mM. Short reaction times (1 minute) were 

used so as to allow limited cleavage of substrate, and therefore more accurate 

assessment of the salt dependence. Graphic analysis of the substrate cleavage assays 

(Figure 21A) shows that Tm-RNase III exhibits the highest level of catalytic activity at the 

lower concentration range of all the salt species examined, with optimal activity seen at 

the ~50-80 mM concentration range. However, higher concentrations of each salt 

species caused a progressive reduction in activity. Tm-RNase III exhibits a minor 

preference in the order, NH4
+ > K+ > Na+ (Figure 21). Based on these results, NaCl (50 

mM) was included as a standard assay component, so as to either avoid NH4
+ ion 

volatility, or potential K+ ion interactions with RNA. 

 

3.3.3 pH Dependence of Tm-RNase III Catalytic Activity 

 The pH dependence of Tm-RNase III activity was determined by measuring the 

extent of Tm-23S[hp] RNA cleavage in a HEPES-based buffer at pH values ranging 

between 6.4 and 9, and in the presence of 1 mM Mg2+ and 50 mM Na+. The fraction of 

substrate cleaved as a function of pH shows that maximum activity is achieved between 

pH 8 and 8.25 (Figure 21B). The shape of the curve in the transition region suggests the 

existence of one or more ionizable groups with an apparent pKa of ~7.5, and with the 

conjugate base of the enzyme as the more active form. Based on these results, pH 8 

was used as a standard reaction condition. 
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Figure 21. Salt and pH dependence of Tm-RNase III catalytic activity. 

A. Graphic analysis of the dependence of Tm-RNase III catalytic activity on the 
monovalent cation type and concentration. Cleavage reactions involved internally 
32P-labeled Tm-23S[hp] RNA (128 nM; 10,000 dpm) and Tm-RNase III (25 nM), 
in a buffer containing 1 mM Mg2+, 30 mM Tris-HCl (pH 8.0), and the specified 
chloride salt at the indicated concentrations. Reactions were incubated at 45°C 
for 1 min., stopped by excess EDTA, and analyzed by gel electrophoresis as 
described in Methods and Materials. The initial salt (Na+) concentration that 
accompanied the enzyme was 30 mM in the three experiments. Reactions were 
performed in duplicate. The fraction of Tm-23S[hp] RNA cleaved was plotted as a 
function of salt concentration. The Na+ dependence is indicated by squares, K+ 
by diamonds, and NH4

+ by triangles.  
 

B. Graphic analysis of the pH dependence of catalytic activity. Cleavage assays 
involved internally 32P-labeled Tm-23S[hp] RNA (10,000 dpm, 128 nM) and Tm-
RNase III (25 nM). The reaction buffer contained 50 mM NaCl, 1 mM MgCl2, and 
30 mM HEPES adjusted to the indicated pH values ranged between 6.4 and 9. 
Reactions were performed in duplicate as described above. The fraction of 
substrate cleaved was determined and plotted as a function of pH. Maximum 
errors are shown for the averaged data points.  
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3.3.4 Thermostability of Tm-RNase III Catalytic Activity 

 The temperature dependence of Tm-RNase III catalytic activity was determined 

using 5’-32P-labeled Tm-23S[hp] RNA. For comparison, the temperature dependence of 

E. coli (Ec) RNase III was assessed, using the same substrate in order to avoid any 

differential effects of temperature on substrate structure. Reactions were incubated in 

standard reaction buffer (50 mM NaCl, 1 mM MgCl2, and 30 mM HEPES (pH 8)), and 

initiated by adding RNA. HEPES buffer was used in order to minimize temperature-

dependent pH changes. Representative cleavage assays using Tm-RNase III and Ec-

RNase III were shown in Figures 22A and 22B, respectively, and the data are graphically 

summarized in Figure 22C.  

 The results show that Tm-RNase III catalytic activity increases from 20°C, with a 

broad optimum between ~40-70°C. Tm-RNase III activity is maintained up to ~95°C, 

although at a lower level (Figures 22A and C). In contrast, Ec-RNase III catalytic activity 

is limited to a narrow temperature range of ~20-50°C, with essentially all activity lost 

above ~55°C (Figures 22B and C). In conclusion, Tm-RNase III exhibits a substantially 

greater thermostability than Ec-RNase III. A temperature of 45°C was established as the 

standard temperature for the substrate cleavage assay. 

 

3.4 Base-pair Sequence Control of Tm-23S[hp] RNA Reactivity 

 RNA structural and sequence elements, referred to as reactivity epitopes, play 

important roles in determining substrate reactivity (Pertzev and Nicholson, 2006). It was 

shown for E. coli RNase III that the reactivities of its substrates are influenced to some 

extent by base-pair sequence elements within proximal box (pb) and distal box (db) 

(Zhang and Nicholson, 1997; Pertzev and Nicholson, 2006). Crystallographic studies of 

Aa-RNase III bound to a cleaved substrate reveal that the pb and db are sites of protein 

contact (Gan et al., 2005; 2008). 
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Figure 22. Temperature dependence of Tm-RNase III catalytic activity. 

A.  Temperature dependence of Tm-RNase III cleavage of Tm-23S[hp] RNA. 
Reactions were performed in duplicate, and involved 5’-32P-labeled Tm-23S[hp] 
RNA (77 pM; 5,000 dpm) and Tm-RNase III (25 nM) in 50 mM NaCl, 1 mM 
MgCl2, and 30 mM HEPES (pH 8.0). Prior to use, RNA was heated in TE buffer 
at 100°C for 1 minute, then placed on ice. Enzyme was preincubated at the 
specified temperature for 1 minute in reaction buffer containing Mg2+, and the 
reaction started by addition of RNA. Reactions were incubated for 1 minute, then 
stopped by excess EDTA and aliquots electrophoresed in a 15% polyacrylamide 
gel containing 7M urea in TBE buffer. Lane 1 shows RNA incubated at 95°C for 1 
minute in the absence of Tm-RNase III, but with MgCl2. Lane 2 represents RNA 
incubated at 95°C for 1 minute in the presence of Tm-RNase III, lacking MgCl2. 
Lanes 3 – 19 show reactions performed at temperatures of 20, 25, 30, 35, 40, 45, 
50, 55, 60, 65, 70, 75, 80, 85, 90, and 95°C, respectively. The fraction of 
substrate cleaved was determined by phosphorimaging and ImageQuant 
analysis. The positions of the substrate and the two 5’-32P-labeled products of 
cleavage are indicated on the left side of the gel image. 
 

