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                                                         ABSTRACT  
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                          Doctoral Advisory Committee Chair: Dr. Allen W. Nicholson 

 

                                

       The bacteriophage T7 protein kinase enhances T7 growth under suboptimal growth 

conditions, including elevated temperature or limiting carbon source. T7PK 

phosphorylates numerous E. coli proteins, and it has been proposed that phosphorylation 

of these proteins is responsible for supporting T7 replication under stressful growth 

conditions. How the phosphorylation of host proteins supports T7 growth is not 

understood. Escherichia coli (Ec) RNase III is phosphorylated on serine in bacteriophage 

T7-infected cells. Phosphorylation of Ec-RNase III induces a ~4-fold increase in catalytic 

activity in vitro. Ec-RNase III is involved in the maturation of several T7 mRNAs, and it 

has been shown that RNase III processing controls the translational activity and stability 

of the T7 mRNAs. Perhaps T7PK phosphorylation of Ec-RNase III ensures optimal 

processing of T7 mRNAs under suboptimal growth conditions.  

       In this study a biochemical analysis was performed on the N-terminal portion of the 

0.7 gene (T7PK), exhibiting only the protein kinase activity. In addition to 

phosphotransferase activity, T7PK also undergoes self-phosphorylation on serine, which 

down-regulates catalytic activity by an unknown mechanism. Mass spectral analysis 

revealed that Ser216 is the autophosphorylation site in T7PK. The serine residue is highly 

conserved, which in turn suggests that autophosphorylation is a conserved reaction with 

functional importance.  Phosphorylated T7PK exhibits reduced phosphotransferase 

activity, compared to its dephosphorylated counterpart (dT7PK). The dT7PK exhibits 
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enhanced ability to phosphorylate proteins, as well as undergo autophosphorylation. The 

mechanism by which autophosphorylation inhibits T7PK activity is unknown. 

       An in vitro phosphorylation assay revealed that T7PK directly phosphorylates RNase 

III. Ec-RNase III processing activity is stimulated from two to ten-fold upon 

phosphorylation by the T7PK. The primary site of phosphorylation in RNase III is found 

to be Ser33, and Ser34 may act as the recognition determinant for T7PK. This was 

established by Ser →Ala mutations at the concerned site. The enhancement of catalytic 

activity is primarily due to a larger turnover number (kcat), with some additional 

contribution from a greater substrate binding affinity, as revealed by lower Km and K‟D 

values. Substrate cleavage assays under single turn over conditions established that the 

product release is the rate limiting step. Since there is no significant increase in the kcat as 

measured under single-turnover (enzyme excess) conditions, the increase in the kcat in the 

steady-state is due to enhancement of the product release step, and not due to an 

enhancement of the hydrolysis (chemical) step. 
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1.1    Biological roles of RNA and RNA processing reactions 

         The cell expends a considerable amount of energy and resources synthesizing, 

modifying, using, regulating, and degrading RNA. RNA plays essential roles in a 

multitude of cellular processes, including transcription, RNA processing, translation and 

gene regulation (Alberts et al., 2002), and in Escherichia coli cells, ~20% of the dry mass 

is RNA (Neidhart et al., 1990). RNA molecules are multifunctional, and have the ability 

to store, express, and replicate genetic information. When the “Central Dogma” of 

molecular biology was proposed in the mid-1950s (Crick, 1958), it was assumed that 

RNA functions only as a template (that is, the primary function of RNA is to encode 

polypeptide sequences). The subsequent discovery of transfer RNA and ribosomal RNA 

filled in major gaps of knowledge of the mechanism of gene expression, and showed that 

RNA was an active agent in the gene expression pathway. By the late 1970‟s, the basic 

structures and biological functions of the three major functional classes of cellular RNA 

(transfer, ribosomal, and messenger RNA) were established. The first major modification 

of the central dogma occurred with the discovery of reverse transcription, where genetic 

information in the retroviruses was shown to flow from RNA to DNA (Baltimore 1970; 

Temin and Mizutani, 1970). A second modification stemmed from the discovery of 

introns in eukaryotic genes and the process of RNA splicing (Breathnach et al., 1977; 

Jeffreys and Flavell, 1977).  RNA splicing forced a modification of the concept of the 

colinearity of gene and protein sequence. A major advancement in the field of RNA 

biology was the discovery of catalytic RNA in studies on the RNA subunit of E. coli 

RNase P by Altman and coworkers (Guerrier-Takada et al. 1982), and the Tetrahymena 

self-splicing rRNA intron by Cech and coworkers (Kruger et al., 1982). An “RNA 

World” hypothesis was developed, which proposes that RNA molecules predated 
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proteins, and was at the origin of life (Orgel, 2000). Further advancements in RNA 

biology included the demonstration of the participation of small noncoding RNAs in 

diverse gene regulatory pathways, and that specific RNA molecules can act as molecular 

switches (“riboswitches”) by binding to specific metabolites, conferring gene regulation 

(Winkler and Breaker, 2003, Mandal and Breaker, 2004).  

        Most primary transcripts must undergo one or more cleavage or modification 

reactions to attain their mature, fully functional forms. Thus, RNA processing reactions 

are necessary for RNA molecules to function properly in cells. RNA processing reactions 

include endonucleolytic cleavage; 3‟5‟ or 5‟3‟ exonucleolytic cleavage; the 

insertion, deletion, or modification (e.g. methylation) of nucleotides; 5‟-end capping, 

splicing, and 3‟-end polyadenylation (Lewin, 2000; Lodish et al., 2000). RNA molecules 

possess specific structures, including double-helical (double-stranded) regions, that are 

important for RNA maturation, decay, transport, localization, and translation. The 

enzymatic cleavage of double-stranded (ds) RNA structures is an essential step in gene 

expression, gene regulation and host defense (Nicholson, 2003). dsRNA processing is 

involved in the generation of fully functional RNAs and can regulate protein synthesis by 

controlling mRNA stability (Carmel and Hannon, 2004; Drider and Condon, 2004; 

Lamontagne et al., 2001; MacRae and Doudna, 2007; MacRae et al., 2006; Nicholson, 

1996; Nicholson, 2003). dsRNA processing also produces short interfering (si) RNAs, 

micro (mi) RNAs, and other noncoding RNAs that suppress homologous gene expression 

- a process also called RNA interference (RNAi) or post-transcriptional gene silencing 

(PTGS) (Mello and Conte, 2004, Nicholson, 2003; Sharp, 2001). Many viral 
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chromosomes consist of dsRNA, and a number of single–stranded (ss) RNA viruses 

replicate their genomes via dsRNA intermediates (Agarwal et al., 2003).  

1.2   RNA Processing and Ribonuclease III 

        Following their initial synthesis, many if not most RNA molecules must undergo 

one or more processing reactions to achieve their mature, fully functional forms. In 

addition, all RNA molecules are ultimately degraded to mononucleotides. These reactions 

are carried out by cellular ribonucleases, which include endoribonucleases (that cleave 

internal phosphodiesters) and exoribonucleases (that cleave the RNA from either the 5‟ or 

3‟ terminus) (Nicholson, 1997). A key endoribonuclease involved in bacterial RNA 

maturation is ribonuclease III (RNase III).  RNase III is a dsRNA-specific 

endoribonuclease that was first detected in E. coli cell-free extracts (Robertson et al., 

1968). RNase III is involved in the maturation of the 16S and 23S rRNAs (Srivastava et 

al., 1992); the maturation and degradation of cellular mRNAs (Dunn 1982; Court 1993), 

and the maturation and degradation of viral (phage) mRNAs (Dunn and Studier, 1973a, 

b; Dunn 1982; Court 1983). RNase III family members are highly conserved in the 

Bacteria and Eukarya, and belong to the larger polynucleotidytransferase superfamily of 

enzymes that catalyze reactions involving internucleotide phosphodiesters (Venkolavs 

and Siksnys, 1995). Bacteria typically contain a single gene (rnc) for RNase III. RNase 

III is found in all examined bacterial species thus far, except for Deinococcus 

radiodurans. Interestingly, the 16S and 23S rRNA precursors of this organism lack the 

double-stranded stems that are conserved substrates for RNase III (Saito et al., 2000) (see 

also below). Target site phosphodiesters are hydrolyzed by RNase III, producing 5‟-

phosphate, 3‟-hydroxyl duplex products that exhibit two nucleotide (nt) 3‟-overhangs. 
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This pattern of cleavage is a characteristic feature of all RNase III family members, and 

reflects the relative positions of the two catalytic sites (Nicholson 2003). RNase III 

functions as a homodimer and requires a divalent metal metal ion (with Mg
2+

 as the 

preferred species) as an essential cofactor (Dunn 1982; Court 1993). Exhaustive cleavage 

of long dsRNA by E. coli RNase III yields ~11-15 bp products, while the eukaryotic 

homolog Dicer produces ~21-23 bp products (Nicholson 2003; Li et al., 2010).  

1.2.1 Classification of RNase III family members 

         RNase III family members have been classified into four groups, based on the 

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

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

Doudna, 2007). Bacterial RNases III (Class I) exhibit the simplest structures and consist 

of a single nuclease domain (NucD) and a dsRNA-binding domain (dsRBD). E. coli, 

Thermotoga maritima and Aquifex aeolicus RNases III are representative Class I 

enzymes, and have polypeptide lengths of 226 (26 KDa), 240 (29 KDa) and 221 (26 

KDa) amino acids, respectively. The Saccharomyces cerevisiae RNase III enzyme, 

Rnt1p, also is included in Class I (Figure 1A), and has an N-terminal extension that is 

important for dimer stability, efficient RNA cleavage, and possibly subcellular 

localization (Lamontagne et al., 2000). The Class II and Class III RNase III family 

members possess a single dsRBD, two NucD, and an N-terminal extension containing 

multiple functional domains, as exemplified by mammalian Drosha and mammalian 

Dicer (Figure 1A). The Dicer and Drosha polypeptides function as monomers in vivo, 

with the two NucDs forming an intramolecular dimer (Figure 1C) (Lee et al., 2003; 

Zhang et al., 2004). However, Dicer and Drosha function in multisubunit complexes 
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(Bernstein et al., 2001; Deli et al., 2004). The Class IV family members are represented 

by Mini-RNase III of Bacillus subtilis, with a polypeptide length of 143 amino acids and 

a molecular weight of 17.1 KDa. It consists of a single NucD and lacks the dsRBD 

(Figure 1A). Mini III is confined to two bacteria phyla, the Firmicutes and the 

Cyanobacteria, and is absent in archaea and eukaryotes (Redko et al., 2008). Mini III 

dimerizes through its NucD and is responsible for the maturation of the 5‟ and 3‟ termini 

of 23S rRNA. Mini III requires ribosomal protein L3 as a cofactor to stimulate its activity 

(Redko and Condon, 2009). 

1.2.2 Eukaryotic RNase III orthologs: structures and functions 

          The Eukaryotic RNase III orthologs Dicer and Drosha play key roles in RNA 

maturation and gene regulatory pathways. Both are required for the maturation of most 

miRNAs (Lee et al., 2003; Zhang et al., 2004) and play essential roles in cistron-specific 

translational control (Ketting et al., 2001). Drosha also is involved in human pre-rRNA 

processing (Wu et al., 2000), whereas Dicer participates in the production of siRNAs in 

the RNAi pathway (Hannon and Zamore, 2003). 

        The mammalian Drosha polypeptide consist of two NucDs, one dsRBD, and an N-

terminal extension of ~900 residues that contains a proline-rich region and an arginine–

serine (RS) domain (Figure 1A) (Fortin et al., 2002). The RS domain and the tandem 

NucDs are separated by a 478-amino acid segment (Wu et al., 2000), and the RS-rich 

region contains a nuclear localization signal (Lee et al., 2006). Drosha generates 

precursor (pre)-miRNA hairpins by cleaving primary (pri)-miRNAs, which are 

transcripts synthesized by RNA polymerase II, and contain stable internal RNA hairpins 



7 
 

(Lee et al., 2003; Krol et al., 2010). Pri-miRNAs are usually several kilobases in length. 

Thus, accurate and efficient processing of these transcripts by Drosha is crucial for the 

production of mature, fully functional miRNAs. The initial processing step occurs in the 

nucleus, where Drosha cleaves the pri-miRNA to release a ~70 nucleotide stem-loop 

pre-miRNAs. The pre-miRNAs are transported into the cytoplasm, where they are 

processed by Dicer to produce the mature miRNAs (Grishok et al., 2001; Ketting et al., 

2001). Drosha associates with a protein cofactor, DGCR8 (DiGeorge Syndrome Critical 

Region gene 8 protein) in mammals, or Pasha in Drosophila melanogaster and 

Caenorhabditis elegans, in a complex called Microprocessor (Gregory et al., 2004; Han 

et al., 2006). DGCR8 protein functions as a dsRNA-binding protein and is responsible 

for substrate selection and cleavage site selection by measuring one helical turn from the 

processing center (Figure 2A) (Han et al., 2006). A WW domain has been identified in 

DGCR8 protein, and is known to interact with the proline-rich region of Drosha 

(Gregory et al., 2004).  

                   Dicer 

                   Dicer is a large multidomain enzyme containing tandem NucDs and one dsRBD. 

The N–terminal extension (~1500 amino acids) also contains an RNA helicase domain, a 

domain of unknown function 283 (DUF283), and a Piwi-Ago-Zwille (PAZ) domain 

(Figure 1A) (Bernstein et al., 2001). The function of the N-terminal helicase domain is 

not clearly established. Proteins containing the DExH RNA helicase/ATPase domain 

typically have an ATP-dependent RNA helicase activity. The presence of ATP 

stimulates the catalytic activity of C. elegans and Drosophila Dicer (Bernstein et al., 

2001; Ketting et al., 2001). However, this is clearly not the case for mammalian Dicer 
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(Zhang et al., 2002). Additionally, Giardia intestinalis Dicer and Dictyostelium 

discoideum Dicer lack the helicase domain (MacRae et al., 2006; Martens et al., 2002).  

                  Sequence analysis and topological studies suggest that the DUF283 domain may 

interact with dsRNA, as it adopts a canonical α-β-β-β-α fold that is characteristic of the 

dsRBD (Dlakic, 2006). The PAZ domain is present in both Dicer and Argonaute (Ago) 

(Paddison and Hannon, 2002). A 3.3 Å resolution crystal structure of Giardia 

intestinalis (Figure 2B) provides essential structural insight on how the enzyme provides 

dsRNA products of specified length. The structure suggests that the PAZ domain 

functions as a molecular ruler, which binds to the end of dsRNA ~25 bp from the single 

processing center (Figure 2B), allowing the generation of 25-27 bp products (MacRae et 

al., 2006). The PAZ domain plays a similar role in Dicer action as DGCR8 does for 

Drosha (MacRae et al., 2007).  

                  In addition to its role in excising the mature miRNA from the Drosha-processed pre-

miRNA, Dicer is also involved in the RNAi pathway. RNA interference was discovered 

by Fire and Mello (winners of 2006 Nobel prize in Physiology and Medicine) in studies 

on C. Elegans development. It was found that injection of an RNA duplex, created by 

annealing sense and antisense RNA strands corresponding to an endogenous gene, 

caused silencing of expression of the gene (Fire et al., 1998; Mello and Conte, 2004). 

Since, then many important insights have been gained in understanding the mechanism 

of RNAi. 

                   RNAi is an RNA-dependent gene silencing process that is controlled by the RNA–

induced silencing complex (RISC) and is initiated by the introduction of short double-
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stranded (ds) RNA molecules into cellular cytoplasm, where they interact with 

Argonaute, the catalytic component of RISC. When the dsRNA which triggers silencing 

comes from exogenous sources (e.g., infection by a virus with an RNA genome, or by 

laboratory manipulation), the RNA is imported directly into the cytoplasm and is 

cleaved to short fragments by Dicer. The initiating dsRNA can also be endogenous 

(originating in the cell), as in pre-microRNAs expressed from RNA-coding genes in the 

genome. The primary transcripts from such genes are first processed to form pre-

miRNAs in the nucleus, then exported to the cytoplasm to be cleaved by Dicer. Thus, 

the two dsRNA pathways, exogenous and endogenous, converge at the RISC complex 

(MacRae et al., 2006). 

                   RNAi regulates gene expression at multiple levels, including mRNA degradation, 

translational inhibition, and transcriptional silencing through chromatin remodeling 

(Mello and Conten, 2004). Because of the essential role of Dicer and Drosha in miRNA 

maturation and RNAi, understanding the mechanism of RNase III family members is of 

major importance. Since bacterial RNases III exhibit the simplest structures, 

biochemical studies on bacterial RNase III also would shed light on the mechanisms of 

action of Dicer and Drosha. 
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Figure 1. Ribonuclease III family proteins. 

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. The Nuclease domain is colored in blue, and the double-stranded-binding domain 

is shown in orange. 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 structure of mammalian Drosha. The two NucDs dimerize to form 

an intramolecular pseudodimer. The diagram of Drosha is from the study of Han et al., 

(2004) and from Figure 4 in MacRae and Doudna (2007).  