B. Temperature dependence of Ec-RNase III cleavage of Tm-23S[hp] RNA. 
Experimental conditions were the same as in (A), except Ec-RNase III (25 nM) 
was substituted for Tm-RNase III. Lanes 1 represents RNA incubated at 95°C for 
1 minute in the absence of Ec-RNase III, with MgCl2. Lane 2 represents RNA 
incubated at 95°C for 1 minute in the presence of Ec-RNase III, lacking MgCl2. 
Lanes 3 – 19 show reactions performed at temperatures of 20, 25, 30, 35, 40, 45, 
50, 55, 60, 65, 70, 75, 80, 85, 90, and 95°C respectively. The positions of 
substrate and the 5’-end-containing cleavage product are shown on the left of the 
phosphorimage. Compared to the Tm-RNase III experiment in (A), there was no 
product that resulted from cleavage of the phosphodiester on the target site 3’-
side.  

 
C. Graphic comparison of the temperature dependence of the catalytic activities of 

Tm-RNase III and Ec-RNase III as a function of temperature, as measured by 
fraction of substrate cleaved. Points represent average values of duplicate 
experiments. Tm-RNase III temperature dependence is indicated by diamonds, 
and Ec-RNase III by squares. 
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The pb and db recognize specific polypeptide sequence elements, and their combination 

is sufficient to specify the cleavage site (Pertzev and Nicholson, 2006). The pb and db 

can occur in the rRNA processing stem above and below the cleavage site in 23S and 

16S hairpin RNAs (Figure 10D).  

Based on these results, it was of interest to determine whether sequence also 

influences the cleavage reactivity and binding affinity of Tm-RNase III substrate. This 

study, however, limited its analysis to sequence changes in a “half-site”, that is one pb 

and one db. In this experiment, a set of variants of Tm-23S[hp] RNA were prepared that 

contained single bp substitutions at each of the 14 positions between the cleavage target 

site and the terminal tetraloop. The substitutions included the positions within the 

proposed proximal box and distal box. An additional variant possessed an altered 

tetraloop sequence. For this variant the GCAA tetraloop, which is not a native sequence, 

was mutated to a UUUU tetraloop (Figure 23A). Tm-23S[hp] RNA variants were 

synthesized in internally 32P-labeled form and time course cleavage assays were 

performed under multiple-turnover (substrate excess) conditions. Short reaction times 

were used so as to limit the extent of cleavage to <~20% for both Tm-23S[hp] RNA and 

its variants. This limitation allowed a reasonably accurate comparison of the relative 

reactivity between the Tm-23S[hp] RNA and its bp sequence variants. In addition, the 

RNA concentration is comparable to K’D value; thus, at this concentration the reaction 

rate should be sensitive to any changes in binding affinity as well as changes in the kcat. 

The relative reactivity of each variant was calculated as the ratio of the initial rate of 

cleavage of the variant to that of Tm-23S[hp] RNA. The relative reactivities of the 

variants are provided to the right of the bp substitutions (Figure 23A). Substitutions that 

have significant effects were designated as those that lowered the relative reactivity to 

<0.5.  
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 The data revealed that the majority of the bp substitutions have only minor 

effects on reactivity, and also that there is no dependence on the tetraloop sequence 

(Figure 23A). However, specific bp substitutions at pb positions 2 and 4 significantly 

reduce reactivity (Figure 23C and D, respectively). Thus, GC or CG bp substitution at pb 

position 2 reduces the relative reactivity to 0.3 and 0.1, respectively, while a GC or CG 

bp substitution at pb position 4 provides a relative reactivity of 0.4 and 0.1, respectively 

(Figure 23A). At pb position 3, only the AU bp substitution causes a significant drop in 

reactivity (0.3), while none of the bp substitutions at pb position 1 has any major effect 

on reactivity. Base-pair substitutions in the db had negligible effects on reactivity, with 

even the structurally disruptive GG mismatch at db position 2, which cause only a 

modest reduction in reactivity (Figure 23A). Therefore, the pb is the primary element in 

Tm-23S[hp] RNA that controls reactivity, with positions 2, 3, and 4 being the most 

sensitive to specific bp substitutions. The consensus pb sequence for Tm-23S[hp] RNA 

is shown in Figure 23B.  

 Antideterminant sequences that function within the pb and db can contribute to 

the loss of cleavage reactivity by interfering with enzyme binding, or an inhibition of the 

cleavage step. In the former case, the inhibitory bp function as recognition 

antideterminants, while in the latter case they act as catalytic antideterminants (Pertzev 

and Nicholson, 2006; Calin-Jageman and Nicholson, 2003; Zhang and Nicholson, 1997). 

To distinguish between these possibilities, gel shift assays were performed on the two 

pb variants of Tm-23S[hp] RNA that have the most significant effect on relative reactivity. 

These mutations are located in pb positions 2 and 4, wherein UA is mutated to CG. The 

results show that the CG bp substitution at pb position 2 (Figure 24A) or 4 (Figure 24B) 

does not significantly affect binding of Tm-RNase III to Tm-23S[hp] RNA. It is concluded 

that a CG bp at either position suppresses phosphodiester cleavage without inhibiting 

enzyme binding, and therefore that the CG bp acts as a catalytic antideterminant. 
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Figure 23. Base-pair sequence dependence of reactivity of Tm-23S[hp] RNA. 