 

D. A model of the dimeric structure of mammalian Dicer. The diagram of Dicer is based on 

Figure 7 in Zhang et al., (2004) and Figure 2 in MacRae et al., (2006). The diagrams are 

not drawn to scale. Functional domains are colored as described in A. 
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Figure 2. Domain structures of Drsosha and Dicer, and their interaction with 

substrate. 

A. Schematic model of a Drosha-DGCR8 (microprocessor) complex bound to a pri-

miRNA (MacRae and Doudna, 2007). Drosha and DGCR8 subunits are shown in green 

and blue, respectively. “RNase IIIa” and “RNase IIIb” represent the two nuclease 

domains (NucDs). Black arrows indicate the cleavage sites in the pri-miRNA. The 

distance between DGCR8 and the single processing center is ~11 bp. 

B. A 3.3 Å crystal structure of Giardia intestinalis Dicer with a bound dsRNA (MacRae 

and Doudna, 2007). G. intestinalis Dicer lacks the Helicase, DUF283, and dsRNA-

binding domains of mammalian Dicer (see Figure 1 D). Purple spheres represent the 

proposed binding sites for the catalytic metal ions. The two nuclease domains (NucDs) 

“RNase IIIa” and “RNase IIIb” are shown in green. The PAZ domain is shown in yellow. 

Cleavage sites on the dsRNA are indicated 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) and the catalytic center is 65 

Å, which matches the lengths of the cleavage products of G. intestinalis Dicer (~25 bp). 
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Figure 3. Biogenesis and functions of the main classes of eukaryotic small regulatory 

RNAs. 

A. Schematic model of the miRNA biogenesis and mechanism (Jinek and Doudna, 2009). 

miRNAs are transcribed as primary transcripts (pri-miRNAs) that fold to form stem-loop 

structures. The hairpin structure is recognized by the Microprocessor (Drosha-DGCR8), 

and cleaved to produce precursor miRNAs (pre-miRNAs). The pre-miRNA is then 

transported to the cytoplasm and cleaved by Dicer, producing the mature miRNAs. The 

miRNAs are then loaded onto the RNA-induced silencing complex (RISC), containing 

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 the mechanism of RNAi (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. Ago 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, again using the catalytic action of Ago. After the 

mRNA is cleaved, it is degraded, resulting in the silencing of expression of the gene.  
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1.3   Bacterial Ribonuclease III 

                   RNase III was first discovered in E. coli cell free extracts as a double-stranded-

RNA-specific nucleolytic activity (Robertson et al., 1968). Genes encoding RNase III 

have since been identified in all other Bacteria examined (except D. radiodurans – see 

above), and in a small but growing number of Archaea (Parker et al., 2004). Bacterial 

RNase III exhibits two distinct activities: a dsRNA-binding activity, and a dsRNA-

processing activity (Ji, 2006; Pastore, 2004).  A primary role of RNase III is the 

maturation of the ribosomal RNAs. RNase III site-specifically cleaves dsRNA structures 

within the primary transcripts of the rRNA operons, and creates the immediate 

precursors to the mature 16S and 23S rRNAs (Figure 4A) (Bram et al., 1980; Young and 

Steitz, 1978).  RNase III also is involved in specific mRNA maturation pathways, and 

exerts translational control. For example, E. coli RNase III cleaves the ~7100 nt 

polycistronic early mRNA precursor of T7 bacteriophage at five intercistronic 

processing sites, generating the mature, fully functional early mRNAs (Figure 4B) 

(Dunn and Studier, 1983a). RNase III cleavage of the E. coli alcohol dehydrogenase 

(adhE) mRNA within the 5‟-untranslated region (UTR) allows translation of the adhE 

mRNA, thus promoting cell growth under anaerobic conditions (Aristarkhov et al., 

1996). 

                   Bacterial RNase III also controls mRNA stability. For example, E. coli RNase III 

regulates the stability of polynucleotide phosphorylase (PNPase) mRNA by cleaving the 

stem-loop structure within the 5‟-UTR of the pnp-rpsO mRNA (Jarrige et al., 2001). 

The action of RNase III, along with the subsequent actions of PNPase and the RNA 

degradosome, destabilizes the pnp-rpsO mRNA (Jarrige et al., 2001). 
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                    Bacterial RNase III also may function in a non-catalytic, RNA-binding mode. This 

mode of action is suggested by the studies on bacteriophage lambda cIII protein. RNase 

III binding to the 5‟-untranslated leader of the lambda cIII mRNA apparently stabilizes 

an RNA conformation that allows translation initiation (Altuvia et al., 1987, 1991). 

Bacterial RNase III also mediates antisense RNA action. RNase III cleavage of antisense 

RNA-target RNA duplexes can control the translation or stability of the target RNA 

(Franch et al., 1999; Wagner et al., 2002). 

                    RNase III activity is subject to regulation. E. coli RNase III negatively regulates its 

own synthesis by cleaving a stem-loop structure within the 5‟-UTR of its own mRNA, 

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

1997). In this manner, RNase III controls its levels, which is estimated to be ~500 

molecules per cell (Powell et al., 1990; Court, 1993)). RNase III is regulated by covalent 

modification. The bacteriophage T7 protein kinase-dependent phosphorylation of RNase 

III enhances processing activity (Mayer and Schweiger, 1983). The endonucleolytic 

activity of E. coli RNase III also is regulated by the protein, YmdB. The levels of YmdB 

are enhanced during cold shock, or the entry of cells into stationary phase. It has been 

proposed that YmdB downregulates RNase III activity by destabilizing the RNase III 

homodimer, perhaps through formation of a heterodimer (Kim et al., 2008). However, 

this model has not been conclusively established, and other inhibitory mechanisms are 

possible. 

                    E. coli mutants which lack RNase III are viable under standard growth conditions 

(Dunn and Studier, 1973a, b; Takiff et al., 1989), but grow more slowly (Babitzke et al., 

1993). However, RNase III is essential for E. coli growth in anaerobic conditions or in 
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the presence of limited carbon/energy sources, such as glycerol (Aristarkhov et al., 

1996). In contrast, B. subtilis RNase III is essential (Herskowitz and Bechhofer, 2002).  
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Figure 4. Functions of bacterial RNase III. 

A. The E. coli 30S ribosomal RNA (rRNA) precursor (~5500 nt). The diagram is 

adapted from Figure 9.2 in Nicholson (2003). The cleavage sites for RNase III are 

indicated by the black filled arrowheads. RNase III cleavage of the 30S RNA, which 

is the primary transcript of the rRNA operons, generates the immediate precursors to 

the 16S and 23S rRNAs, which are then processed by other nucleases to provide the 

mature, functional rRNAs.  

 

B. Structure of the T7 phage polycistronic early mRNA precursor (~7,200 nt). The 

diagram is adapted from Figure 9.2 in Nicholson (2003) and Figure 6 in Dunn and 

Studier (1983). The early region of the bacteriophage T7 genome encodes five 

RNase III processing signals that occur in the intercistronic regions. Several 

cleavage sites also have been found in the transcripts from the T7 late region (not 

shown) (Dunn and Studier, 1983). The RNase III cleavage sites are indicated by the 

black solid arrowheads. The T7 early genes are numbered from left to right, starting 

at gene 0.3 and ending at gene 1.3. The T7 R1.1 RNase III processing signal, 

immediately upstream of gene 1.1, is an approximately 60 nt, irregular RNA hairpin 

with an asymmetric internal loop. RNase III cleaves a single phosphodiester within 

the internal loop. 

 

C. The processing site in the 5‟-leader of the RNase III (rnc) mRNA. This figure is 

adapted from Figure 8.2 in Nicholson (2003). The cleavage sites for E. coli RNase 

III are indicated by the black solid arrowheads. E. coli RNase III negatively 

autoregulates its own synthesis by cleaving a stem-loop structure within the 5‟- UTR 

of its own mRNA, thereby initiating degradation of the mRNA. 
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1.3.1  Ribonuclease III Structure and Mechanism 

          Bacterial RNase III polypeptides are typically ~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. RNase III is active as 

homodimer which is formed by NucD dimerization, and therefore contains two catalytic 

sites and two dsRBDs. The NucD exhibits a unique, all α-helical fold that contains 

several highly conserved carboxylic acid residues that bind the catalytic metal ions. The 

dsRBD contains a single copy of the dsRNA-binding motif (dsRBM), that possesses a 

conserved αβββα fold, and is prevalent in many eukaryotic proteins that recognize 

dsRNA (Figure 5A) (Tian et al., 2004). RNase III is the only characterized bacterial 

protein containing this motif. Gel filtration analysis of purified E. coli (Ec) RNase III 

indicated a stable homodimeric structure (Dunn, 1976). A 2.1 Å crystal structure of A. 

aeolicus (Aa) RNase III confirmed the dimeric structure and also showed that NucD self-

association provides the homodimeric structure (Blaszczyk et al., 2001). The dimer 

interface is stabilized by multiple hydrophobic interactions and hydrogen bonds that are 

formed by the conserved residues. The overall shape of the NucD resembles a shallow 

bowl, with the subunit interface providing a valley that binds dsRNA (Blaszczyk et al., 

2001). The two catalytic sites are symmetrically positioned across the interface such that 

each site can accommodate a phosphodiester from each strand of a bound dsRNA. The 

scissile phosphodiesters are on opposite sides of the minor grove, and cleavage of each 

provides 2 nt, 3‟-overhang product ends that are characteristic of RNase III action.  

 



23 
 

 

       

         

                  

               

 

 

 

                                       

A 

B 



24 
 

  

                                             

                   Figure 5. RNase III domain structure 

A. E. coli RNase III domain structure. The E. coli RNase III polypeptide contains 226 

amino acids. The N-terminal two-thirds of the protein comprises the nuclease 

domain (NucD). The dsRBD is located at the C-terminal one-third of the protein. A 

flexible 7-residue linker (amino acids 148-156) is located between the NucD and 

the dsRBD. The NucD has an essentially all-α-helical structure, and the dsRBD 

exhibits an α-β-β-β-α secondary structure.  

 

B. A 2.0 Å structure of Thermotoga maritima(Tm)-RNase III, reported by the Joint 

Center for Structural Genomics (PDB Accession ID: 100W). The crystal structure 

reveals the two dsRBDs in extended symmetrical positions with respect to the 

dimeric NucD. Arrows indicate the NucD, the dsRBD, the linker, and the dimer 

interface.  
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        Both dsRBDs are required for optimal RNase III function. Thus, removal of one of 

the dsRBDs significantly reduces catalytic activity of the E. coli RNase III, due to 

weakened substrate binding (Meng and Nicholson, 2008). Removal of both dsRBDs 

renders the enzyme essentially inactive under standard reaction conditions in vitro (Sun et 

al., 2001). E. coli RNase III exhibits Michaelis-Menten kinetics (Campbell et al., 2002; 

Li et al., 1993; Pertzev and Nicholson, 2006; Sun and Nicholson, 2001), and the rate-

limiting step in the steady-state is associated with product release (Campbell et al., 2002). 

                 Enzyme kinetic analyses and the action of a small molecule 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 mechanism of other 

phosphodiesterases (Beese and Steitz, 1991; Steitz and Steitz, 1993). The determination 

of the Hill coefficient indicates two Mg
+2

 ions are required for E. coli RNase III catalytic 

activity (Sun et al., 2005). Also, 2-hydroxy-4H-isoquinoline-1,3-dione, which inhibits 

other two-metal-ion ribonucleases, and binds two Mg
2+

 ions (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 Mg
2+

 ion activates the water 

nucleophile, while the 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). 
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        1.3.2  Crystal structures of bacterial RNases III   

                    High-resolution structures of bacterial RNases III have provided a wealth of 

information on the mechanism of dsRNA processing. Thermotoga maritima RNase III 

was crystallized by the Joint Center for Structural Genomics (JCGS, San Diego) (pdb 

100W) (Figure 5B), and a crystal structure of Mycobacterium tuberculosis RNase III 

was reported by Akey and Berger (Akey and Berger, 2005). Ji and coworkers 

determined several crystal structures of A. aeolicus RNase III (wild-type or catalytically 

inactive mutants), bound to (i) a model dsRNA, (ii) a cleaved minimal substrate, or (iii) 

without added dsRNA (Blaszczyk et al., 2004; Gan et al., 2005, 2006).  

        The structure of A. aeolicus RNase III bound to a cleaved minimal substrate 

provides a detailed picture of a bacterial RNase III in an apparent post-catalytic complex 

(Figure 6) (Gan et al., 2006). The flexible seven-residue linker joining the dsRBD and the 

NucD plays a key role in facilitating the movement of the dsRBD relative to the NucD 

during the substrate recognition process. In the isolated enzyme, the two dsRBDs are 

symmetrically positioned at the opposite ends of the dimer (Figure 6). When substrate 

binds to the dsRBD, the dsRBD undergo a dramatic change in position, and rotates via 

the flexible linker to place the dsRNA in the intersubunit cleft (Figure 6). This binding 

event places the scissile bond of each strand in a catalytic site, with cleavage resulting in 

two products exhibiting a 2nt, 3‟-overhang. 
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Figure 6. Crystal structure of A. aeolicus RNase III (D44N mutant) bound to two 

dsRNAs as a pseudo-continuous duplex, and to Mg
2+

 ion (Gan et al., 2006). The two 

subunits are highlighted in blue and green, and the RNase III “signature” motif associated 

with the catalytic site is indicated in red. The Mg
2+

 ion is shown in purple, and the 

pseudo-continuous dsRNA is shown in green and blue. The two views are related by a 

90
o
 rotation. 
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1.3.4  Proposed reaction pathway for dsRNA cleavage by RNase III 

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

has been proposed, and is based on multiple structural and biochemical studies (Figure 7) 

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

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

NucD. The second dsRBD can then bind and “lock” the dsRNA in place, thus stabilizing 

the pre-catalytic complex. Phosphodiester hydrolysis occurs, with the catalytic site in 

each subunit cleaving of one of the two strands of the dsRNA. Products are the released, 

and another catalytic cycle can occur. Biochemical studies are consistent with this model, 

and highlight the involvement of the dsRBD in substrate recognition and perhaps also 

product release. Removal of a dsRBD from E. coli RNase III increases the Km  ~three-

fold (Meng and Nicholson, 2008). The rate-limiting step under steady-state reaction 

conditions is associated with product release (Campbell et al., 2002). The slow step may 

therefore involve NucD disengagement of product, or dsRBD release of product. The 

phosphorylation of the NucD by the bacteriophage T7 protein kinase, as reported here, 

suggests that NucD disengagement of product may be the rate-limiting step. 
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Figure 7. Proposed pathway for RNase III cleavage of dsRNA (Meng and Nicholson, 

2008). The pathway includes the following steps: (i) dsRNA is recognized by one of the 

two dsRBDs (ii) the dsRNA is engaged by the NucD, then by the second dsRBD to form 

the precatalytic complex; (iii) Mg
2+

-dependent hydrolysis of the target phosphodiesters; 

(iv) disengagement of the two products from the NucD; (v) product release by each 

dsRBD. 
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1.4    Protein phosphorylation 

         The covalent modification of protein controls myriad physiological processes. 

Protein modifications reactions include acetylation, ADP-ribosylation, methylation, 

nucleotidylation, sulfation, tyrosylation, and phosphorylation. Phosphorylation is the 

most common type of covalent modification (Hanks et al., 1988; Hershey, 1989; 

Hershey, 1991; Hanks and Quinn, 1991). The number of proteins in the eukaryotic cell 

that are regulated by phosphorylation is enormous. In comparison, the number of 

bacterial proteins that are regulated by phosphorylation is relatively small (Deutscher and 

Saier, 1988). However, the number of characterized bacterial phosphoproteins is quickly 

increasing. Surprisingly, many bacterial protein kinases do not exhibit significant 

similarity to eukaryotic protein kinases, but instead resemble nucleotide-binding proteins 

or protein kinases that phosphorylate low-molecular weight substrates (Deutscher and 

Saier, 2005). Well-characterized bacterial proteins that are regulated by phosphorylation 

include isocitrate dehydrogenase, Hpr, glycerol kinase, nitrogen regulatory protein 1, and 

citrate lyase (Deutscher and Engelman, 1984; Cortey et al., 1988; Deutscher and Saier, 

1988; Deutscher and Sauerwald, 1986; Ninfa and Magasanik, 1986; Saier et al., 1990, 

Quisel et al., 2000; Deutscher and Saier, 2005). 

       The involvement of protein phosphorylation in regulating physiological processes in 

the eukaryotic cell was first demonstrated during the mid-1950s, where it was shown that 

glycogen phosphorylase, which converts glycogen to glucose-1-phosphate molecules, 

exists in phosphorylated and unphosphorylated forms (Krebs and Fisher, 1956). 

Phosphorylase kinase phosphorylates glycogen phosphorylase, thereby activating the 

enzyme. Active glycogen phosphorylase is then able to catalyze the phosphate-dependent 
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release of glucose-1-phosphate from glycogen. Since that time, many protein kinases 

have been characterized, as well as phosphoproteins, and the corresponding protein 

phosphatases (which catalyze dephosphorylation of phosphoproteins). Several early 

studies investigated whether protein phosphorylation occurs in prokaryotic cells. In one 

study, protein phosphorylation was reported to occur in Escherichia coli cells infected by 

bacteriophage T7 (Rahmsdorf et al., 1973). However, it was realized that the protein 

kinase responsible for the observed protein phosphorylation is not of bacterial origin, but 

instead is encoded by one of the phage T7 early genes (Rahmsdorf et al., 1974). Thus, for 

several decades it was generally accepted that protein phosphorylation occurred 

essentially exclusively within the eukaryotic domain (Li and Brown, 1973; Pastan and 

Adhya, 1976). It also was theorized that protein phosphorylation-dephosphorylation 

regulatory mechanisms were an evolutionarily recent development, designed to meet the 

needs of multicellular organisms that have differentiated cells with compartmentalized 

subcellular structures (Cozzone, 1984). However, it is now accepted that protein 

phosphorylation is a universal cellular process. A current theory is that protein 

phosphorylation arose very early in cellular evolution. This theory derives from sequence 

alignment studies, which indicates that numerous bacteria also contain eukaryotic-like 

Ser/Thr-specific protein kinases (Kennelly, 2002). However, this type of protein kinase is 

absent from E. coli laboratory strains, which might be one of the reasons for the relatively 

recent discovery of bacterial protein phosphorylation (Deutscher and Saier, 2005). 

      Source of phosphoryl group 

       Most protein kinases are ATP-dependent in that they catalyze transfer of the γ-

phosphate of ATP to an acceptor substrate (Scheme 1). Some protein kinases are GTP-
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dependent, while others utilize phosphoproteins as phosphate donors (Deutscher and 

Saier, 1983, Deutscher and Saier, 2005). Specific protein kinases utilize small 

metabolites such as phosphoenolpyruvate, acetyl phosphate, or carbamoyl phosphate as 

phosphate donors (Saier et al., 1990; Lukat et al., 1992). Many eukaryotic protein kinases 

are regulated by second messengers (e.g., cyclic AMP, cyclic GMP, Ca
+2

/Calmodulin, 

and NADH
+
). Secondary messengers also appear to be involved (albeit to a lesser extent) 

in the regulation of prokaryotic protein kinases (Edelman 1987; Taylor 1990). 

 

Scheme 1. Protein Phosphorylation and Dephosphorylation 

1. Phosphorylation by an ATP-dependent protein kinase (PK): 

  

         Protein + nATP                     Protein (-PO3 
2-

)n + nADP 

 

2. Dephosphorylation by a protein phosphatase (PP): 

 

          H2O + Protein-PO3 
2-

                   Protein + HPO4 
2-

 

1.4.1 Classification of Protein Kinases 

         Protein kinases can be functionally classified into three main groups, based on 

acceptor amino acid specificity. Thus, there are serine/threonine-specific protein kinases, 

histidine-specific protein kinases, and tyrosine-specific protein kinases. Minor protein 

kinase groups include those specific for lysine or aspartic acid residues. Phosphotransfer 

to serine, threonine, or tyrosine side chains creates phosphomonoester bonds that are 

   PK 

PP 
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chemically stable at physiological pH (~7). However, protein kinases typically do not 

merely phosphorylate any accessible serine/threonine, tyrosine, or histidine residue. The 

particular side chain target is identified by specific sequence elements (usually near the 

target site) in addition to accessibility of the acceptor side chain (Kemp and Pearson, 

1990). 

       The action of protein kinases introduces one or more negative charges in the target 

protein, which may be the most significant functional consequence of phosphorylation. A 

single, fully-ionized phosphomonoester group carries two negative charges, and is 

capable of attracting positively charged protein side chains, causing a protein 

conformational change (Schultz, 1990). Alternatively, introduction of one or more 

negative charges can cause electrostatic repulsion with other acidic (i.e., negatively 

charged) protein side chains. This also can induce conformational changes that alter 

protein activity. Phosphorylation may also induce formation of protein complexes, or 

destabilize protein complexes, with concomitant alteration of activity. 

1.4.2  Role of Protein phosphorylation in bacterial cell adaptive responses 

           Bacterial cells exhibit rapid responses to external stimuli. Noxious agents, 

phosphate limitation, temperature alterations, or medium osmolarity (Lau 1997; Aiba et 

al., 1993; Schumann 2000; Igo et al., 1989) can elicit specific cellular responses (Lewis 

et al., 2000). These responses include changes in gene expression and cell morphology, 

and are typically governed by two-component systems consisting of sensory histidine 

kinases that interpret environmental signals, and response regulators which activate the 

appropriate physiological responses. The histidine protein kinase is usually a 
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transmembrane receptor, and the response regulator usually has a cytoplasmic location. 

The histidyl-aspartyl phosphorelay protein works in concert to mediate reversible 

phosphorylation events that control downstream effectors (Stock et al., 1989). The basic 

steps in a typical adaptive response occur in the following order (Stock et al., 1989): 1) 

an environmental stimulus causes a sensory protein kinase to autophosphorylate; 2) the 

activated sensory protein kinase transfers the ATP γ-phosphate to the N1 or N3 atom of 

histidine (Figure 8) on a histidine protein kinase (HPK-his); 3) the histidine protein 

kinase phosphorylates an aspartic acid side chain of a response regulator protein (RR-

asp); and 4) the phosphate on the phosphoaspartic acid side chain of the response 

regulator protein is transferred to water (Scheme 2). Adaptive response mechanisms can 

involve several protein kinases, several regulatory proteins, or both. In other adaptive 

responses, a single protein acts as the histidine kinase as well as regulator response 

protein (McLeary and Zusman, 1990). 
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Scheme 2.     Protein phosphorylation and dephosphorylation in a bacterial  

                       adaptive response pathway 

 

1. Autophosphorylation on Histidine of a Histidine protein kinase (HPK-his) 

 

                     HPK-his + ATP                 HPK-his-PO3 
2-

 + ADP 

 

2. Phosphorylation on Aspartic acid of a regulator response protein (RR-asp) 

                         

                        HPK-his-PO3 
2-

 + RR-Asp                HPK-his+ RR-asp- PO3 
2- 

 

3. Dephosphorylation of regulator response protein by a protein phosphatase (PP) 

 

 

              H2O + RR-asp- PO3 
2-

                   RR-asp + HPO4 
2-   

 

 

1.4.3   Autophosphorylation of Protein Kinases 

            Many if not most protein kinases undergo autophosphorylation. 

Autophosphorylation can occur either by an intramolecular or intermolecular pathway, 

depending upon the specific protein kinase, and is often a regulated reaction (Smith et al., 

1993). The functional consequences of autophosphorylation include (i) stimulation of 

catalytic activity (Walsh et al., 1971); (ii) inhibition of catalytic activity (Vanhaesebroeck 

et al., 1999); (iii) altered sensitivity to or specificity for allosteric effectors (Smith et al., 

1993); (iv) endocytosis (Smith et al., 1993); (v) DNA-binding affinity (Ostrovsky et al., 

1995) and (vi) control of binding to other proteins (Smith et al., 1993; Li et al., 2001; 

Clemens 1997). 

PP 
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         An important example of protein kinase that undergoes autophosphorylation is 

Casein Kinase 1 (CK1), a Ser/Thr-specific protein kinase that functions as a regulator of 

signal transduction pathways in most eukaryotic cell types (Edie et al., 2001). CK1 

autophosphorylation inhibits its activity (Budini et al., 2008). The activity of the mutants 

which lack the autophosphorylation sites are twice as active as the forms that undergo 

autophosphorylation. (Budini et al., 2008).  

        There is now growing evidence for the control of cellular and viral RNA metabolism 

by protein phosphorylation. The subject of my thesis dissertation is to determine the 

mechanism by which the bacteriophage T7 Protein Kinase (T7PK) regulates the catalytic 

activity of bacterial RNase III. 
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             Phosphoserine                                                Phosphothreonine 

 

 

                                       

                  Phosphotyrosine                                         Phosphohistidine 

 

 

        Figure 8. Types of phosphorylated amino acids in phosphoproteins 
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1.5   Bacteriophage T7: Structure, Strategy of Infection, and the Involvement of 

Protein Phosphorylation 

         Protein phosphorylation is involved in the strategy of infection of members of the 

bacteriophage T7 group. Bacteriophages were first reported independently in 1915 by 

Frederick William Twort and Felix d‟Herelle (Duckworth, 1987; Ackerman and DuBow, 

1987). Since then, many types of bacteriophages have been isolated and extensively 

characterized at the genetic, biochemical and structural levels (Duckworth, 1987; 

Calendar, 1988). The “T” (for Type) bacteriophages comprise a group of seven distinct 

phages originally collected by Demerec and Fano in 1945. These include phages T1 

through T7. The common characteristic of the T phages is their ability to infect the B 

strain of E. coli. However, the morphologies and strategies of infection of the T phages 

are distinct. 

       T7 is a lytic coliphage belonging to Podoviridae group. The Podoviridae exhibit 

isometric heads, short, noncontractile tails, and are common parasites of the 

Enterobacteriaceae that includes E. coli. The T7 phage head contains the chromosome, 

which is a linear double-stranded DNA of 39,939 bp that encodes ~56 genes (Qimron et 

al., 2010) (Figure 9A). 

       Of the 56 T7 genes, the essential genes are assigned integral numbers and 

nonessential genes are assigned nonintegral numbers, reflecting their relative positions 

with respect to the essential genes (Qimron et al., 2010). They are further grouped into 

three classes (I, II, III) according to their mode and timing of the transcription (Studier 

1972; Haussmann, 1976; Dunn and Studier, 1981) and their relative positions on T7 
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DNA (Figure 9B). Approximately half of the 56 genes appear to be dispensable for T7 

growth under normal laboratory conditions. However, some of the nonessential genes 

may be required for optimal reproduction, as T7 mutants that lack one or more 

nonessential genes exhibit impaired growth. 

        The T7 Class I (early) genes are located at the genetic left of the genome and are 

transcribed by the host RNA polymerase. The Class I gene products convert the host 

cytoplasm to an environment optimal for efficient viral reproduction (Kruger et al., 

1981). Two key early genes involved in T7 gene expression encode an RNA polymerase 

and a protein kinase (Figure 9B). The Class II genes are located next to Class I genes, and 

encode proteins involved in DNA synthesis and processing. The Class II genes are 

transcribed by the T7 RNA polymerase. The Class III (late) genes occupy the remaining 

~80% of the chromosome, and encode structural and nonstructural proteins involved in 

phage particle assembly, and release of progeny phage from the host cell.  
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Figure 9. 

 

A. Structure of T7 phage. T7 is a lytic coliphage belonging to Podoviridae group. The 

Podoviridae exhibit isometric heads and noncontractile tails. The T7 phage head contains 

the chromosome, which is a linear double-stranded DNA.  

 

B. Genetic map of bacteriophage T7. The T7 DNA is depicted as a black line. Boxes 

represent genes or promoters. The figure is based on Figure 1 in Qimron et al., (2010). 
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1.5.1  T7 Protein Kinase  

           The Class I (early) 0.7 gene encodes a 41 KDa protein (gp0.7) containing 359 

amino acids (Pai et al., 1975a,b). T7gp0.7 regulates host and T7 transcription, RNA 

processing, RNA decay, and perhaps also translation. The N-terminal domain of gp0.7 

induces the phosphorylation of multiple proteins in the infected cell, while the carboxy-

terminal one-third of gp0.7 shuts off host RNA polymerase-dependent transcription 

(Rothman-Denes et al., 1973; McAllister et al., 1977). T7 gp0.7-dependent host 

transcription shut-off is completed by the end of the early stage of infection (~6 minutes 

post-infection at 30 
o
C) (Brunovskis et al., 1972). The mechanism of host transcription 

shut-off is not known. 

       T7 gp07 protein phosphorylation and host shut-off activities can be uncoupled by 

mutation. Thus several mutations in the 0.7 gene have been isolated which suppress 

either host shut-off or protein phosphorylation (Studier 1973; Rothman-Denes et al., 

1973; Robertson et al., 1994). For example, the JS78a mutation creates an amber codon 

in place of a CAG (glutamine) codon at position 254 (Michalewicz and Nicholson, 1982). 

This results in truncated protein lacking the C-terminal shut-off activity, but which 

retains protein phosphorylation activity (Robertson et al., 1994).  Host shut-off exerted 

by gp0.7 is reinforced by subsequent direct inactivation of the host RNA polymerase by 

T7 gp2. gp2 directly binds host RNA polymerase and prevents binding of the enzyme to 

the T7 DNA template (Hesselbach et al., 1977). 

        T7 gp0.7 enhances phage growth under suboptimal conditions, such as elevated 

temperature or carbon/energy starvation (Hirsch-Kaufmann et al., 1975). The protein also 
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allows T7 to grow in the presence of specific episomal elements, including the Colicin Ib 

plasmid (Duckworth, 1983). 

        The protein phosphotransferase activity is a function of the N-terminal domain of 

gp0.7. The protein kinase (PK) activity (E.C.2.7.1.3.7) is serine/threonine-specific and 

cyclic nucleotide-independent (Pai et al., 1975a). The phosphotransferase activity of 

partially purified gp0.7 requires ATP and Mg
2+

 (Pai et al., 1975b). However, the purified 

T7 gp0.7 was obtained in poor yield, and exhibited low specific activity. In addition, the 

PK activity was not examined with purified substrates. A separate study provided indirect 

evidence that T7 gp0.7 undergoes covalent modification in the infected cell, which 

correlates with the downregulation of phosphotransferase activity in vivo (Pai et al., 

1975b). Thus, while the gp0.7 polypeptide and mRNA levels are essentially unchanged in 

the later stages of T7 infection (>10 min p.i.), protein phosphorylation activity is 

suppressed.  

       The phosphotransferase activity of gp0.7 is maximal at the onset of T7 late gene 

expression (8-10 minutes p.i.) and induces the phosphorylation of over 90 proteins 

(Robertson et al., 1992) including RNase III (Mayer and Schweiger, 1983) and the β‟ 

subunit of RNA polymerase (Zillig et al., 1975). Phosphorylation stimulates RNase III 

activity (Mayer and Schweiger, 1983), while phosphorylation of the β‟ subunit may 

enforce termination of transcription at TE, and at several transcriptional pausing sites in 

the early Class I gene region (Pfenning–Yeh et al., 1978). T7 gp0.7 also phosphorylates 

translation initiation factors IF1, IF2, IF3, ribosomal proteins S1 and S6, and EF-G 

(Robertson et al., 1992; Robertson et al., 1994). All the three initiation factors are 
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phosphorylated on threonine, while IF2 is also phosphorylated on serine (Robertson et 

al., 1992). 

      The action of gp0.7 phosphotransferase activity may impose regulation at the 

transcriptional, RNA processing, RNA decay and translational levels. Recent evidence 

indicates that T7gp0.7-dependent phosphorylation enhances the stability and perhaps also 

translation of T7 late mRNAs, relative to the host and T7 early mRNAs (Marchand et al., 

2003). 

 

1.5.2. Involvement of T7PK in T7 mRNA processing by RNase III 

          RNase III cleaves at five specific sites within the T7 Class I polycistronic mRNA 

precursor, generating the mature mono, di- and tricistronic mRNAs. RNase III also 

cleaves two sites in the Class II (middle) transcripts and three sites in the Class III (late) 

transcripts, generating the mature mRNAs (Figure 10) (Dunn and Studier 1983). RNase 

III cleavage enhances translation of several T7 mRNAs, including the 0.3 mRNA, and 

provides 3‟-hairpin structures that protect the mRNAs from 3‟  5‟ exonucleolytic 

action (Dunn and Studier, 1983). 

          In 1983, Mayer and Schweiger reported a four-fold increase in RNase III activity in 

extracts of E. coli cells infected by T7 (Mayer and Schweiger, 1983). The study used a 

synthetic double–stranded RNA [poly r(A).polyr(U)] to assay the activity of RNase III in 

vitro. It was found that expression of the gp0.7 in the infected cell is followed by 

phosphorylation of RNase III ~4-6 min post-infection (37
o
C), and that phosphate is 

transferred to one or more serine residues. However, the following issues remain 
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unresolved: First, since these experiments used extracts of T7-infected cells, it was not 

determined whether T7PK directly phosphorylates RNase III, or whether there is a 

secondary (downstream) protein kinase involved. Second, although the phosphoamino 

acid is serine in RNase III as isolated from T7-infected cells (Mayer and Schweiger, 

1983; Robertson et al., 1994), the location(s) of the target serine(s) in the primary 

sequence is not known. Third, it is not known whether phosphorylation is directly 

responsible for the increase in RNase III activity, or whether there is a separate 

interaction of RNase III with gp0.7 which mediates the stimulation. Finally, it is not 

known whether the gp0.7-dependent increase in RNase III processing activity is due to 

enhancement of substrate binding, or cleavage, or both. 
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Figure 10.  

A. Positions of the RNase III cleavage sites in the T7 genetic map. The diagram indicates 

stem-loop structures (    ) in the T7 mRNAs that are cleaved by RNase III. Numbers refer 

to the T7 genes immediately upstream of the RNase III processing sites. 