A. Sequences and relative reactivities of bp-substituted variants of Tm-23S[hp] 
RNA. The positions of the proximal box (pb) and distal box (db) are indicated, 
and are sites of protein contact in Aa-RNase III substrates. The arrows indicate 
the Tm-RNase III cleavage sites. The base pair substitutions in the variants and 
the corresponding relative reactivities are provided to the right. Cleavage assays 
were performed in duplicate for the variants that showed significant differences in 
activity (>±0.2 change in relative reactivity). Values given within brackets were 
indistinguishable from the parent substrate, and therefore only a single 
measurement was made. 
 

B. Consensus sequence for the Tm-23S[hp] RNA proximal box to sequences in the 
proximal box of E. coli and A. aeolicus. W – W’ refers to AU or UA bp. B refers to 
G, U, or C (not A), and V refers to a nucleotide (not U) that is complementary to 
B.  N – N’ refers to any standard base pair. The scissile phosphodiesters are 
indicated by arrows.  
  

C. Time course for cleavage of Tm-23S[hp] RNA variants containing a UA  CG or 
UA  AU bp substitution at pb position 2. The cleavage reaction involved 
internally 32P-labeled RNA (128 nM) and Tm-RNase III (25 nM) in buffer 
consisting 50 mM NaCl, 1 mM MgCl2, and 30 mM Tris-HCl (pH 8.0). Reactions 
were initiated by adding RNA, followed by incubation at 45°C for the specified 
times. Lanes 2 – 6, 8 – 12, and 14 – 19 represent 15 s, 30 s, 1 min., 2.5 min., 
and 5 min. reaction times, respectively, for Tm-23S[hp] RNA and the 2-bp 
variants. Lanes 1, 7, and 13 represent control reactions in which RNA was 
incubated with enzyme for 5 min in the absence of Mg2+. The positions of the 
substrate and the three cleavage products are indicated, and the asterisks 
indicate the positions of the single-cleaved intermediates.  

 
D. Cleavage assays of Tm-23S[hp] RNA variants with a CG or GC bp substitution at 

pb position 4. Reaction conditions were the same as described above. Lanes 2 – 
6, 8 – 12, and 14 – 19 represent 15 s, 30 s, 1 min., 2.5 min., and 5 min. 
incubation times, respectively, for Tm-23S[hp] RNA and the 2-bp variants. Lanes 
1, 7, and 13 are control reactions in which RNA was incubated with enzyme for 5 
min in the absence of Mg2+. The positions of the substrate and the three 
cleavage products are indicated.  

  



110 
 

A                B  
  
 



111 
 

C 

 
 

D 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



112 
 

Figure 24. Base-pair substitutions at proximal box positions 2 and 4 function as  
      catalytic antideterminants. 

 
Gel mobility shift assays of Tm-23S[hp] RNA variant binding to Tm-RNase III. 
The assays were performed as described in Materials and Methods, using 5’-
32P-labeled RNA (10,000 dpm), and Ca2+ (5 mM) in place of Mg2+. Reactions 
were electrophoresed in an 8% non-denaturing polyacrylamide gel in 0.5X 
TBE buffer supplemented with 5 mM Ca2+, and were visualized by 
phosphorimaging (see Materials and Methods). 

  
A. Effect of a UA  CG bp substitution at pb position 2. Lanes 1 and 7 

represent Tm-23S[hp] RNA and the single bp variant without Tm-RNase III. 
Lanes 2 – 6 and 8 – 12 represent 10 nM, 25 nM, 50 nM, 100 nM, and 150 nM 
of Tm-RNase III, respectively. Free and bound RNA are indicated by arrows. 
  

B. Effect of a AU  CG bp substitution at pb position 4. Lanes 1 and 7 
represent the Tm-23S[hp] RNA and the single bp variant without Tm-RNase 
III. Lanes 2 – 6 and 8 – 12 represent 10 nM, 25 nM, 50 nM, 100 nM, and 150 
nM of Tm-RNase III, respectively. Free and bound RNA are indicated by 
arrows. 
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3.5 Tm-RNase III Processes a Substrate from a Phylogenetically Distant Organism 

 T. maritima belongs to a deeply-branching portion of the bacterial phylogenetic 

tree that is distant from the lineage that includes E. coli (Nelson et al., 1999; 

Zhaxybayeva et al., 2009). T. maritima and A. aeolicus are thermophilic bacteria, while 

E. coli is a mesophile. Thus, they are phylogenetically widely separated bacterial 

species. Interestingly, they share a similarity in the pb consensus sequence in their 

cognate substrates (Figure 23B) (Shi et al., 2011; Pertzev and Nicholson, 2006). This 

observation prompted the question whether the Tm-RNase III can recognize and cleave 

an Ec-RNase III substrate, and if so, whether the specificity is similar. The Ec-RNase III 

substrates of interest that were chosen for this experiment were R1.1 RNA and 

R1.1[WC-R] RNA. 

R1.1 RNA. This substrate is derived from the bacteriophage T7 R1.1 processing 

signal (Dunn and Studier, 1983). R1.1 RNA is a 60 nt RNA hairpin, containing an 

asymmetric internal loop that separates an upper and lower dsRNA stem (Figure 25A). 

R1.1 RNA is cleaved by RNase III at a single (primary) site (Figure 25A) both in vivo and 

in vitro (Dunn and Studier, 1983). The asymmetric internal loop destroys the local two-

fold symmetry in the enzyme-substrate complex, allowing only a single cleavage 

(Nicholson, 1996; Schweiguth et al., 1994)., Cleavage of the R1.1 element in the T7 

mRNA provides a short hairpin at the 3’ end of the mRNA, and provides protection 

against 3’  5’ exoribonucleolytic digestion of the upstream sequence in vivo 

(Panayotatos and Truong, 1985).  