B. Sequence and proposed secondary structure of the R1.1 RNase III substrate.  
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1.6  Specific Aims and Objectives 

      Double-stranded RNA processing by ribonuclease III is a functionally conserved 

event in bacterial gene expression and regulation.  Insight on a conserved mechanism of 

dsRNA processing may be gained by an analysis of how covalent modification, and 

phosphorylation in particular, regulates ribonuclease III.  This information also will be 

useful in understanding how phosphorylation and other covalent modifications regulate 

eukaryotic RNase III family members, including Dicer and Drosha. The specific aim of 

my dissertation research has been to determine how the T7 protein kinase regulates the 

RNA processing activity of E. coli ribonuclease III. The specific objectives are to: 1) 

determine whether RNase III is a substrate for T7 protein kinase; 2) establish conditions 

for the optimal phosphorylation of RNase III in vitro; 3) identify phosphorylation site(s) 

in RNase III; 4) create RNase III mutants which are resistant to phosphorylation by the 

T7 protein kinase; and 5) determine the mechanism by which phosphorylation stimulates 

RNase III activity. 
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52 
 

       2.1    Materials and Reagents 

       2.1.1 Materials 

                 Water was deionized and distilled in-house. Chemicals and reagents were 

molecular biology grade and were purchased from Sigma-Aldrich (St. Louis, MO, USA) 

or Thermo Fisher Scientific (Chicago, IL, USA). Pipette tips and polypropylene 

microcentrifuge tubes were purchased from ISC BioExpress (Kaysville, UT, USA). Fuji 

Super RX film, Whatman 3M filter paper, dialysis membranes (Spectra–Por CE, 3500 

and 10,000 MWCO) were purchased from Thermo Fisher Scientific. Glass plates, 

spacers, combs, and microelectroporation chambers were purchased from LabRepCo 

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

obtained from Sigma-Aldrich. Ni
2+

-NTA affinity chromatography resin, biotinylated 

thrombin kits, and streptavidin-agarose were purchased from Novagen (Madison, WI, 

USA). Protein Assay kit and protein MW standards (low MW range) for SDS–PAGE 

were purchased from Bio-Rad Laboratories (Hercules, CA, USA). ICON
TM

 concentrators 

were purchased from Pierce (Rockford, IL, USA). Agarose and competent cells were 

obtained from Invitrogen (Carlsbad, CA, USA). Plasmid miniprep kits and Ni
+2

 spin 

columns were purchased from Qiagen (Valencia, CA, USA). Ribonucleoside 5„–

triphosphates (NTPs) were obtained from Amersham–Pharmacia Biotech (Piscataway, 

NJ, USA). [γ–
32

P]ATP (3000 Ci/mmol) and [α–
32

P] UTP (3000 Ci/mmol) were 

purchased from Perkin–Elmer (Boston, MA, USA). T4 DNA Ligase, T4 polynucleotide 

kinase, antarctic protein phosphatase and lambda protein phosphatase were purchased 

from New England BioLabs (NEB) (Beverly, MA, USA). Multisite- directed 

mutagenesis kits were obtained from Stratagene (Santa Clara, CA, USA). 2‟-
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Deoxyribonucleoside 5‟-triphosphates (dNTPs) were obtained from Roche Molecular 

Biochemicals (Indianapolis, IN, USA). E. coli bulk stripped tRNA was purchased from 

Sigma-Aldrich and was further purified by repeated phenol extraction followed by 

ethanol precipitation. T7 RNA polymerase was purified in-house as described (He et al., 

1997; Studier et al., 1990). Nupage Bis-Tris and Tricine Precast gels (12% and 15% 

respectively) for SDS-PAGE were purchased from Invitrogen. Oligodeoxynucleotide 

transcription templates and mutagenic oligodeoxynucleotides were synthesized by 

Invitrogen, and the deprotected forms were purified by denaturing gel electrophoresis. 

Purified DNAs were stored at –20
ο
C in TE buffer (pH 8.0) (see also below). 

 

2.1.2   Reagents 

            Acrylamide gel solutions were stored in the dark at 4
ο
C. In general, the listed 

buffer pH represents the result of adjustment by acid or base titration. For example, Tris 

buffers were adjusted to the specified pH by concentrated (12N) HCl. Tris buffers and 

salt solutions were usually autoclaved. 

 

General Buffers and Solutions 

TE Buffer (1X) 

 10 mM              Tris-HCl (pH 8.0) 

              1 mM              EDTA (disodium salt) 

 

TBE Buffer (1X) (pH ~8.1; not adjusted) 

            89 mM               Tris base  



54 
 

           89 mM               Boric acid 

             1 mM               EDTA (disodium salt) 

 

RNA/DNA Extraction Buffer  

 0.5 M                Ammonium acetate  

10 mM              EDTA (disodium salt) 

(adjusted to pH 8.0 with concentrated NH4OH) 

 

T7 RNA Polymerase Transcription Buffer (1X) 

(used for transcription of oligodeoxynucleotides) 

 

          40 mM                  Tris-HCl (pH 8.0) 

         20 mM                   MgCl2 

         10 mM                   Spermidine-3HCl 

           5 mM                   DTT 

    0.01% (v/v)                Triton X-100 

        80 mg/ml                PEG 8000 

 

Ampicillin 

     100 mg/ml                 Ampicillin   (Filter sterilized) 
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IPTG 

 1 M                        IPTG 

                                  (Filter sterilized) 

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

          89 mM                    Tris base 

          89 mM                     Boric acid 

          20 mM                     EDTA (disodium salt) 

          10% (v/v)                 Glycerol 

            7 M                         Urea 

          20% (v/v)                 Sucrose (can be omitted) 

       0.04% (w/v)                Xylene cyanol 

       0.04% (w/v)                Bromophenol blue 

 

RNase III Cleavage Assay Buffer (1X) 

 30 mM                   Tris-HCl (pH 8.0) 

         160 mM                    NaCl 

 

RNase III Substrate Binding (Gel shift) Assay Buffer (1X) 

 30 mM                   Tris-HCl (pH 8.0) 

           0.1 mM                    DTT 

           0.1 mM                    EDTA (disodium salt) 

           0.1 μg/ml                 E. coli tRNA 

          5% (v/v)                    Glycerol (v/v) 
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Protein Kinase Assay Buffer (1X) 

          30 mM                  Tris-HCl (pH 7.2) 

           2 mM                   NH4Cl 

           1 mM                   DTT 

        0.1 mM                   EDTA (disodium salt) 

         15 mM                   MgCl2  

        (Mg
2+

 added separately to initiate the reaction) 

 

30% Acrylamide Stock Solution (29.2:0.8 acrylamide:bisacrylamide)     (used for 

denaturing polyacrylamide gels) 

        29.2% (w/v)              Acrylamide  

          0.8% (w/v)              N,N‟–methylenebisacrylamide 

 

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

 (Used for non-denaturing gels)  

 29.63% (w/v)        Acrylamide (w/v) 

           0.37% (w/v)           N,N‟–methylenebisacrylamide  

 

15% Denaturing Polyacrylamide Gel / 7M Urea  

(used for cleavage assays) 

 21 g                      Urea 

           5 ml                       10 x TBE 

         15 ml                       30% Acrylamide Stock Solution  
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        0.5 ml                       10% (w/v) Ammonium persulfate 

      0.05 ml                       TEMED 

         [Bring to 50 ml total volume with H20] 

 

8% Nondenaturing Polyacrylamide Gel (used for gel shift assays) 

     13.33 ml                       30% Acrylamide Stock Solution (80:1) 

       0.25 ml                       1 M CaCl2 

       2.5 ml                         10X TBE 

       0.5 ml                         10% (w/v) Ammonium persulfate  

       0.05 ml                       TEMED 

       [Bring to 50 ml total volume with H20] 

 

SDS-PAGE Electrophoresis Buffer (5X) (pH 8.3; no need to adjust pH) 

 72 g                         Glycine 

          15 g                           Tris base 

            5 g                           SDS 

        [Bring to 1000 ml total volume with H20] 

 

SDS-PAGE MOPS buffer (NuPAGE Bis–Tris gels) (10X) 

 50 mM                     Tris base 

           0.1%                         SDS 

           1 mM                        EDTA (disodium) 
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SDS-PAGE MES buffer (NuPAGE Bis–Tris gels) (10X) 

50 mM                      MES 

        0.1%                         SDS 

        1 mM                        EDTA (disodium) 

 

SDS Gel Loading Buffer (2 X) 

 100 mM                     Tris-HCl (pH 6.8) 

4% (w/v)                    SDS 

         0.2% (w/v)                    Bromophenol Blue 

          20% (v/v)                     Glycerol 

           200 mM                       DTT (added last for each use) 

 

SDS-PAGE Sample Buffer 

 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 

 3.8 ml                         Tris-HCl (1.5M, pH 8.8) 

          0.15 ml                         10% (w/v) SDS 
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           6.0 ml                         30% acrylamide stock solution (29.2:0.8) 

         0.15 ml                         10% (w/v) Ammonium persulfate 

        0.006 ml                       TEMED 

                                   [Bring to 15 ml total volume with H20] 

 

Stacking Gel 

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

            0.1 ml                        10% (w/v) SDS 

            1.7 ml                         30% Acrylamide stock solution (29.2:0.8) 

            0.1 ml                         10% (w/v) Ammonium persulfate 

          0.01 ml                         TEMED 

                                      [Bring to 10 ml total volume with H20] 

 

 Coomassie Blue Gel Staining Buffer 

           0.1% (w/v)                  Coomassie Brilliant Blue R250 

           45% (v/v)                    Methanol 

           10% (v/v)                    Glacial acetic acid 

 

Coomassie Blue Gel Destaining Buffer 

 45% (v/v)                     Methanol 

           10% (v/v)                      Glacial acetic acid 
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His–Bind Column Protein Purification Buffers 

Binding Buffer 

  20 mM                        Tris-HCl (pH 7.9) 

              5  mM                         Imidazole 

               1  M                           NaCl 

 

   Wash Buffer  

 20 mM                          Tris-HCl (pH 7.9) 

            60 mM                           Imidazole 

            0.5 M                             NaCl 

 

  Elute Buffer 

 20 mM                          Tris-HCl (pH 7.9) 

              1 M                              Imidazole (for T7PK purification) 

          400 mM                           Imidazole (for RNase III and other proteins) 

           0.5 M                              NaCl 

 

Column Strip Buffer 

 20 mM                           Tris-HCl (pH 7.9) 

          100 mM                            EDTA (disodium) 

           0.5 M                               NaCl 
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Column Charging Buffer 

           50 mM                             NiSO4 

 

Protein Dialysis Buffers 

T7PK Dialysis buffer # 1 

 60 mM                             Tris-HCl (pH 7.9) 

          100 mM                             NH4Cl 

 

T7PK Dialysis buffer # 2 

 60 mM                             Tris-HCl (pH 7.9) 

          100 mM                              NH4Cl 

             2 mM                               EDTA (disodium salt) 

             2 mM                               DTT 

 

T7PK Storage buffer (1X) 

 50 mM                             NH4Cl 

            30 mM                             Tris-HCl (pH 7) 

           0.5 mM                             DTT 

           0.5 mM                             EDTA (disodium salt) 

           50%                                  Glycerol 

 

Ni
+2
–NTA column dialysis buffer (Buffer 1) 

       60 mM                                 Tris-HCl (pH 7.9) 
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         1 M                                  NaCl 

      40 mM                                Imidazole 

      

Ni
+2
–NTA –column dialysis buffer (Buffer 2) 

       60 mM                               Tris-HCl (pH 7.9) 

          1 M                                 NaCl 

         1 mM                               DTT 

         1 mM                               EDTA (disodium salt) 

 

2.1.3  Bacterial strains 

          E. coli strains used in experiments were: BL21 (DE3), BL21(DE3)recA,rnc105, 

and DH10B. Recombinant pET plasmids used included pET-15b(T7PK[JS78]), which 

contains a truncated version of the T7 protein kinase gene, with the C-terminus of the 

truncated protein kinase established by a point mutation that changes Gln243 to an amber 

codon (Michalewicz and Nicholson, 1992); pET-15b(rnc), encoding the E. coli RNase III 

gene (Li et al., 1993), pET-15b(dsRBD), encoding the RNase III dsRBD; and pET-

15b(NucD), encoding the RNase III nuclease domain. Various mutant forms of RNase 

III, dsRBD, NucD, and T7PK genes were also expressed from recombinant pET plasmids 

(see site-directed mutagenesis). 
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Figure 11. Plasmid pET-15b and its key genetic elements. 

A. Plasmid pET-15b is derived from plasmid pBR322 (pMB9 replication origin), and 

encodes the T7Ф10 promoter, lac operator (lacO), and an N-terminal “His6-tag” 

sequence, followed by two restriction enzyme recognition sites (NdeI and BamHI) 

between which the genes of interest are cloned (for the present study). The locations of 

the ampicillin resistance gene (Ap
r
), origin of replication (ori), and the lactose repressor 

gene (lac I) are also indicated. 

 

B. Sequence of the portion of the pET-15b plasmid that includes the T7Ф10 promoter, 

lacO, ribosome binding site (RBS), (His6)-tag sequence, and T7 transcription terminator. 
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2.2      Methods  

2.2.1   Molecular cloning 

 The pET plasmids (Novagen) provide an effective means for the controlled 

overexpression of recombinant proteins (Figures 10 and 11) (Studier and Moffat, 1986; 

Studier and Dunn, 1990). Plasmid pET-15b was used to express and purify the T7 protein 

kinase, RNase III, the RNase III dsRBD, the RNase III nuclease domain, translation 

initiation factor IF1, and specific mutant versions of the polypeptides.  

            The target genes were cloned into the pET vector multiple cloning site, 

immediately downstream from the T7Ф10 promoter, allowing the T7 RNA polymerase to 

direct synthesis of the target gene mRNA (the T7Ф10 promoter is exclusively recognized 

by T7 RNA polymerase but not by the host RNA polymerase). To overexpress the target 

protein, the recombinant plasmid is introduced into a host which has the T7 RNA 

polymerase gene integrated into the chromosome via the lambda prophage DE3 (Studier 

et al., 1990). The T7 RNA polymerase gene is under the control of the lactose-inducible 

lacUV5 promoter (Figure 11). Addition of the gratuitous inducer IPTG to growing 

cultures induces the production of T7 RNA polymerase, which then directs transcription 

from the T7Ф10 promoter (Studier and Moffat, 1985). In addition, IPTG abolishes 

lactose repressor protein binding to the lac operator, which is immediately downstream of 

the T7Ф10 promoter. The specific gene or gene fragment was cloned between the NdeI 

and Bam HI sites of pET-15b, such that a hexahistidine [(His)6] sequence is fused to the 

N-terminus of the expressed protein. 
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        Recombinant pET-15b (rnc), pET-15b(dsRBD), pET-15b(NucD), and pET-15b 

(T7PK[JS78]) were previously cloned in this lab. pET-15b(IF1) was a provided by Dr. 

Philip R. Cunningham (Wayne State University, Detroit, MI, USA). 
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Figure 11. Schematic representation of the pET plasmid-based expression system 

displaying a cartoon of the interior of an Escherichia coli cell, depicting expression from 

the pET plasmid. The lactose repressor binds to the lacUV5 promoter and prevents the 

basal-level expression of the T7 RNA polymerase (T7RNAP). The T7 lysozyme binds to 

and inactivates T7RNAP. The addition of 1 mM IPTG to the growing culture inactivates 

the lactose repressor protein, allowing T7RNAP production, and activating the target 

gene promoter. The T7RNAP then directs transcription of the target gene in the MCS. 

Abbreviations are: T7 RNAP, T7 RNA Polymerase gene; T7Ф10, T7 late promoter for 

T7 RNAP; lacUV5, IPTG-inducible promoter; lacI, lactose repressor gene; MCS, 

multiple cloning site. 
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2.2.2. Site-directed mutagenesis   

           Site-directed mutagenesis of RNase III, RNase III dsRBD, and RNase III NucD 

was performed using the Stratagene multi-site-directed mutagenesis kit. The rationale 

was to identify the serines that are phosphorylated by mutating them individually to 

phosphorylation-resistant alanine. Based on the crystal structure of Aquifex aeolicus 

RNase III, the surface serines on the E. coli RNase III NucD were identified, then 

individually mutated to alanine. Serine to alanine mutations were introduced at positions 

31, 33, 34, 103, 127, and 148. In addition, double alanine mutations were created at 

positions 31 and 33, and 33 and 34. Two serine codons within the RNase III dsRBD: 

S195 and S198 also were mutated singly, and in combination. 

         The S33A/S34A, and S195A/S198A double mutations, and the quadruple mutant 

S33A/S34A/S195A/S198A were introduced in the full-length rnc gene. The 

phosphomimetic mutations of S33D, S33E, S34D, and S34E also were also introduced in 

the full-length rnc gene. All mutations were verified by DNA sequencing at the 

University of Pennsylvania DNA sequencing facility. Mutation of S216 to alanine in 

T7PK was attempted, but was unsuccessful. Also, mutation of S227 to alanine was 

successful, but the overexpressed protein was insoluble (see Results and Discussion). 