 R1.1[WC-R] RNA. This RNA is derived from R1.1 RNA by inserting an A residue 

and 2 nt changes within the 5’ segment of the internal loop, thereby creating an internal 

loop 5’ segment that can fully base-pair with nucleotides in the 3’ segment (Figure 25B). 

The RNA has two scissile phosphodiesters at the target site, and thus mimics a regular 
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dsRNA substrate for RNase III (Figure 25B) (Calin-Jageman and Nicholson, 2003; 

Chelladurai et al., 1993). 

 Tm-23S[hp] RNA, Tm-16S[hp] RNA, R1.1 RNA, and R1.1 [WC-R] RNA were 

synthesized in internally 32P-labeled form, and time course cleavage assays were 

performed. The results show that Tm-RNase III cleaves R1.1[WC-R] RNA with the same 

specificity as Ec-RNase III (Figure 25C), but not R1.1 RNA (Figure 25D). The similar 

cleavage pattern for R1.1[WC-R] RNA suggests that Tm-RNase III recognizes the 

reactivity epitopes of Ec-RNase III substrates. The inability of Tm-RNase III to cleave 

R1.1 RNA may be due to that the ability of Tm-RNase III to only bind substrates that 

contain regular double-helical structures. The reciprocal experiment shows that Ec-

RNase III cleaves Tm-23S[hp] RNA (Figure 25F) and Tm-16S[hp] RNA (Figure 25E) at 

the Tm-RNase III cleavage sites, as well as at several additional sites, suggesting a 

relaxed specificity for Ec-RNase III for Tm-RNase III substrates. There is a greater 

difference in the cleavage patterns for Ec-RNase III acting on Tm-16[hp] RNA. However, 

a commonality of cleavage can be discerned, as indicated by the asterisk (Figure 25E). 

The relaxed specificity holds for Ec-RNase III acting on Tm-23S[hp] RNA as well (Figure 

25F).  
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Figure 25. Tm-RNase III cleavage of Ec-RNase III substrates. 
 

A. R1.1 RNA (60 nt) is based on the bacteriophage T7 R1.1 RNase III processing 
signal. The primary cleavage site is indicated by the arrow.  
 

B. R1.1[WC-R] RNA (61 nt) is derived from R1.1 RNA. It differs from R1.1 RNA by 
the presence of a fully base-paired (WC) segment in place of the internal loop. 
Cleavage sites are indicated by the arrows.  

 
C. Time course cleavage assays of internally 32P-labeled R1.1[WC-R] RNA (90 nM) 

in buffer consisting 50 mM NaCl, 1 mM MgCl2, and 30 mM Tris-HCl (pH 8.0). 
Reactions were initiated by adding RNA, followed by incubation at 45°C for the 
specified times. Lanes 2 – 6 and lanes 8 – 12 represent reaction times of 1 min., 
2.5 min., 5 min., 10 min., and 30 min. for Tm-RNase III (10 nM) and Ec-RNase III 
(10 nM), respectively. Lanes 1 and 7 represent control reactions in which RNA 
was incubated in standard reaction buffer for 1 min. in the absence of enzyme.  

 
D. Time course cleavage assays of internally 32P-labeled R1.1 RNA (96 nM) in 

buffer consisting 50 mM NaCl, 1 mM MgCl2, and 30 mM Tris-HCl (pH 8.0). 
Reactions were initiated by adding RNA, followed by incubation at 45°C for the 
specified times. Lanes 2 – 6 and lanes 8 – 12 represent reaction times of 1 min, 
2.5 min., 5 min., 10 min., and 30 min. for Tm-RNase III (10 nM) and Ec-RNase III 
(10 nM), respectively. Lanes 1 and 7 represent control reactions in which RNA 
was incubated in standard reaction buffer for 1 min. in the absence of enzyme.  

 
E. Time course cleavage assays of internally 32P-labeled Tm-16S[hp] RNA (109 nM) 

in buffer consisting 50 mM NaCl, 1 mM MgCl2, and 30 mM Tris-HCl (pH 8.0). 
Reactions were initiated by adding RNA, followed by incubation at 45°C for the 
specified times. Lanes 2 – 6 and lanes 8 – 12 represent reaction times of 1 min., 
2.5 min., 5 min., 10 min., and 30 min. for Tm-RNase III (10 nM) and Ec-RNase III 
(10 nM), respectively. Lanes 1 and 7 represent control reactions in which the 
RNA was incubated in standard reaction buffer for 1 min. in the absence of 
enzyme. The asterisk on the right indicates Ec-RNase III cleavage product with 
identical gel electrophoretic mobility as the product resulted from the Tm-RNase 
III reaction.  

 
F. Time course cleavage assays of internally 32P-labeled Tm-23S[hp] RNA (128 nM) 

in buffer consisting 50 mM NaCl, 1 mM MgCl2, and 30 mM Tris-HCl (pH 8.0). 
Reactions were initiated by adding RNA, followed by incubation at 45°C for the 
specified times. Lanes 2 – 6 and lanes 8 – 12 represent reaction times of 1 min., 
2.5 min., 5 min., 10 min., and 30 min. for Tm-RNase III (10 nM) and Ec-RNase III 
(10 nM), respectively. Lanes 1 and 7 represent control reactions in which RNA 
was incubated in standard reaction buffer for 1 min. in the absence of enzyme. 
The asterisks on the right indicate Ec-RNase III cleavage products with identical 
gel electrophoretic mobilities as the products of the Tm-RNase III reaction.  
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 The specific aims of this project are to (i) analyze the processing reactivities of 

hairpin substrates based on the cognate pre-16S and pre-23S rRNA processing stems, 

(ii) characterize the thermostability and biochemical properties of RNase III of 

Thermotoga maritima, and (iii) assess the potential conservation of reactivity epitopes of 

RNase III substrates of bacterial species that are separated by a broad phylogenetic 

distance.  

 

4.1 On the Site-specific Cleavage of the Thermotoga 16S and 23 pre-rRNA Hairpin 

Substrates by Tm-RNase III 

 The site-specific action in vitro of Tm-RNase III was analyzed using RNA hairpins 

based on the cognate 16S and 23 pre-rRNA processing stems. The occurrence of single 

target sites in each substrate is consistent with formation of single RNA-protein 

complexes, as observed by a gel mobility shift assay. The target site positions are 

consistent with a conserved role of RNase III in creating the immediate precursors to the 

mature rRNAs. The K’D values differ for the complexes involving Tm-16S[hp] RNA and 

Tm-23S[hp] RNA, with the Tm-RNase III-Tm16S[hp] RNA complex exhibiting a greater 

stability, as reflected by a significantly lower K’D. The enhanced stability of the complex 

may reflect the longer bp stem of Tm-16S[hp] RNA, which would allow formation of full 

complement of protein-RNA contacts. The affinity of Tm-RNase III for the two substrates 

appears to be inversely related to cleavage reactivity. Thus, although Tm-16S[hp] RNA 

is bound more tightly by Tm-RNase III, it is cleaved more slowly than Tm-23S[hp] RNA. 

It was observed elsewhere that an increased stem length reduces the reactivity of an Ec-

RNase III substrate (Pertzev and Nicholson, 2006). Since the cleavage assays were 

performed using conditions of substrate excess, a slower product release step for Tm-

16S[hp] cleavage, which would be a reflection of a higher affinity for substrate, could 

account for the slower overall rate. The functional relevance of the differing reactivities is 
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unclear, and whether this difference occurs in vivo is not known. It is possible that 

additional cellular factors affect the in vivo reactivities of RNase III substrates, and the 

rRNA processing stems in particular. 

 

 4.2 On the Biochemical Properties of Tm-RNase III 

 Most enzymes that create or hydrolyze phosphodiester bonds require a divalent 

metal ion for activity. Tm-RNase III catalytic activity is supported by several different 

divalent metal ions, with Mg2+ ion exhibiting the best ability. This is consistent with the 

emerging consensus that Mg2+ is the physiologically relevant cofactor for RNase III 

family members (Dunn, 1976; 1982), and is also consistent with its relatively high 

intracellular abundance, and optimal physical and chemical properties for interaction with 

phosphodiesters (Yang, 2010). Studies on E. coli RNase III have shown that one of the 

two Mg2+ ions serves to activate the water nucleophile (Campbell et al., 2002), while the 

second metal ion may facilitate departure of the 3’-oxgen during the course of reaction 

(Gan et al., 2008). Mn2+ ion also supports activity, but to a lesser extent. In contrast to 

Ec-RNase III, higher Mn2+ concentrations do not inhibit Tm-RNase III (Li et al., 1993; 

Robertson et al., 1968; Sun and Nicholson, 2001). Additional divalent metal ion binding 

sites are observed in the crystal structures of A. aeolicus and M. tuberculosis RNases III 

that are positioned near the two Mg2+ sites (Gan et al., 2008; Akey and Berger, 2005). It 

is possible that Mn2+ inhibition of Ec-RNase III may be due to the ability of Mn2+ ion to 

bind to one of the additional sites (Sun and Nicholson, 2001). Occupancy of the site by 

Mn2+ may increase affinity for the product, thereby inhibiting product release, resulting in 

inhibition under multiple turnover conditions (Sun et al., 2004). If this site is present in 

Tm-RNase III, it is possible that it is altered in such a manner that Mn2+ cannot bind; or, if 

binding occurs, inhibition does not ensue. Co2+ ion supports Tm-RNase III catalytic 

activity, but is inhibitory at higher concentration in a manner similar to that of seen with 
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Mn2+ and Ec-RNase III. One possibility is that Co2+ can occupy the third metal ion 

binding site at higher concentrations and cause inhibition. There is also a possibility that 

Co2+ may directly interact with the RNA (Saenger, 1984) in an inhibitory manner. An 

inhibition of RNase H catalytic activity with an increased Co2+ concentration also is 

observed in RNA aptamers (Wrzesinski and Jozwiakowski, 2008), and mainly reflects 

stabilization of the aptamer structures upon Co2+ binding. It is presumed that the RNA 

target regions become less accessible, which in turn prevents the DNA-RNA duplex 

formation necessary for RNase H action (Wrzesinski and Jozwiakowski, 2008). Finally, 

Ni2+ supports only a negligible amount of Tm-RNase III catalytic activity while Ca2+ does 

not support activity.  

 

 Monovalent cations (Na+, NH4
+, K+) modulate substrate reactivity and cleavage 

specificity. Tm-RNase III is most active at salt concentrations in the ~50 – 80 mM range, 

with increasing concentrations causing progressive levels of inhibition. This behavior 

may reflect ion competition with RNA, preventing binding to enzyme (Nicholson, 1999; 

2003). In contrast, Ec-RNase III is most active at higher salt concentrations  (~150 mM), 

while lower salt concentrations enhance substrate cleavage at secondary sites in vitro 

(Li et al., 1993). T. maritima substrates are not cleaved at any sites other than the 

primary cleavage sites over the salt concentrations examined. 

 

 The pH dependence indicates that Tm-RNase III exhibits a transition to a greater 

activity between pH 7 and 8, with the midpoint of the transition indicating that maximal 

activity requires the conjugate base forms of one or more enzyme groups with an 

average pKa of ~7.5. This behavior may reflect conversion of the metal-bound water 

nucleophile to the more reactive anionic form (Campbell et al., 2002). However, it was 

observed in Ec-RNase III that the rate-limiting step is associated with the product 
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release, rather than the hydrolysis step (Campbell et al., 2002). If this is the case as well 

with Tm-RNase III, the higher pH may serve to maximize the rate of product release due 

to an increase in negative charge on the protein surface. In turn, this would destabilize 

the binding of the anionic cleavage products. 