 

Preparation of electrocompetent E. coli cells  

          E. coli strains DH10B, BL21(DE3)rnc105recA, BLR(DE3), and BL21(DE3) were 

streaked on LB agar plates (no antibiotic) and incubated overnight at 37
o
C. A single 

colony was picked and grown in 5 ml LB medium (200 rpm shaking speed) at 37
o
C 

overnight. The culture was inoculated into 400 ml LB medium and grown at 37
o
C to an 
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optical density (OD) of 0.4 (600 nm). Cells were harvested by low-speed centrifugation 

(6000 rpm, 4
o
C, 20 min) in a Sorvall SLA-1500 rotor, and washed twice with 50 ml of 

cold 10% (v/v) glycerol followed by low-speed centrifugation (6000 rpm, 4
o
C, 20 min). 

Cell pellets were resuspended gently in 1 ml of cold 10% (v/v) glycerol, and divided into 

small aliquots (~50 μl) at 4
o
C, followed by snap-freezing (~5 min) in an ethanol/dry ice 

bath, then stored at -80
o
C. 

 

 Plasmid electroporation 

           Typically, 1 μl of plasmid was mixed with 20 μl cells and electroporated (2,400 V; 

4KW) using an E. coli Cellporator (Life Technologies). Transformed cells were then 

transferred to 1 ml of LB medium and incubated for one hour at 37
o
C, allowing 

expression of antibiotic resistance. Cells were collected by centrifugation, resuspended in 

50 μl LB medium, plated on LB plates with ampicillin (Am) (100 g/ml) with overnight 

incubation at 37
o
C. A single colony was picked and grown in 5 ml LB medium 

containing Am (100 μg/ml) at 37
o
C overnight. Cells were collected by centrifugation 

(10,000 rpm, 3 min). Plasmids were purified using a Qiagen plasmid mini kit, according 

to the supplier‟s instructions. 

 

 

2.2.3   Protein overexpression and purification 

 T7PK and its mutants were produced in E. coli BL21(DE3). RNase III, RNase III 

mutants, RNase III NucD, and RNase III dsRBD were overproduced in E. coli BL21 

(DE3)recA,rnc105 cells. All the proteins were purified using the His-Tag protein 
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purification system (Novagen), and the (His)6-tag was removed using the biotinylated 

thrombin kit (Novagen). 

 

2.2.3.1  Protein overexpression 

   Protein overexpession and purification was carried out as follows. A fresh 

colony of BL21(DE3), or BL21(DE3)recA,rnc105 cells containing the appropriate 

recombinant pET-15b plasmid was used to inoculate a 5 ml of LB-amp. The overnight 

was then used to inoculate 500 ml of LB media (100 μg/ml of Ap) in a 2.5 L Fernbach 

flask. The culture is grown with vigorous shaking at 37
ο
C to OD600 of ~0.4. IPTG is 

added (1 mM final concentration) followed by vigorous shaking for 3 h at 37
ο
C. Aliquots 

were removed and analyzed for protein production by SDS-PAGE (12% gel) and staining 

with Coomassie Brilliant Blue R. Cells were collected by centrifugation at 3500xg for 20 

min at 4
ο
C and stored at -20

ο
C until further use. Cells were resuspended in 30 ml of 

binding buffer (20 mM Tris-HCl, 5 mM imidazole and 500 mM NaCl, pH 7.9) and 

subjected to repeated sonication on ice. The ultrasonic cell disrupter (Misonix Inc) was 

used at “4-5” setting for 1 min, with a 1 min pause, and repeated 20 times.The following 

steps were carried out at ~4
ο
C. The sonicated material was clarified by centrifugation at 

3500xg for 20 min at 4
ο
C. A Ni

2+
-NTA (Ni

2+
-nitrilotriacetate) column (His–bind resin; 

Novagen; 2ml) was prepared according to the Novagen pET system manual, and 

equilibrated with 10 column volumes of Binding buffer. The column was then charged 

using a NiSO4 solution (50 mM). The clarified cell lysate (~30 ml) was filtered using 0.2 

micron filter (Corning) and then applied slowly to the column, which was then washed 

with 10 column volumes of Binding buffer, followed by 10 column volumes of Washing 
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buffer (20 mM Tris-HCl, 60 mM imidazole, and 500 mM NaCl, pH 7.9). The protein was 

eluted with 6 column volumes of elution buffer (20 mM Tris-HCl, 400 mM imidazole, 

500 mM NaCl, pH 7.9). Aliquots of the elution fractions were analyzed by 12% SDS-

PAGE, and the amount of protein measured by a BioRad protein assay kit. Protein was 

present mainly in the first three elute volumes. The appropriate fractions were combined 

and placed into Spectrapor dialysis tubing (10,000 MW cut-off) and dialyzed against two 

liters of Dialysis buffer #1 (60 mM Tris-HCl, 100 mM NaCl, pH 7.9) for 12 hr at 4
ο
C. 

The protein was then dialyzed against two liters of Dialysis buffer #2 (60 mM Tris-HCl, 

100 mM NaCl, 2 mM EDTA-Na2, 2 mM DTT, pH 7.9) for 12 hr at 4
ο
C. The protein is 

removed, an equal volume of molecular biology grade glycerol added, and stored at -

20
ο
C for long-term storage. 

 

2.2.3.2  Dephosphorylation of T7PK 

  T7PK appears to undergo autophosphorylation when expressed during T7 

infection (Rahmsdorf et al., 1973), and autophosphorylation may decrease 

phosphotransferase activity of T7PK (Pai et al., 1975b). Hence, dephosphorylation, 

followed by His-tag removal was carried out on autophosphorylated T7PK. To carry out 

dephosphorylation, the His-T7PK was dialyzed against binding buffer for 12 hr. 

Following dialysis, ~800-1000 μg of protein was treated with 800 units of λ protein 

phosphatase (λ-PPase, New England Biolabs) for 2 hr at 37
ο
C. An additional 800 units of 

λ-PPase was added, followed by incubation for 2 hr at 37
ο
C. The reaction was loaded 

onto a fresh His-bind column, and the protein recovered by elution with 1 M imidazole as 

described above. The protein thus obtained from this procedure is referred to as His-
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dT7PK (d stands for dephosphorylated). It was noted that the concentration of T7 PK 

drops from 1 mg/ml to ~100 μg/ml as a result of the second column run. 

 

 2.2.3.3   His6-tag removal 

                The biotinylated thrombin capture kit (Novagen) was used to remove the His6-

tag from proteins purified from Ni
+2

–NTA columns. Purified proteins eluted from the 

column were dialyzed against a buffer consisting of 20 mM Tris-HCl, 40 mM imidazole, 

and 0.5 M NaCl (pH 8.4). Approximately 800 μg of protein was incubated with ~10 units 

of biotinylated thrombin (1:10 dilution) at room temperature for 16 hr. SDS-PAGE 

analysis of an aliquot determined the extent of thrombin cleavage. Next, Streptavidin 

agarose beads were added (32 μl per unit of thrombin), and followed by incubation for 30 

min at room temperature with gentle mixing. The entire reaction was then loaded onto a 

spin column supplied with the kit. The column was centrifuged at 500xg for 5 min, 

providing a filtrate in the centrifuge tube that contained protein free from biotinylated 

thrombin. The filtrate was dialyzed using Spectrapor dialysis tubing (3500 MW cut-off) 

against the appropriate dialysis storage buffer. Purified proteins were stored in 50% 

glycerol at -20
ο
C until further use. Since the molecular weight of the His6–tag is ~2000, it 

is eliminated during dialysis. The protein obtained after this procedure is referred to as 

dT7PK. 

 

2.2.3.4 Protein phosphorylation in vitro by T7 protein kinase 

             Protein kinase activity assays were designed to assess both substrate 

phosphorylation and T7PK autophosphorylation in vitro (Pai et al. 1975a, b). [γ
32

-P]ATP 
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was used as 
32

P-phosphate donor, and SDS-PAGE followed by phosphorimaging allowed 

detection of substrate phosphorylation as well as T7PK autophosphorylation. 

Approximately ~1 μg (30 pmol) of substrate (e.g., RNase III) was incubated with ~1 μg 

(33 pmol) of dT7PK in T7PK assay buffer (30 mM Tris-HCl, 2 mM NH4Cl, 1 mM DTT, 

0.1 mM EDTA-Na2) for 5 minutes at 30
ο
C. The reaction was initiated by adding MgCl2 

(15 mM final concentration) followed by 1 μCi [γ
32

-P]ATP (3000 mCi/mol).The reaction 

for incubated for 10 minutes at 30˚C, followed by second addition of 0.5 μg of dT7PK 

and incubated for 5 additional minutes at 30˚C. The reaction was stopped by adding 

EDTA (20 mM final concentration). One-tenth volume of 10x SDS-PAGE sample buffer 

is added, the sample tubes placed in a boiling water bath for 3 min, and aliquots analyzed 

by SDS-PAGE. The gel was stained with Coomassie Brilliant Blue R for 30 min, and 

destained for 3 to 4 hours with change of solution. The radioactive liquid waste at every 

step was carefully transferred into radioactive liquid waste container. The destained gel 

was carefully placed on Whatman gel drying paper and wrapped with saran wrap. The gel 

was then exposed to a phosphorimager screen for overnight and then visualized by 

Phosphorimaging (Typhoon 9400 System, GE Healthcare).  

 

Determination of protein phosphorylation Stoichiometry  

          To quantitate 
32

P–phosphate incorporation into protein, a precisely known amount 

of λ-PPase-treated dT7PK was subjected to phosphorylation using [γ
32

P] ATP (~10 μCi)  

and 1 mM ATP. A new specific activity is calculated for the 
32

P and cold ATP used. The 

reaction was subjected to 12% SDS-PAGE. The gel was stained and destained and the 

region corresponding to phosphorylated T7 PK was located by the stained protein, and 
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the gel region excised with a sterile scalpel. It was assumed that 50% of the added protein 

was recovered in the excised gel band. The 
32

P incorporation was measured by liquid 

scintillation counting of the gel slice. Incorporation of phosphate is calculated by taking 

the ratio of pmol of phosphate from cpm and the pmol of the substrate used. The counting 

efficiency was assumed to be 99%. This experiment was performed three times, and the 

results were averaged. 
32

P–phosphate incorporation of phosphate into other proteins was 

measured similarly. 

 

2.2.3.5   Mass spectrometric analysis of T7PK 

               Matrix-assisted laser desorption/ionization-time of flight (MALDI–TOF) mass 

spectrometric analyses were carried out in collaboration with Dr. Kaye Speicher (Wistar 

Institute Proteomics Facility). To briefly summarize, nonradioactive phosphorylated 

samples of dT7PK, RNase III or IF1 were prepared, subjected to SDS-PAGE, stained 

with Coomassie Brilliant Blue R and destained. The protein-containing gel band is 

excised, washed, and the protein digested in situ overnight at 37
ο
C with trypsin. The 

digested protein was eluted from the gel slice, and desalting of the peptide mixture was 

performed using a cation exchange resin. An organic matrix (α-cyano-4-

hydroxycinnamic acid) is mixed with the analyte and applied to a flat, stainless steel 

probe tip. The mixture is dried under vacuum, introduced into the mass spectrometer. An 

ultraviolet (UV) laser beam was used to desorb/ionize the matrix species. During the 

desorption and expansion process, the analyte undergoes ionization, producing molecular 

ions that are subjected to TOF mass assignments. Phosphopeptides are detected by a mass 

difference of 80 daltons (per phosphate) from their unphosphorylated counterparts. 
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 Preparation of phosphorylated RNase III 

          To prepare phosphorylated RNase III for use in substrate cleavage and binding 

assays, phosphorylation reactions were performed using excess of nonradioactive ATP. 

Thrombin-treated RNase III was incubated with his-tagged dT7PK. Reactions were 

performed in the same manner as 
32

P-phosphorylation reactions (see above) but with an 

ATP concentration of 1 mM. Following termination of the reaction, the phosphorylated 

RNase III was isolated from dT7PK using a Ni
2+

 spin column (Qiagen). The reaction 

mixture was loaded onto the filter cup of spin column and centrifuged at 500xg for 5 min. 

Phosphorylated RNase III, free from His6-dT7PK, is recovered in the eluted volume. 

RNase III was dialyzed against storage buffer and stored in 50% glycerol (v/v) at -20
o
C 

until further use. 

 

         To calculate the level of RNase III phosphorylation in the nonradioactive reaction, 

radioactive protein kinase reactions were performed and supplemented with 1 mM cold 

ATP. The samples were electrophoresed in SDS polyacrylamide gel and analyzed by 

phosphorimaging, and the amount of incorporated phosphate calculated. The gel analysis 

results indicate that 25-30% of RNase III is phosphorylated (see Results). 

 

2.3      Enzyme assays 

2.3.1   Substrate synthesis and purification 

           Purification of deoxyoligonucleotides 

           The sequences of oligodeoxynucleotides used in this project are listed in Table 2. 

Deprotected synthetic DNA oligonucleotides (obtained from Invitrogen) were 
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resuspended in 100 μl TE buffer. Typically a 50 μl aliquot was combined with an equal 

volume of denaturing gel loading solution. The sample was electrophoresed at room 

temperature in a 15% denaturing polyacrylamide gel containing 7 M urea in TBE buffer. 

The oligonucleotides were visualized by UV shadowing (Hassur and Whitlock, 1974). 

Gel bands containing the DNA were excised with a clean scalpel and were crushed into 

small pieces using 1 ml pipette tips, and the samples were soaked in 500 μl of RNA/DNA 

extraction buffer at room temperature overnight. After centrifugation at 14,000 rpm for 

10 min, the supernatant was transferred into a clean tube and the DNA was precipitated 

by adding 1/10th volume of 3 M NaOAc (pH 5.2), then adding 2.5 volumes of 95% 

ethanol, and the kept at -20
o
C overnight. After centrifugation at 14,000 rpm (4

o
C, 30 

minutes), DNA pellets were washed with cold 70% ethanol, and centrifuged at 14,000 

rpm for 15 minutes. The DNA pellets were briefly dried using a vacufuge concentrator 

(Eppendorf) and resuspended in an appropriate volume of TE buffer (~50 μl). The DNA 

concentration was determined by a UV spectrophotometer, and molar concentrations 

were calculated using Equation 1. 

 

Equation 1 

 

                           Molarity (μM) = OD 260 (1cm path length) x 1000 

                                                    MilliMolar Extinction Coefficient 

The millimolar extinction coefficients for oligodeoxynucleotides were obtained from the 

supplier‟s product information sheet. 
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 Internal 
32

 P-labeling of RNA 

          The 
32

P–labeled RNA substrates were enzymatically synthesized in vitro 

essentially as described (Milligan et al., 1987; Chelladurai et al., 1991) with some 

modification. Purified oligodeoxynucleotides (see above) were annealed to an 18 

nucleotide promoter oligonucleotide (G18 promoter oligo; Table 1) to provide the T7Ф10 

promoter sequence in the required double-stranded form (Milligan et al., 1987). The 

DNA template (~1.6 μM) and G18 promoter oligo (~1.8 μM) were annealed in 100 μl of 

10 mM Tris-HCl (pH 8.2), by heating for 5 minutes at 65
o
C, then cooling on ice for 15 

min. One-tenth of the annealing mixture was added to a reaction (100 μl) containing 

1xT7 transcription buffer supplemented with the four rNTP‟s (1 mM each), 10 μCi [α-

32
P] UTP, and ~400 units of T7 RNA polymerase. Reactions were incubated at 37

o
C for 4 

hours, then stopped by adding one-half volume of reaction stop solution. The sample was 

electrophoresed (20 V/cm) at room temperature in a 15% denaturing polyacrylamide gel 

containing 7 M urea in TBE buffer for 2 hours, or until the bromophenol blue reached the 

bottom of the gel. The gel band containing radioactive RNA was visualized using Fuji 

RX film. The film was exposed to the gel for 20 minutes, developed in developing buffer 

(GBX, Sigma) for 2 minutes, stopped in stopping buffer (GBX, Sigma) for 30 seconds, 

then fixed in fixing buffer (GBX, Sigma) for 2 minutes. If the RNA was nonradioactive, 

the gel band was visualized by UV shadowing (Hassur and Whitlock, 1974). The 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 internally labeled substrate was determined by counting an aliquot (1 μl) in 

Scintiverse E (5 ml), using a LS6500 Liquid Scintillation Counter (Beckman-Coulter, 
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Inc). To calculate the amount in mmol, Equation 2 was used to convert from cpm to 

mmol: 

 

 

 

Equation 2 

                                           Cpm / counting efficiency (0.99) 

Number of U residues in strand x μ Ci of hot UTP used x 2.2 x 10
6
 dpm / μ Ci 

                                                                      Total mmol of cold UTP used 

 

5’-
32

P–labeling of RNA 

           To 
32

P–label RNA at the 5‟-end, enzymatically synthesized nonradioactive RNA 

(~100 pmol) was treated with antarctic alkaline phosphatase (4 units) at 37
o
C for 1 hour 

using the supplied buffer. This step removes the triphosphate group at the end of the 

enzymatically synthesized RNA. The RNA was purified as described above, and 

recovered by ethanol precipitation. Dephosphorylated RNA (~5 pmol) was incubated (30 

μl reaction volume) at 37
o
C for ~30 min with 10 μCi of [γ-

32
P]ATP (3000 Ci/mmol) and 

T4 polynucleotide kinase (10 units), using the supplied buffer. Radioactive RNA was 

purified by electrophoresis in a 15% denaturing polyacrylamide gel (1.5-mm thick) 

containing 7M urea in TBE buffer. The RNA was recovered by ethanol precipitation, and 

stored at -20
o
C in TE buffer (~50 μl). The amount of 5‟–end 

32
P–labeled substrate was 

determined by counting an aliquot (1 μl) in Scintiverse E (5 ml), using a LS6500 Liquid 

Scintillation Counter. 
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In vitro RNase III processing assay 

          RNase III substrate cleavage assays were performed in “physiological salt” 

reaction buffer which contains: 250 mM potassium glutamate, 10 mM MgCl2, 30 mM 

Tris-HCl (pH 7.5), 5 mM spermidine, 0.1 mM DTT, 0.1 mM EDTA, and 0.4 μg/ml 

purified E. coli tRNA (Li et al., 1993). RNase III is combined with 
32

P–labeled RNA 

(heated for 30 seconds at 90 
o
C and snap-cooled on ice) in Mg

+2
–free reaction buffer on 

ice. The tubes are placed in a 37
o
C water bath for one minute, and then the reaction is 

initiated by adding MgCl2
 
(final concentration, 10 mM). Following incubation at 37

o
C, 

the reactions are terminated by the addition of stop mix (containing 20 mM EDTA, 

bromophenol blue, and xylene cyanol) (Chelladurai et al., 1993) and electrophoresed (20 

V/cm constant voltage) in a 15% polyacrylamide gel containing TBE and 7 M urea. The 

gel was exposed to a phosphorimager screen overnight at 4
o
C. The results were 

visualized by phosphorimaging (Typhoon 9400 system, Amersham Biosciences) and 

quantified by ImageQuant software (v.5.2). Curve fitting for determination of the kinetic 

parameters was performed using Kaleidagraph software (v.3.5). 