  

4.3 On the Thermostability of Tm-RNase III 

Tm-RNase III catalytic activity is resistant to elevated temperatures, with optimal 

activity at temperatures broadly centered from ~40°C to 70°C, and activity retained up to 

~95°C. It is possible that the loss in activity at temperatures above 90°C reflects the 

denaturation of RNA rather than the protein. In contrast, Ec-RNase III loses essentially 

all activity by ~55°C, which reflects protein thermolability, since Tm-23S[hp] RNA was 

used in this analysis as well. The optimal Tm-RNase III in vitro temperature assay, 

however, is lower than the optimal growth temperature of T. maritima, which is ~80°C 

(Huber et al., 1986). To examine the sources of thermostability of another ribonuclease, 

Paul and coworkers performed a heterologous reconstitution in vitro of the RNase P 

protein subunits from T. maritima and E. coli with the RNase P RNA subunits from T. 

maritima and E. coli. The heterologous reconstitution would allow identification of which 

subunit is responsible for thermal stability of RNase P (Paul et al., 2001). At an assay 

temperature of 37°C, both the T. maritima and E. coli proteins were able to combine with 

each RNA subunit, and provide catalytic activity. However, when the assay was 

repeated at 55°C, the T. maritima RNase P protein subunit was able to confer catalytic 

activity, but not the E. coli RNase P protein subunit (Paul et al., 2001). These results, 

along with our experimental data, indicate that T. maritima proteins are more 

thermostable than their counterparts from the mesophilic bacterium E. coli. 

In considering the sources of thermostability, a correlation has been noted 

between protein thermostability and the Charged-versus-Polar bias (CvP-bias) of the 
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polypeptide chain. The CvP-bias is the difference between the percentage of charged 

residues (Asp, Glu, Lys, Arg) and polar residues (Asn, Gln, Thr, Ser) in a polypeptide 

(Cambillau and Claverie, 2000; Suhre and Claverie, 2003). The greater CvP-bias value 

reflects a preference for charged residues that can form salt bridges that can contribute 

to thermostability, as well as an avoidance of chemically thermolabile Asn and Gln 

residues (Cambillau and Claverie, 2000; Suhre and Claverie, 2003). For Tm-RNase III, 

the calculated CvP-bias is 21.3, which is significantly higher than the value of 6.2 for Ec-

RNase III. These values can be compared to the average CvP-bias values of 13.23 and 

2.63 for T. maritima and E. coli proteins, respectively (Suhre and Claverie, 2003). It may 

be concluded that a higher proportion of charged residues contributes to Tm-RNase III 

thermostability. A similar correlation between CvP-bias and thermostable catalytic 

activity was noted for Aquifex aeolicus RNase III (Shi et al., 2011).  Robinson-Rechavei 

and coworkers examined the T. maritima protein structure database to identify additional 

factors that may contribute to protein thermostability (Robinson-Rechavei and Godzik, 

2005; Robinson-Rechavi et al., 2006). Through pairwise comparisons of the structures of 

T. maritima proteins with their mesophile counterparts, a direct correlation was noted 

between thermostability and the protein contact order (CO). CO is a measure of 

structural compactness due to an increased density of non-nearest neighbor interactions 

(Robinson-Rechavei and Godzik, 2005; Robinson-Rechavi et al., 2006; Plaxco et al., 

1998). We used the 2.0 Å Tm-RNase III structure (PDB entry: 1O0W) and the 2.1 Å 

structure of RNase III of the mesophile, Mycobacterium tuberculosis (Mt) (PDB entry: 

2A11) to calculate the respective CO values. The relative CO for Tm-RNase III 

(normalized to chain length) is 0.057, which is lower than the Mt-RNase III value of 

0.093. This result indicates that Tm-RNase III thermostability is not due to an increased 

relative CO, and that the CvP-bias is a predominant determinant.  
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4.4 Reactivity epitopes of Tm-RNase III substrates 

 Cleavage sites of bacterial RNase III substrates are determined by specific RNA 

structural and sequence elements, referred to as reactivity epitopes. Reactivity epitopes 

for Ec-RNase III substrates include structural features such as internal loops and bulges, 

which can restrict cleavage to one strand (Calin-Jageman and Nicholson, 2003); a 

double-helical length of ≥ 11 bp (Pertzev and Nicholson, 2006); and base-pair sequence 

elements (Zhang and Nicholson, 1997; Pertzev and Nicholson, 2006). These structural 

features are not strictly conserved, as Tm-RNase III does not cleave an internal loop-

containing substrate that is recognized by Ec-RNase III (Figure 25D) nor does it cleave 

cognate RNA hairpins with stem lengths less than ~21 bp. In both cases, the lack of 

reactivity is due to loss of binding affinity (data not shown). Tm-RNase III substrates may 

require two turns of a regular double-helix in order for both dsRBDs and NucD to engage 

substrate. However, the length requirement is not a consequence of protein 

thermostability, since the comparably thermostable A. aeolicus RNase III can process 

substrates with short (~11 bp) stems (Shi et al., 2011).   

 Bacterial RNases III recognize the sugar-phosphate backbone of the RNA 

substrates, mainly in the proximal box and distal box. It was noted that the two-helical 

turn length of Tm-23S[hp] RNA may minimize the otherwise strong effects of specific bp 

substitutions: the presence of multiple protein-RNA contacts may partially compensate 

for the disruptive action of a given inhibitory bp substitution. A minimal substrate for Tm-

RNase III that contained a single scissile bond was not able to be developed, due to a 

longer bp stem requirement for Tm-RNase III. Such a substrate would have allowed for 

determining the Km and kcat for cleavage of a single phosphodiester in a Tm-RNase III 

substrate. 