 

 Experimental determination of kcat and Km values 

       The kinetic constants Vmax and Km were determined by a Michaelis-Menten plot of 

the initial velocity (Vo) as a function of substrate concentration using Kaleidagraph 

software (v.3.5). Substrate concentrations were chosen to range between 0.5 and 1.0 of 

the Km value in order to provide reliable estimates of the two kinetic constants. Under 

steady-state conditions, the relationship between Vmax and Km can be presented as the 

Henri-Michaelis-Menten equation (Equation 3) 



80 
 

 

Equation 3 

 

                                 Vo   =   Vmax [S] 

                                              Km + [S] 

 

Since substrate is in large excess over enzyme, the free substrate concentration is 

essentially the same as the total substrate concentration. Therefore, [S] represents the 

total substrate concentration. Vo represents the initial velocity. The Km value corresponds 

to the substrate concentration where the initial velocity is half of the maximal initial 

velocity. The turnover number (kcat) can be calculated using Equation 4, where [E]T is the 

total enzyme concentration. 

 

Equation 4 

 

                                          Kcat =  Vmax 

                                                       [E]T 

 

 

 In vitro RNase III binding assay 

         Gel electrophoretic mobility shift assays were performed essentially as described 

(Chelladurai et al., 1993; Li and Nicholson, 1996). To prepare 
32

P–labeled R1.1 RNA for 

gel shift assay, intermolecular RNA complexes which may have formed upon storage at –
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20
o
C were disrupted by heating the RNA at 90

o
C for 30 seconds, followed by snap–

cooling on ice. RNA (~10,000 cpm) was combined with the varying amounts of RNase 

III (20 μl volume) containing RNase III binding buffer, incubated at 37
o
C for 10 min, 

followed by 20 min on ice. The binding assay buffer is same as RNase III cleavage assay 

buffer, except that the 10 mM MgCl2 is replaced by 5 mM CaCl2. Electrophoresis was 

carried out (100V, 3-4 hours, ~5
o
C) in a 1.5 mm thick, 8% non-denaturing 

polyacrylamide gel containing 0.5xTBE buffer and 5 mM CaCl2. Reactions were 

visualized by phosphorimaging (Typhoon 9400 system). The K‟d values are calculated 

using Equation 8, where [E]f and [S]f are the concentration of unbound enzyme and 

substrate, respectively, and [ES] is the concentration of the enzyme–substrate complex. 

 

 

Equation 8 

                                    K „d = [E]f X [S]f    

                                                    [ES] 

 

Since it is not possible to accurately know the concentration of the free substrate, 

advantage instead is taken by measuring the radioactive signal, then calculating the 

fraction of RNA bound (B) using Equation 9, where [S]T is the concentration of the total 

substrate and [ES] is the concentration of the enzyme–substrate complex. Here, the 

amount of the free RNA is quantified to calculate the fraction of the bound RNA, since 

some dissociation of the RNA-protein complex occurs during electrophoresis. 
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Equation 9 

            

                                                     B = [ES]  

                                                             [S]T 

 

Equation 9 can be then presented as follows: 

 

Equation 10  

                                       B =              1 

                                                    1 + K‟ d 

                                                          [E] f 

 

Equation 11   

 

                                 

                                               1      =    1 + K‟ d 

                                                                     

                                                                    [E] f 

 

                                             

 

Since the enzyme concentration (in the nM range) is in large excess over the substrate (in 

fM range), the free enzyme concentration is approximately equal to the total 

concentration, [E]T. Equation 11 therefore can be presented as: 

 

 

 

B 
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Equation 12 

                                                           1   =          1 +   K‟ d 

                                                                     

                                                                                     [E] T 

 

             

                                             

                                              

Therefore, the double-reciprocal plot generated by plotting 1/B vs 1/[E]T provides a slope 

that is equal to the K‟d value. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B 
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Table  1.  List of Proteins used in this study 

 

Protein Amino acid changes Biochemical phenotype 

RNase III                      -                                          (wt) 

RNase III                      S33E                                   Phosphomimetic mutation 

RNase III                      S34E                                   Phosphomimetic mutation 

RNase III                      S33E, S34E                        Phosphomimetic mutations 

RNase III                      S31A                                   - 

RNase III                      S31A, S33A                        - 

RNase III                      S33A, S34A                       Phosphorylation-resistant Nuc D 

RNase III                      S195A, S198A                    - 

RNase III                      S33A, S34A, S195A,         Phosphorylation-resistant rnc 

                                      S198A   

RNase III                      R29T                                    - 

Nuc D                            -                                          (wt) 

Nuc D                           S31A                                    - 

Nuc D                           S33A                                    - 

Nuc D                           S34A                                    - 

Nuc D                           S103A                                  - 

Nuc D                           S127A                                  - 

Nuc D                           S148A                                  - 

Nuc D                           S31A, S33A                         - 
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Nuc D                           S33A, S34A                         -  

dsRBD                          -                                            (wt) 

dsRBD                          S195A,S198A            (dsRBD) 
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Table 2.  Oligodeoxynucleotides 

 

 

                  Name 

 

                 Sequence 

 

G-18 Start promoter oligo 

 

TAA TAC GAC TCA CTA TAG 

 

R1.1 DNA 

AAG AAG GTC AAT CAT AAA GGC 

CAC TCT TGC GAA TGA CCT TGA 

GTT TGT CCC TCT ACT CCC TAT AGT 

GAG TCG TAT TA 

 

 

R1.1[WC] DNA 

AGG TCA ATA TAA AGG CCA CTC 

TTG CGA ATG ACC TTT ATA TTG TCC 

CTA TAG TGA GTC GTA TTA 

 

R1.1[WC-R] DNA 

AAG AAG GTC AAA CTC AAG GCC 

ACT CTT GCG AAT GAC CTT GAG 

TTT GTC CCT CTA CTC CTT  

 

16S [hp-ΔCA] DNA 

ATC AGA CAA TCT GTG TGA GCA 

CTC AAA GTA CTT GCG TAC TTC 

GAG TGC CCA CAC AGA TTG 
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                                                          RESULTS 

 

       The expression of T7PK in infected E. coli cells induces the phosphorylation of 

RNase III, and is accompanied by an enhancement of dsRNA cleavage by RNase III in 

extracts of T7-infected cells (Mayer and Schweiger, 1983; Robertson et al., 1994). It has 

been previously reported that more than 90 proteins are phosphorylated in T7-infected E. 

coli (Zillig et al., 1975; Pai et al., 1975b). However, it is not known whether RNase III or 

the ~90 other proteins are direct substrates of T7PK, or whether they are phosphorylated 

by one or more additional protein kinases. Thus, an in vitro system is required to 

determine whether E. coli RNase III is a substrate for T7PK, and if so, how 

phosphorylation stimulates RNase III catalytic activity. The system developed in this 

project involves purified, maximally active T7PK, purified RNase III, and radiolabeled 

RNase III substrate. T7PK has been dephosphorylated, and both the dephosphorylated 

form of T7PK (dT7PK) and RNase III have had the N-terminal Hexahistidine [(His)6] 

affinity tag (His-Tag) removed. The pET plasmid system was used to overexpress the 

proteins used in the in vitro system, and RNase III substrates were enzymatically 

synthesized in radiolabeled form, purified, and used to measure the catalytic activity and 

binding affinity of phosphorylated and mock-phosphorylated RNase III. 
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3.1. Overexpression and purification of T7PK 

                An earlier study in this laboratory cloned the JS78 mutant version of the T7 0.7 

(protein kinase) gene in the plasmid expression vector pET-15b (Michalewicz and 

Nicholson, 1992). The T7 JS78 mutation was originally created by chemical mutagenesis 

of T7 (Studier, 1973), and was later shown to be a missense mutation that changesd the 

Gln243 codon to an amber (UAG) stop translation termination codon (Michalewicz and 

Nicholson, 1992). The mutation causes production of a truncated, 30 KDa polypeptide 

which induces retains the capability of the phosphorylation of proteins in vivo, but lacks 

host transcription shut-off activity, since it lacks which requires the missing the C-

terminal domain responsible for this mechanism (Robertson et al., 1991; Robertson and 

Nicholson, 1992). Initial studies of T7PK demonstrated that T7PK it can be efficiently 

overproduced by a plasmid expression system and it produces a protein phosphorylation 

pattern in vivo similar to that resulting from T7 infection (Michalewicz and Nicholson, 

1992; Robertson et al., 1992; Robertson, 1992). The His-bind Ni
+2

 affinity column was 

used to purify (His)6-T7PK from the soluble fraction of clarified, sonicated cell extracts. 

(His)6--T7PK electrophoreses with an apparent molecular mass of ~30 KDa in an SDS-

polyacrylamide gel (, as shown in Figure 13a.) For convenience, (His)6 – T7PK will 

hereafter be referred to as “His-T7PK”. 

3.1.1  T7PK is overproduced in phosphorylated form in vivo 

          T7PK is a highly active phosphotransferase when expressed during the T7 

infection cycle. However, T7PK exhibits only modest phosphotransferase activity when 

purified from T7-infected cells, or from cells containing a recombinant plasmid. There 
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was early indirect evidence that T7PK undergoes autophosphorylation following its 

synthesis in vivo (Rahmsdorf et al., 1973) (Figure 13b) and that the autophosphorylation 

decreases phosphotransferase activity (Pai et al., 1975b). One of the specific aims of my 

project was to develop a protocol to provide highly active, purified T7PK. Achieving this 

goal would require assessment of T7PK autophosphorylation, and its effect on catalytic 

activity. To determine whether autophosphorylation inhibits the phosphotransferase 

activity of T7PK, His-

phosphatase. λ-PPase is the 221 amino-acid product (~25 KDa) of the lambda ORF221 

gene (Cohen and Cohen, 1989), and is a Mn
+2

- dependent protein phosphatase with a 

broad activity towards phosphorylated serine, threonine and tyrosine residues (Zhou et 

al.,1993). In many cases, protein phosphorylation can be revealed by an increase in 

electrophoretic mobility upon treatment of the protein with λ-PPase. The 

“dephosphorylated“(d) His-T7PK (His-dT7PK) exhibits a slightly greater electrophoretic 

mobility compared to untreated His-T7PK in a 15% SDS-polyacrylamide gel (Figure 14). 

        The N-terminal His-tag may also adversely affect the ability of T7PK to recognize 

and phosphorylate protein substrates. Moreover, mass spectroscopic analysis revealed 

that recombinant His-T7PK is phosphorylated (albeit inefficiently) on multiple serines in 

the N-terminal His-tag (see Figure 20). Hence, it became imperative to remove the His-

tag to achieve efficient phosphotransferase activity, and minimize extraneous 

phosphorylation reactions. Dephosphorylated T7PK lacking the His-tag is termed 

dT7PK, and exhibits a greater electrophoretic mobility than His-dT7PK (Figure 14), 

reflecting the absence of the ~1.8 KDa His-tag. The dephosphorylated T7PK also exhibits 

greater autophosphorylation activity (Figure 15). 



91 
 

          

 

 

          

 

                                                                                                                                           

                                                       

 

 

 

 

 

 

 

 

 

Figure 13. Purification and autophosphorylation of T7PK.  

A. 12% SDS-PAGE analysis of purified T7PK. Lane 1, pre-stained protein size 

markers (sizes are given in KDa). Lane 2, purified His-T7PK. The apparent molecular 

mass of His-T7PK is indicated with black arrow.  

B. The figure displays the relevant portion of a phosphorimage of a 12% SDS-PAGE 

analysi -
32

P] ATP, as 

described in Materials and Methods. 
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Figure 14. Differing electrophoretic mobilities of His-T7PK, λ–PPase treated T7PK 

(His-dT7PK), and dT7PK lacking the His-tag. The figure displays a Coomassie-

stained, 15% polyacrylamide-SDS gel. Lanes 1 and 7 display protein molecular-mass 

markers (M), with the molecular masses indicated on the left side of the image. Lanes 2 

and 6 show His-T7PK as directly purified from cells. Lanes 3 and 5 show His-T7PK after 

treatment with λ-PPase (His-dT7PK). Lane 4 shows dT7PK treated with biotinylated 

thrombin to remove the His–tag. dT7PK has greater mobility compared to His-dT7PK 

and His-T7PK. The apparent mass shift is ~2 KDa. 

 

                        

KDa 
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Figure 15.  T7PK is autophosphorylated as directly purified from E. coli. The figure 

displays the relevant portion of a phosphorimage of a 12% SDS-containing 

polyacrylamide gel, showing His-T7PK autophosphorylation. The autophosphorylation 

reactions were carried out as described in Materials and Methods). Lane 1, His-T7PK 

autophosphorylation. Lane 2, His-T7PK autophosphorylation after treatment with λ-

PPase. 
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 3.1.3    Determination of the site of T7PK autophosphorylation by MALDI-TOF 

              It was shown that T7PK is autophosphorylated on serine (Robertson, 1992). 

However, the specific serine residue(s) that are modified have not been identified. In 

order to identify the phosphoserine residue(s) in phosphorylated T7PK, the technique of 

positive ion, matrix–assisted laser desorption (MALDI), time-of-flight (TOF) mass 

spectrometry was used to identify the T7PK phosphopeptide. These experiments were 

performed in collaboration with Dr. Kaye Speicher (Wistar Institute Proteomics Facility).  

           Serine at position 216 was identified as the target of phosphorylation (denoted by 

the starred serine residue in Figure 16). Serine at position 227 was also modified, but less 

efficiently, as shown in Figure 16. A BLAST analysis (sequences obtained from 

GenBank) of the predicted protein sequences of the T7PKs of bacteriophage T7 family 

members revealed that serine 216 is conserved, whereas serine at 227 is present only in 

T7PK (Figure 17). Hence, we conclude that serine 216 is the conserved site of 

autophosphorylation, with probable regulatory consequences. 
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Figure 16. Matrix Assisted Laser Desorption/Ionization-Time of Flight (MALDI-TOF) 

analysis of the phosphorylation site on dT7PK. Mass spectroscopic analysis confirms 

Serine 216 as the predominant phosphorylation site in dT7PK. These experiments were 

performed in collaboration with Dr. Kaye Speicher, Wistar Institute Proteomics Facility.  
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Figure 17. Sequence alignment of protein kinases from T7 family members Berlin, Yepe, 

Kvp, T7, and Phi. Serine at position 216 of T7PK is conserved among all the T7 

members, whereas Serine 227 is present only in T7PK. The alignment also shows the 

putative ATP-binding motif, represented by the glycine-rich region enclosed in the blue 

rectangle. 
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3.3   Functional consequences of T7PK autophosphorylation 

        The initial biochemical analysis of T7PK involved measurement of protein 

phosphorylation activity in vivo as a function of time following infection. The results 

indicated that T7PK undergoes an apparent reduction in catalytic activity late in infection 

(Pai et al., 1975b). However, since the T7PK polypeptide is a stable species throughout 

infection, a protein degradation pathway is not responsible for the reduction in activity. 

However, it was observed that the (apparently inactive) T7PK could be reactivated in 

infected cell extracts by incubation with alkaline phosphatase, suggesting that a self-

phosphorylation event may be responsible for T7PK downregulation (Pai et al., 1975b). 

        To determine whether autophosphorylation on Ser216 causes a reduction in catalytic 

activity in vitro, the following experiment was performed. The phosphotransferase 

activity of His-T7PK treated with λ-PPase (His-dT7PK) was compared with that of 

mock-treated His-T7PK. In addition, dT7PK (with the His-tag removed) was used for 

comparison. The Nuclease domain (NucD) of RNase III was used as a substrate, since 

RNase III (~26 KDa) molecular weight is similar to that of dT7PK, thus complicating a 

comparative analysis. The NucD (~20 KDa) contains the phosphorylation site, and the 

lower molecular weight of this protein compared to T7PK is ideal for SDS-PAGE 

analysis of phosphorylation efficiency.  

         IF1 is an ~11 KDa molecular weight protein that is phosphorylated in T7-infected 

E. coli (Robertson et al., 1992). IF1 is phosphorylated on threonine, as shown by 

phosphoaminoacid analysis (Robertson et al., 1992), and the specific threonine residue 

has been identified, using MS/MS (Figure 20). His-IF1 was purified from E. coli 
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BL21(DE3) cells containing plasmid pET-15b(IF1) (provided by Dr. Philip R. 

Cunningham, Wayne State University, Detroit, MI).  

        The results of phosphorylation assays show that dT7PK exhibits an enhanced ability 

to catalyze phosphorylation of IF1 and NucD, compared to His-dT7PK and His-T7PK 

(Figure 18). Thus, not only removal of the phosphate group, but removal of the His-tag 

stimulates activity. The experiments were repeated three times and the data averaged to 

obtain a quantitative assessment.  The data in Table 3 show that phosphate incorporation 

increases ~2-fold when His-dT7PK is used, compared to His-T7PK. Similarly, phosphate 

incorporation increases ~3-fold when IF1 is incubated with dT7PK, compared to 

incubation with T7PK. 

         When NucD was used as a substrate, it was observed that His-dT7PK and dT7PK 

have greater phosphotransferase activity when compared to T7PK (Figure 19). The 

increase in phosphotransferase activity is ~2.5-fold (Table 4). Hence it can be concluded 

that autophosphorylation has an inhibitory effect on the phosphotransferase activity of 

T7PK. Hence, all the in vitro protein phosphorylation reactions from hereon were carried 

out using dT7PK. A functional rationale for T7PK autophosphorylation in the T7 

infection cycle is provided in the Discussion. 
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Figure 18. Enhancement of phosphorylation of IF1 by prior dephosphorylation of 

T7PK. IF1 was phosphorylated in the presence His-T7PK, His-dT7PK, or dT7PK, and 

the samples electrophoresed in a 12% Tricine SDS-PAGE gel. Reactions were visualized 

by phosphorimaging. Lane 1 shows autophosphorylated His-T7PK, in the absence of IF1. 

Lane 2 shows IF1 phosphorylated with His-T7PK. Lane 3 shows IF1 phosphorylated 

with His-dT7PK. Lane 4 shows IF1 phosphorylated with dT7PK. The intensity of the IF1 

signal increases the most in the experiment that uses dT7PK (lane 4). 
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Figure 19. Dephosphorylation of T7PK enhances the phosphorylation of the RNase 

III Nuclease Domain (NucD). Purified NucD (without His-Tag) was phosphorylated 

using His-T7PK, His-dT7PK, or dT7PK as described in Materials and Methods. Aliquots 

of the reaction were electrophoresed in a 12% SDS-PAGE gel, and visualized by 

phosphorimaging. Lane 1 is the control reaction lacking NucD. Lane 2 shows NucD 

phosphorylated using His-T7PK. Lane 3 shows NucD phosphorylated with His-dT7PK. 

Lane 4 shows NucD phosphorylated with dT7PK. The intensity of signal increases in the 

case of NucD treated with His-dT7PK or dT7PK. In both cases, prior dephosphorylation 

was carried out. 
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Table  3. Effect of autophosphorylation on the ability of T7PK to phosphorylate IF1. 

 

 

 

 

 

IF1 (without His-tag) was subjected to phosphorylation with His-T7PK, His-dT7PK, or 

dT7PK in the presence of [γ-
32

P]ATP (1 μCi) and 1 mM ATP in a reaction buffer 

containing 15 mM MgCl2, 30 mM Tris-HCl (pH ~8) and 2 mM NH4Cl at 30
o
C. The 

reaction was stopped with 0.1 mM EDTA and was electrophoresed in a 10% Tricine 

Nupage precast gel. The band corresponding to phosphorylated IF1 was located by 

Coomassie staining, excised, and the 
32

P incorporation measured by liquid scintillation 

counting. The stoichiometry of phosphate incorporation (pmol of phosphate/pmol of IF1) 

was calculated based on the amount of IF1 added to the gel lane (assuming a 50% 

recovery) and the specific activity of the ATP. 
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            2 

            3 
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            0.13 

            0.13  
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           0.24 

           0.25 

           0.23  
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Figure  20. Matrix Assisted Laser Desportion/Ionization-Time of Flight (MALDI-

TOF) analysis of the IF1 phosphorylation site. MS/MS Mass spectroscopic analysis 

confirms threonine at the amino acid position 12 as the phosphoamino acid in IF1. Not e 

the serines in the His-tag that are phosphorylated. These experiments were performed in 

collaboration with Dr. Kaye Speicher, Wistar Institute Proteomics Facility.  
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TABLE 4. Effect of autophosphorylation on the ability of T7PK to phosphorylate 

RNase III NucD. 

 

 

 

 

 Experiment 

 

   T7PK+Nuc D 

 

   His-dT7PK+Nuc D 

 

   dT7PK+NucD 

 

         1 

         2  

         3 

   Average 

 

          0.10 

          0.13 

          0.09 

          0.11  

 

             0.24 

             0.21 

             0.22 

             0.22  

 

           0.29 

           0.27 

           0.26 

           0.27  

 

 

 

NucD (without His-tag) was subjected to phosphorylation with His-T7PK, His-dT7PK, or 

dT7PK in the presence of [γ-
32

P]ATP (1 μCi) and 1 mM ATP in a reaction buffer 

containing 15 mM MgCl2,  30 mM Tris (pH 8.0), and 2 mM NH4Cl,  at 30
o
C. The 

reaction was stopped with 0.1 mM EDTA, and electrophoresed in a 12% SDS-PAGE gel. 

The band corresponding to phosphorylated NucD was located by Coomassie staining, 

excised, and 
32

P incorporation measured by liquid scintillation counting. The 

stoichiometry of phosphate incorporation was calculated based on pmol of 

phosphate/pmol of NucD.  
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3.2     RNase III is a substrate for T7PK. 

          The first indication that RNase III is a substrate for T7PK was inferred from T7 

infection experiments (Mayer and Schweiger, 1983; Robertson et al., 1994). However, it 

is possible that RNase III is phosphorylated by another protein, whose function is 

dependent upon expression of T7PK. To determine if RNase III is a substrate for T7PK, 

an in vitro protein phosphorylation assay was employed that used purified proteins (see 

Materials and Methods). This assay used purified dT7PK, RNase III (lacking the His-

tag), and [γ-
32

P] ATP as the phosphate donor. RNase III, RNase III NucD, and selected 

RNase III NucD [SA] mutants were purified, then treated with biotinylated thrombin to 

remove the His-tag (see Materials and Methods). All proteins were electrophoretically 

pure (Figure 21) and biochemically active. Figure 22 displays a phosphorimage of SDS-

PAGE analysis of RNase III phosphorylation assay. Lane 1 shows dT7PK 

autophosphorylation, without added RNase III. Lane 2 shows that dT7PK can directly 

phosphorylate RNase III. The estimated level of phosphate incorporation of RNase III is 

~0.3 moles phosphate per mole of RNase III (dimer). 

         T7PK phosphotransfer activity is inhibited by autophosphorylation (see above, and 

Pai et al., 1975b). Thus, during an in vitro phosphorylation reaction it is possible that 

autophosphorylation limits the ability of T7PK to phosphorylate all of the available sites 

in RNase III. To test this, an in vitro phosphorylation assay was performed with RNase 

III as the substrate. At the end of reaction (10 min) an additional aliquot of dT7PK was 

added to the reaction, and incubated for five additional min. The amount of phosphate 

incorporated into RNase III increased, relative to the standard protein kinase reaction 

(data not shown). When a third aliquot of dT7PK was added to the reaction mixture 
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followed by incubation, the phosphate incorporation remained unchanged (data not 

shown). It is concluded that while the calculated minimal level of RNase III 

phosphorylation is ~30%, the extent of phosphorylation can exceed 30%.                                                              

          Other experimental parameters were examined for their influence on the 

phosphotransferase reaction. A glycerol concentration exceeding 20% (vol/vol) inhibits 

phosphotransfer and autophosphorylation (data not shown). For optimum 

phosphotransfer efficiency, the conditions are as follows: dT7PK and substrate are 

incubated in protein kinase assay buffer for 5 min at 30
ο
C. Then, Mg

+2
 and ATP are 

added and the reaction incubated for 10 min at 30
o
C. A second aliquot of dT7PK is 

added, followed by incubation for 5 min at 30
o
C. 

          The RNase III nuclease domain (NucD, ~150 amino acids) contains 10 serines, one 

or more of which could be phosphorylated by T7PK. Based on the crystal structure of 

Aquifex aeolicus RNase III (Blaszczyk et al., 2004; Gan et al., 2005, 2006), 6 of the 10 

serines in the E. coli NucD are predicted to be on the surface of the protein (Figure 23). 

To determine the serine(s) which undergoes phosphorylation, individual serine to alanine 

mutations were created. The rationale was that mutation of the target serine to alanine 

would block phosphorylation, as analyzed in an in vitro phosphorylation assay. Serine to 

alanine mutations were introduced at positions 31, 33, 34, 103, 127, and 148. In addition, 

double alanine mutations were created at positions 31 and 33, and 33 and 34. The NucD 

mutants were purified (Figure 24) and tested for their ability to be phosphorylated in vitro 

by T7PK (Figure 25). The NucD mutants were NucD[S31A], NucD[S33A], 

NucD[S34A], NucD[S103A], NucD[S127A], NucD[S148A], NucD[S31A, S33A], and 

NucD[S33A, S34A].  A phosphorimage of a representative experiment, analyzed by 
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electrophoresis in a 12% polyacrylamide gel containing SDS, is displayed in Figure 25. 

The NucD, NucD[S31A], NucD[S103A], NucD[S127A], NucD[S148A] are all 

phosphorylated by T7PK (Fig. 25, Lanes 1, 2, 7, 8, 9, 10). However, there is a strong 

reduction in phosphorylation of NucD[S33A] and NucD[S34A] (Fig. 25, lanes 4 and 5). 

Moreover, the phosphorylation signal of NucD[S33A] is essentially background. To 

determine whether an additional reduction in phosphorylation could be achieved at the 

latter two sites, double alanine mutations were introduced at positions 31, 33 and 34. The 

NucD double mutants were purified (Figure 26B) and tested for their ability to undergo 

phosphorylation by T7PK (Figure 26A). A 12% SDS-PAGE analysis of in vitro 

phosphorylation of NucD[S31A,S33A] and NucD[S33A,S34A] is displayed in Figure 

26a. A corresponding 12% Coomassie stained SDS polyacrylamide gel of the same 

analysis is shown in Figure 26B. Lane 1 shows T7PK autophosphorylation. Lane 2 shows 

phosphorylation of NucD. Lane 3 shows that NucD[S31A,S33A] is phosphorylated by 

T7PK. Lane 4 shows that NucD[S33A,S34A] is not phosphorylated, providing further 

support that S33 and/or S34 is phosphorylated by T7PK. Based on the data in Figure 26b, 

it is evident that even though NucD[S33A,S34A] polypeptide is present, as evidenced by 

Coomassie staining, there is negligible incorporation of 
32

P radioactivity from ATP.  

         To analyze the impact of serine mutations on phosphorylation of RNase III, the 

phosphorylation resistant SerAla mutations were introduced in full-length RNase III. 

Thus, the RNase III[S33A,S34A], RNase III[S195A,S198A], and RNase III[S33A,S34A, 

S195A,S198A] mutants were created. The S195A and S198A mutants were created, since 

it was shown previously that one of these two sites is phosphorylated by T7PK in vitro, 

using the isolated dsRBD as substrate (L. A. Aggison and A. W. Nicholson, 
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unpublished). Purified proteins were treated with biotinylated thrombin (Novagen) to 

remove the His-tag. Figure 27 shows a 12% polyacrylamide gel analysis of the purified 

proteins. Figure 28 shows a phosphorimage of an SDS-containing, 12% polyacrylamide 

gel analysis of T7PK phosphorylation of RNase III WT, RNase III [S33A,S34A], RNase 

III[S195A,S198A], and RNase III[S33A,S34A,S195A,S198A].  The results show that (i) 

RNase III[S195A,S198A] was phosphorylated, (ii) RNase III[S33A,S34A] mutant is 

phosphorylation-resistant, and (iii) the RNase III[S33A,S34A,S195A,S198A] quadruple 

mutant, which has all the potential phosphorylation sites mutated, was phosphorylation 

resistant. Table 5 provides the phosphorylation stoichiometries. The level of 

phosphorylation of RNase III was 0.3 (pmol phosphate per pmol of RNase III). The 

RNase III[S33A,S34A] and RNase III[S33A,S34A,S195A,S198A] mutants were 0.02, 

which is essentially background. RNase III[S195A,S198A] mutant was 0.30, which was 

similar to the RNase III phosphorylation level. Even though the dsRBD as an isolated 

polypeptide is phosphorylated by T7PK, the phosphorylation of full-length enzyme 

occurs in the in N-terminal NucD. In summary, these experiments show that (i) E. coli 

RNase III is a substrate for T7PK; (ii) the phosphorylation of RNase III by T7PK occurs 

in the nuclease domain; and (iii) the targets of phosphorylation is serine 33, with a 

contribution by serine 34. The lack of phosphorylation of Ser195 and Ser198 in the full-

length enzyme indicates that these targets are only accessible in the isolated dsRBD. 
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Figure 21. SDS-PAGE analysis of the electrophoretic mobility difference of RNase 

III, with or without the His-tag. The image shows a Coomassie-stained 12% SDS 

polycrylamide gel of purified proteins. Lane 1, prestained protein size markers (sizes in 

KDa). Lane 2 and Lane 4, purified His RNase III. Lane 3, His RNase III treated with 

biotinylated thrombin. The apparent electrophoretic mass difference of ~2 KDa. 
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Figure 22. In vitro phosphorylation of RNase III by His-dT7PK, and 

autophosphorylation of dT7PK.  The figure displays a phosphorimage of a 12% SDS 

polyacrylamide gel. In the in vitro phosphorylation reaction, the dT7PK and RNase III 

are present in a 2:1 molar ratio (66 pmol of dT7PK and 33 pmol of RNase III). Protein 

phosphorylation reaction volumes were adjusted to maintain a final glycerol 

concentration <10%. Reactions were initiated with the addition of Mg
+2

, (15 mM final 

concentration) and stopped by adding one-tenth volume of SDS sample buffer containing 

EDTA. The positions of dT7PK (~27 KDa) and His-RNase III (~26 KDa) are indicated. 

Lane 1, dT7PK. Lane 2, dT7PK+RNase III. 

 

                       

 

     His dT7PK 
His dT7PK +   

RNase III 

dT7PK  

RNase III 

      1                          2 



110 
 

 

                 

 

                       

        

  

Figure 23. A. aeolicus RNase III crystal structure (from Swiss pdb viewer [PDB 

Accession code: 2EZ6]). The structure shows the surface serines at 31, 33, 34, 103, 127 

and 148 in the NucD that were individually mutated to alanine. The surface serines are 

shown in green, with purple numbering corresponding to their position in the polypeptide. 
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Figure 24. Purification of RNase III His-NucD and His-NucD SerAla mutants. 

Shown is a Coomassie-stained 12% SDS polyacrylamide gel containing NucD and NucD 

mutant proteins. Lane 1, prestained protein size markers (numbers are in KDa). Lane 2, 

NucD WT. Lane 3, S31A NucD. Lane 4, S33A NucD. Lane 5, S34A NucD. Lane 6, 

S103A NucD. Lane 7, S127A NucD. Lane 8, S148A NucD. Lane 9, S31A, S33A NucD. 

Lane 10, S33A, S34A NucD. The proteins are purified from Ni
+2

- NTA column and 

contain a His-tag. The apparent molecular mass of NucD is indicated with an arrow. 
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Figure 25. In vitro phosphorylation of NucD and NucD serinealanine mutants by 

dT7PK. The figure displays the relevant portion of phosphorimage of a 12% 

polyacrylamide gel containing SDS. Phosphorylation reactions were carried out as 

described in Materials and Methods. Approximately 50 pmol of NucD or specific mutant 

was incubated with 66 pmol of dT7PK in the presence of 10 μCi of [μ-
32

P] ATP in a 20 

μl volume. Lanes 1 and 6 show autophosphorylation of dT7PK. Lanes 2 and 7 show 

NucD phosphorylation. Lane 3 shows phosphorylation of S31A NucD. Lane 4 shows 

phosphorylation of S33A NucD. Lane 5 shows phosphorylaiotn of S34A NucD. Lane 8 

shows phosphorylation of S103A NucD. Lane 9 shows phosphorylation of S127A NucD. 