 Cleavage sites in Ec-RNase III substrates are specified in part by bp sequence 

elements within the proximal box (Zhang and Nicholson, 1997; Pertzev and Nicholson, 
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2006). The pb is a key functional base-pair sequence element in Tm-RNase III, and 

exhibits a sequence that is similar to that of the pb of Ec-RNase III substrates (Figure 

23B). From a statistical standpoint such a pb sequence would specify a cleavage site 

every ~5 bp or so in a random sequence dsRNA. However, this frequency would not 

necessarily compromise the achievement of the necessary specificity if the pb occurs 

within a limited-length double-helical segment, and also since antideterminant bp could 

be present elsewhere in the segment (see below).  

 Tm-RNase III, like Ec-RNase III, is sensitive to bp antideterminants. It is thought 

that these elements protect functionally important double-helical RNA structures from 

inappropriately cleavage by RNase III (Zhang and Nicholson, 1997). For Tm-RNase III, a 

GC or CG bp substitution in place of the preferred AU or UA at pb position 2 or 4 inhibits 

reactivity, similar to that observed with the same substitutions in pb positions 2 and 4 of 

an Ec-RNase III substrate (Pertzev and Nicholson, 2006). These substitutions in Tm-

RNase III substrate inhibit cleavage without blocking enzyme binding, and therefore 

function as catalytic antideterminants (Pertzev and Nicholson, 2006). In contrast, the 

same substitution at pb position 2 in Ec-RNase III substrates inhibits enzyme binding, 

and therefore functions as a recognition antideterminant (Pertzev and Nicholson, 2006). 

Since there is no structural data on a Tm-RNase III-dsRNA or an Ec-RNase III-dsRNA 

complex, the reason for the different behavior of the same bp substitution at pb position 

2 in the two substrates is not known. On the basis of bp sequence mutation, the 

consensus sequence in the proximal boxes between T. maritima and E. coli are similar, 

while the consensus sequences in the db boxes are dissimilar (Pertzev and Nicholson, 

2006). Crystal structures of A. aeolicus RNase III bound to dsRNA reveal that the pb 

interacts with a specific portion of the N-terminal α-helix of the dsRBD, termed RBM1, 

which contains several highly conserved residues whose side chains contact the pb 

minor groove (Gan et al., 2008; 2006).  
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A mutational analysis of A. aeolicus RNase III included the mutation of the highly 

conserved glutamine residue (Q157) (A. aeolicus numbering) to alanine (Figure 7) (Shi 

et al., 2011). The crystal structure shows that uridine at pb position 2 directly interacts 

with the side chain of Q157 via two hydrogen bonds, one of which involves the uracil O2 

atom, and the other involving the ribose 2’-OH group (Shi et al., 2011; Gan et al., 2006; 

2008). Since the UA and AU bp at this position confer equivalent reactivity in Aa-RNase 

III substrates, a uridine can occupy either strand, and presumably can engage in 

energetically equivalent bonding. This substrate binding interaction is inhibited by the 

Q157A mutation, which is predicted to be due to the loss of two hydrogen bonds (Shi et 

al., 2011). The functional importance of this interaction is emphasized by the observation 

that a GC or CG bp substitution at pb position 2 strongly inhibits cleavage activity both in 

Tm-RNase III and Aa-RNase III.  

It was shown in Ec-RNase III substrates that inhibition by a GC or CG bp was 

attributed to the purine 2-amino group, which was predicted to interfere with positioning 

of the glutamine side chain in the minor groove (Pertzev and Nicholson, 2006). However, 

it should be noted that the crystallographic analyses of Aa-RNase III only involved 

complexes containing cleaved RNAs (Gan et al., 2006; 2008). A structural analysis of a 

pre-catalytic complex involving uncleaved RNA substrate would be needed to provide a 

more precise characterization of the pb-RBM1 interaction. In summary, these data 

indicate that the RNase III dsRBD engages in sequence specific recognition with the 

RNA substrate, and that the conservation of several amino acid residues in the RBM1 of 

RNase III from both mesophile and thermophiles is consistent with the conservation of 

the pb consensus sequence.  

 The distal box is a 2 bp element that was first identified in Ec-RNase III 

substrates (Zhang and Nicholson, 1997; Pertzev and Nicholson, 2006). Aa-RNase III-

dsRNA cocrystal structures showed that the db interacts with a non-conserved region in 
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the nuclease domain (NucD), termed RBM4 (Figure 7), primarily by forming hydrogen 

bonds with non-bridging phosphate oxygen atoms and 2’-hydroxyl ribose oxygen atoms 

in the dsRNA backbone (Gan et al., 2008; 2006). In contrast to Ec-RNase III substrates 

(Zhang and Nicholson, 1997; Pertzev and Nicholson, 2006), bp substitutions in the db of 

Tm-23S[hp] RNA do not significantly affect reactivity. The absence of db sequence 

effects on reactivity may be related to the variability in RBM4 sequence and length. 

Thus, while the db-RBM4 interaction in general is conserved, it would be largely limited 

to bp-sequence-independent interactions with the sugar-phosphate backbone. In turn, 

this would support a primary role for the db in substrate recognition through dsRNA 

length, rather than on specific bp sequence (Gan et al., 2008).  

 

4.5 Tm-RNase III cleavage of non-cognate substrates 

 T. maritima belongs to a deeply branching portion of the bacterial phylogenetic 

tree that is distant from the lineage that includes mesophilic bacteria (Nelson et al., 

1999; Zhaxybayeva et al., 2009). However, a similarity is observed in the pb sequence 

for Ec- and Tm-RNase III substrates, which raises a question whether Tm-RNase III is 

able to recognize and cleave non-cognate substrates with the same specificity as Ec-

RNase III.  

 In fact, Tm-RNase III cleaves R1.1[WC-R] RNA at target sites also recognized by 

Ec-RNase III, but is unable to cleave R1.1 RNA. The essentially identical cleavage 

patterns for R1.1[WC-R] RNA show that Tm-RNase III recognizes the phylogenetically 

distant Ec-RNase III substrate reactivity epitopes. However, the inability of Tm-RNase III 

to process R1.1 RNA may be attributed to its capability to bind only to regular double-

helical structures. 
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4.6 Summary 

 This research project has characterized the biochemical behavior RNase III of 

the hyperthermophilic bacterium Thermotoga maritima using purified recombinant 

enzyme. The optimal conditions for Tm-RNase III catalytic activity in vitro is supported by 

1 mM Mg2+ and 50 mM Na+ at pH 8.0. A temperature of 45°C is convenient for the 

assays, although the temperature maximum is higher. Small hairpin RNAs that 

incorporate the 16S and 23S precursor rRNA processing stems are efficiently and site-

specifically cleaved in vitro by Tm-RNase III. The cleavage sites are consistent with the 

role of the enzyme in processing the primary transcript to produce the immediate 

precursor to the mature 16S and 23S rRNAs (Figure 26). Moreover, Tm-RNase III 

substrates exhibit a pb sequence dependence of reactivity that is similar to that of 

observed in Ec-RNase III substrates. Thus, the apparent conservation of substrate 

reactivity epitopes between the two phylogenetically distant bacterial species, T. 

maritima and E. coli, indicates a commonality of substrate recognition among bacterial 

RNases III.  

 The other ribonucleases in the T. maritima 16S and 23S rRNA maturation 

pathways have not been identified, but may include RNase E/G and the 3’  5’ 

exonucleases RNase R and/ or PNPase (Condon and Putzer, 2002; Srivastava and 

Schlessinger, 1990; Deutscher, 2009). Also, RNase E/G may provide the mature 5S 

rRNA (Deutscher, 2009). The three pre-tRNAs in the rRNA precursor are most likely 

cleaved by RNase P to create the mature 5’-end (Reiter et al., 2010), while RNase Z is 

responsible for the 3’-end formation by acting at a site directly downstream of the 

encoded 3’ CCA sequence (Minagawa et al., 2004; Hartmann et al., 2009).  Proposed 

processing pathways for the maturation of T. maritima rRNA are illustrated in Figure 26. 

While T. maritima is not especially an accessible organism for genetic and physiological 

studies, it can be anticipated that further structural and biochemical studies of 
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Thermotoga ribonucleases and their substrates will provide an integrated structure-

function understanding of bacterial RNA processing and decay networks.  
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Figure 26. Proposed processing pathway for the Thermotoga maritima ribosomal 
      RNA precursor. 

 
Structure of the Thermotoga maritima ribosomal RNA (rRNA) precursor that includes 
regions that code for tRNA (DNA: red; RNA: pink), rRNA-coding regions (DNA: orange; 
RNA: brown), and spacers (DNA: yellow; RNA: mustard). The figure is not drawn to 
scale. The rRNAs, which are initially synthesized as precursor molecules, must undergo 
nucleolytic processing to generate the mature molecules. Tm-RNase III is involved in the 
initial processing of T. maritima 16S or Tm-23S rRNA to release them from the precursor 
transcript, but its cleavages do not lead to mature 16S or 23S rRNA. Additional RNases 
are required to complete the maturation process. These ribonucleases may include 
RNase E/G and the 3’  5’ exonucleases RNase R/ PNPase to produce the mature T. 
maritima 16S and 23S rRNA.  The mature T. maritima 5S rRNA may be generated 
through the actions of RNase E/G, while precursors tRNAs are cleaved by RNase P and 
RNase Z to create the mature 5’- and 3’-ends, respectively. The ribonucleases are 
represented as: III, RNase III; E/G, RNase E/G; R, RNase R; PNPase, Polynucleotide 
phosphorylase; P, RNase P; and Z, RNase Z. 
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LIST OF ABBREVIATIONS 

Aa Aquifex aeolicus 

AGO Argonaute 

Am Ampicillin 

bp Base pair 

BSA Bovine serum albumin 

db Distal box 

DGCR8 DiGeorge syndrome critical region gene 8 

DMSO Dimethyl sulfoxide 

dNTP deoxynucleotide triphosphate 

dsDNA double-stranded DNA 

dsRBD double-stranded RNA binding domain 

dsRBM double-stranded RNA binding motif 

dsRNA double-stranded RNA 

DTT Dithiothreitol 

DUF Domain of unknown function 

EB Ethidium bromide 

Ec Escherichia coli 

EDTA Ethylenediaminetetraacetic acid 

(His)6 hexahistidine 

hp hairpin 

IPTG Isopropyl-β-D-thiogalactopyranoside 

kDA kilo-Dalton 

LB Luria-Bertani 

LMP Low-melting-point 
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mb middle box 

miRNA micro RNA 

Mt Mycobacterium tuberculosis 

NEB New England Biolabs 

nt nucleotide 

NTA Nitriloacetic acid 

NucD Nuclease domain 

OD Optical density 

ORF Open reading frame 

PAGE Polyacrylamide gel electrophoresis 

Pasha Partner of Drosha 

PAZ Piwi-Ago-Zwille 

pb proximal box 

PCR Polymerase chain reaction 

PEG Polyethylene glycol 

PNPase Polynucleotide phosphorylase 

Pre-miRNA Precursor microRNA  

Pri-miRNA Primary microRNA 

PTGS Post-transcriptional gene silencing 

RBMs  RNA-binding motifs 

RISC RNA-induced silencing complex 

RNAi RNA interference 

RNase III Ribonuclease III 

rNTP ribonucleoside 5’-triphosphate 

rRNA ribosomal RNA 
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RS Arginine-serine-rich 

SDS Sodium dodecyl sulfate 

siRNA short interfering RNA 

ssDNA single-stranded DNA 

ssRNA single-stranded RNA 

TE Tris-EDTA 

Tm Thermotoga maritima 

TBE Tris-borate-EDTA 

TEMED Tetramethylethylenediamine 

tRNA transfer RNA 

UTR Untranslatated region 

UV Ultraviolet 

WC Watson-Crick 

WW Tryptophan-tryptophan 
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