Lane 10 shows phosphorylation of S148A NucD. There is a decrease in the intensity of 

phosphorylation in lanes 4 and 5, which correspond to S33A NucD and S34A NucD, 

respectively. The positions of dT7PK and NucD are indicated. 
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Figure 26. Panel A. In vitro phosphorylation of RNase III His-NucD and His-NucD 

serinealanine double mutants by His-dT7PK. A. The figure displays the relevant 

portion of phosphorimage of a 12% polyacrylamide gel analysis of His- NucD and His-

NucD serine  alanine mutants. Approximately 50 pmol of His-NucD and mutants were 

incubated with ~66 pmol of His-dT7PK in the presence of ATP, as described in Materials 

and Methods) Lane 1, dT7PK autophosphorylation. Lane 2, His-NucD phosphorylation. 

Lane 3, S31A, S33A His-NucD phosphorylation. Lane 4, S33A, S34A His-NucD 

phosphorylation. There is absence of phosphorylation signal in lane 4, corresponding to 

S33A, S34A NucD, indicating that S33 and/or S34 are the phosphorylation sites in the 

NucD. The positions of His-NucD and His-dT7PK are indicated. 

 

Panel B. Coomassie stained 12% polyacrylamide gel analysis of phosphorylation of 

His-NucD and His-NucD double mutants by dT7PK. Lane 1, protein size markers. 

Lane 2, His-dT7PK. Lane 3, His-dT7PK + His-NucD. Lane 4, His-dT7Pk + S31A, 

S33A His-NucD. Lane 5, His-dT7PK + S33A, S34A His-NucD. Although there is band 

in the SDS –PAGE gel corresponding to S33A S34A His-NucD, the disappearance of 

signal in the phosphorimage (Panel A) indicates that S33/S34 is the site(s) of 

phosphorylation. 
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Figure 27. Purification of RNase III mutant proteins.  

A. Image of a 12% SDS polyacrylamide gel, showing the S33A, S34A, S195A, S198A 

quadruple RNase III mutant. B. Image of a 12% SDS polyacrylamide gel, showing the 

S195A, S198A RNase III double mutant. C. Image of a 12% SDS polyacrylamide gel, 

showing the S33A, S34A RNase III double mutant. M represents mutant protein free of 

the His-Tag. +His indicates the mutant protein with the (His)6 tag. Molecular sizes are 

given in KDa. An electrophoretic mobility difference between the mutant with His-tag 

and His-tag free mutant can be observed.  
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Figure 28. In vitro phosphorylation assays of RNase III (WT), and RNase 

III[S33A,S34A], RNase III[S195A,S198A], and RNase III[S33A,S34A,S195A,S198A] 

mutants. The figure displays the relevant portion of a phosphorimage of an SDS–

containing 12% polyacrylamide gel, showing phosphorylation of RNase III or mutant by 

dT7PK (see Materials and Methods).  The positions of dT7PK (~27 KDa) and RNase III 

(~26 KDa) are indicated. Lane 1, dT7PK autophosphorylation. Lane 2, RNase III WT; 

Lane 3, RNase III[S33A,S34A] mutant; Lane 4, RNase III[S195A,S198A] mutant; Lane 

5 RNase III[S33A,S34A,S195A,S198A] mutant. The absence of a 
32

P signal at the RNase 

III position in lanes 3 and 5 indicate that phosphorylation of RNase III may occur either 

on serine 33 or serine 34.  
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     TABLE 5. Stoichiometry of RNase III phosphorylation by dT7PK. 

 

  

                              

Experiment 
RNase III 

 

S33A, S34A   

RNaseIII 

 

S195A,S198A 

RNase III 

S33A,S34A,S195A, 

S198A RNase III 

1 0.35 0.03 0.32 0.02 

2 0.38 0.05 0.29 0.03 

3 0.36 0.03 0.31 0.02 

   Average 0.36 0.04 0.31  0.02 

 

 

 

RNase III and specific mutants were subjected to phosphorylation with dT7PK in the 

presence of [γ-
32

P]ATP (1 μCi) and 1 mM ATP in a reaction buffer containing 15 mM 

MgCl2, 30 mM Tris (pH 8), 2 mM NH4Cl at 30
o
C. The reaction was stopped with 0.1 mM 

EDTA and electrophoresed in a 12% polyacrylamide gel containing SDS. The band 

corresponding to phosphorylated RNase III or mutant was excised and 
32

P incorporation 

measured by liquid scintillation counting. The stoichiometry of phosphate incorporation 

is pmol of phosphate incorporated per pmol of RNase III.  
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Phosphorylation of Aquifex aeolicus RNase III by T7PK  

         The ability of Aquifex aeolicus RNase III to be phosphorylated was examined to 

determine whether the reaction is conserved across bacterial RNases III. The results 

(Figure 29) reveal that T7PK can phosphorylate A. aeolicus RNase III. The site(s) of 

phosphorylation have not yet been determined.  

The RNase III[R30T] mutant also was examined, since the MS/MS analysis of E. 

coli RNase III phosphorylation revealed that the potential phosphorylation sites (S334, 

S34) are present within a very short tryptic fragment (SASSK), which was not detected in 

the analysis, presumably due to its short length. Thus, tryptic fragments shorter than ~8 

amino acids are either poorly, or not represented in MS analysis (personal 

communication, K. Speicher).  
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Figure 29. In vitro phosphorylation of A. aeolicus RNase III and the E. coli RNase 

III [R30T] mutant. The figure displays the relevant portion of phosphorimage of an 

SDS–containing 12% polyacrylamide gel analysis of phosphorylation of RNase III by 

dT7PK (see Materials and Methods). The positions of dT7PK (~27 KDa) and RNase III 

(~26 KDa) are indicated. Lane 1, dT7PK autophosphorylation. Lane 2, RNase III WT 

phosphorylation, the protein diffused in the gel and appears as two bands. Lane 3, A. 

aeolicus RNase III phosphorylation. Lane 4, RNase III[R30T] mutant phosphorylation.  
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3.3     Mass spectroscopic analysis of E. coli RNase III phosphorylation 

         Although the phosphorylation sites have been identified by the mutational analyses 

(see above), a mass spectroscopic analysis provides an unambiguous, direct identification 

of phosphorylation sites. For this purpose phosphorylated samples of RNase III and 

RNase III[R30T] were prepared for mass spectral analysis. The results of these 

experiments are still pending. Our repeated attempts at mapping the phosphorylation sites 

in RNase III by MS analysis remained unsuccessful so far. However our recent results 

indicated that RNase III is indeed phosphorylated on the potential SASSK fragment 

(conclusion based on the identity of the phosphoamino acid in the tryptic fragments). 

Although the exact identity of the serine is unknown at this point (Applied Biomics, 

California). Our next approach includes analyzing the phosphorylated samples of A. 

aeolicus and T. maritima RNase III (data not shown), since we have established that 

phosphorylation is a conserved event across bacterial RNases III. 

 

 

 

 

 

 

 

 

 

 



122 
 

3.4    Bacterial RNase III substrates 

         Double–stranded RNA is the canonical substrate for RNase III (Dunn, 1976). 

dsRNA can be purified from a variety of cells by chromatographic fractionation. For 

example, dsRNA preferentially binds to cellulose CF-11 in the presence of ethanol, while 

ssRNA can be selectively removed by lowering the ethanol concentration in the washing 

buffer (Franklin, 1966). dsRNA also can occur in the form of  intramolecular hairpin 

stem-loop structures, which can also be generated in vitro by enzymatic transcription 

using DNA oligodeoxynucleotides as transcription templates (see Materials and 

Methods). The bacterial RNase III substrates chosen for this project were R1.1 RNA and 

R1.1 [WC-R] RNA. 

           R1.1 RNA. The bacteriophage T7 R1.1 RNase III processing signal is located in 

the early region of the T7 genome, between genes 1 and 1.1 (see Figure 10a). R1.1 RNA 

is a 60 nt RNA hairpin and contains an asymmetric internal loop that separates an upper 

and lower dsRNA stem (Figure 30A). R1.1 RNA is cleaved by RNase III at a single 

(primary) site (Figure 30A) both in vivo and in vitro (Dunn and Studier, 1983). The 

asymmetric internal loop presumably prevents the presentation of a regular double-helical 

structure to both catalytic centers in the enzyme-substrate complex, thus allowing only 

single cleavage (Nicholson, 1996; Schweisguth et al., 1994). RNase III cleavage of the 

R1.1 structure in vivo creates a short hairpin at the 3‟-end of the upstream mRNA, and 

provides protection against 3‟5‟ exoribonucleolytic degradation in vivo. The secondary 

cleavage site, positioned on the strand opposite of the primary site, is recognized at 

extended incubation times, high enzyme concentration, in low salt, or in the presence of 

Mn
+2

 (Dunn, 1976; Sun et al., 2001). 
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         R1.1 [WC-R] RNA. This substrate is derived from R1.1 RNA by two base 

substitutions and the insertion of an A residue within the 5‟-segment of the internal loop. 

This formally creates a double-stranded structure in place of the internal loop (Figure 

30b). The RNA contains two scissile phosphodiesters at the target site, and thus mimics a 

regular dsRNA substrate of RNase III (Calin-Jageman and Nicholson, 2003; Chelladurai 

et al., 1993). 
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Figure 30. Two representative substrates of E. coli RNase III. 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.   
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3.4.1   Catalytic activities of RNase III mutants 

            Substitution with alanine generally has minimal effects on protein secondary 

structure. Thus, alanine substitution can maintain -helical structures (Wells, 1991). To 

rule out the possibility of RNase III undergoing a conformational change and functional 

alteration upon site-specific alanine substitution, all of the purified RNase III alanine 

substitution mutants were tested for their enzymatic activities. RNase III[S33A,S34A], 

RNase III[S195A,S198A], and RNase[S33A,S34A,S195A,S198A] were examined in 

time course assays of substrate cleavage, and compared to WT RNase III. An RNase III 

concentration of 20 nM and a substrate concentration of 100 nM were used in the 

reactions, which were initiated by adding Mg
+2

 (10 mM final concentration). The results 

(Figure 31) showed that the RNase III mutants exhibit cleavage activities comparable to 

that of WT RNase III. Therefore, it can be concluded that if any of these RNase III 

mutants are resistant to phosphorylation by dT7PK, it is not due to an altered/inactive 

RNase III structure.  
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Figure 31. Catalytic activities of RNase III mutants. 
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Figure 31. Catalytic activities of RNase III mutants. 

 The RNA cleavage assay conditions are described below and in Materials and Methods. 

Reactions were electrophoresed in a 15% denaturing polyacrylamide gel and visualized 

by phosphorimaging. The figures on the right side of the phosphorimage indicate (from 

top to bottom): substrate, shortened hairpin product, 5‟-end-containing product, and 3‟-

end containing product. The asterisks indicates the products of cleavage of the secondary 

site in R1.1 RNA. Extra template nucleotides added to the 3‟-end of the transcript during 

synthesis by T7 RNA polymerase create the multiple bands associated with the 3‟ 

cleavage product. 

A. Time course cleavage assays of internally 
32

P-labeled R1.1 RNA (100 nM) in buffer 

consisting of 150 mM NaCl and 30 mM Tris-HCl (pH 8.0). Reactions were initiated by 

adding MgCl2 (10 mM final concentration), followed by incubation at 37°C for the 

specified times. Lanes 2–6 and lanes 8–12 represent reaction times of 30 sec, 1 min, 2 

min, 5 min, and 10 min for RNase III (20 nM) and S195A,S198A RNase III (20 nM), 

respectively. Lanes 1 and 7 represent control reactions in which RNA and enzyme were 

incubated in standard reaction buffer for 1 min in the absence of MgCl2. Cleavage 

products are indicated by the arrows. 

B. Time course cleavage assays of internally 
32

P-labeled R1.1 RNA (100 nM) in buffer 

consisting of 150 mM NaCl and 30 mM Tris-HCl (pH 8.0). Reactions were initiated by 

adding 10 mM MgCl2, followed by incubation at 37°C for the specified times. Lanes 2–5 

and lanes 7–10 represent reaction times of 30 sec, 1 min, 2 min, and 5 min for RNase III 

(20 nM) and S33A,S34A RNase III (20 nM), respectively. Lanes 1 and 6 represent 

control reactions in which RNA and enzyme were incubated in standard reaction buffer 

for 1 min in the absence of MgCl2. Cleavage products are indicated by the arrows. 

C. Time course cleavage assays of internally 
32

 P-labeled R1.1 RNA (100 nM) in buffer 

consisting of 150 mM NaCl and 30 mM Tris-HCl (pH 8.0). Reactions were initiated by 

adding 10 mM MgCl2, followed by incubation at 37°C for the specified times. Lanes 2–6 

and lanes 8–12 represent reaction times of 30 sec, 1 min, 2 min, 5 min, and 10 min. for 

RNase III (20 nM) and S33A, S34A, S195A, S198A RNase III (20 nM), respectively. 

Lanes 1 and 7 represent control reactions in which RNA and enzyme were incubated in 

standard reaction buffer for 1 min. in the absence of MgCl2. The cleavage products are 

represented with black arrows. 
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3.4.2    Phosphorylation of RNase III enhances cleavage of substrate in vitro. 

           Although it is now shown that RNase III is phosphorylated by T7PK, it is not 

known whether phosphorylation affects RNase III catalytic activity. Assays were 

developed to assess alteration in RNase III catalytic activity following 

phosphorylation by dT7PK. RNase III and the phosphorylation-resistant mutant, 

RNase III[S33A,S34A] were subjected to phosphorylation with dT7PK. In the initial 

cleavage assays, dT7PK was not removed from RNase III following phosphorylation. 

In these experiments RNase III was pretreated in two ways (1) RNase 

III+dT7PK+ATP (RNase was phosphorylated in vitro with dT7PK and ATP); (2) 

RNase III+dT7PK-ATP: (RNase III was incubated in vitro with dT7PK in the 

absence of ATP). Similarly, RNase III[S33A, S34A] was pretreated in two ways (1) 

RNaseIII[S33A,S34A]+dT7PK+ATP: (RNase III[S33A, S34A] was incubated in 

vitro with dT7PK and ATP);  (2) RNase III[S33A, S34A]+dT7PK-ATP: (RNase III 

[S33A, S34A] was incubated with dT7PK in the absence of ATP). 

         Following phosphorylation, a time course for RNase III cleavage of substrate 

was performed using internally 
32

P-labeled R1.1 RNA and R1.1[WC-R] RNA (see 

Materials and Methods).  Assays were performed using 100 nM R1.1 RNA or R1.1 

[WC-R] RNA, and the enzyme concentration was 20 nM. Reactions were initiated by 

adding Mg
+2

 (10 mM final concentration) and were stopped using excess EDTA (0.1 

mM), and aliquots electrophoresed in 15% polyacrylamide gels containing 7 M urea. 

         Phosphorimages of the gels were generated and ImageQuant software 

(Molecular Dynamics) was used to quantitate the kinetics. Results from the 

phosphorimaging analysis of each time-course experiment are displayed graphically 
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along with each phosphorimage (Figures 32, 33, 34 and 35). A comparison for 

fraction of substrate cleaved for each time course experiment was calculated and the 

results are displayed. 

        Figures 32a and 33a show that phosphorylated RNase III (RNase III treated with 

dT7PK and ATP) exhibits a ~1.5- to 2-fold increase in RNA processing activity (for 

both R1.1 RNA and R1.1[WC-R] RNA), compared to the mock-phosphorylated 

RNase III (RNase III treated with dT7PK in the absence of ATP). The bar graphs 

(Figures 32b and 33b) show the enhancement in the catalytic activity of 

phosphorylated RNase III compared to mock phosphorylated RNase III. It may also 

be inferred from these experiments that ATP does not contribute to the enhancement 

of cleavage activity. In contrast, a stimulatory effect is not seen in the case of the 

phosphorylation-resistant RNase III[S33A, S34A] mutant (see Figures 34a and 35a). 

Interestingly, ATP has a slight inhibitory effect on the cleavage activity of RNase 

III[S33A,S34A] (Figures 34b and 35b). A control cleavage assay was performed 

using R1.1 RNA and dT7PK. This experiment was done to determine whether T7PK 

itself has any effect on R1.1 RNA (e.g., cleavage). The results (data not shown) 

reveal that T7PK does not cleave the substrate. Although from these experiments it is 

confirmed that phosphorylation increases catalytic activity, the stimulation needs to 

be more precisely measured in terms of the catalytic parameters, and using purified, 

phosphorylated RNase III (see below). 
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Figure 32. Phosphorylation stimulates RNase III cleavage of T7 R1.1 RNA.  

A. Time course cleavage assay. RNase III was subjected to phosphorylation in the 

presence of dT7PK, and in the presence or absence of ATP. Pretreated (see above) RNase 

III (20 nM) was combined with internally 
32

P-labeled T7 R1.1 RNA (10,000 cpm; 100 

nM) in buffer consisting of 150 mM NaCl and 30 mM Tris-HCl (pH 8), and incubated for 

1 min. at 37
o
C. The cleavage reaction was initiated by adding MgCl2 (10 mM final 

concentration). Lanes 2–5 and lanes 7–10 represent reaction times of 1 min, 2.5 min, 5 

min, and 10 min, respectively. Lanes 1 and 6 represent control lanes in which RNA and 

enzyme were incubated for 1 min in the absence of MgCl2. Reactions were stopped by 

adding an equal volume of gel electrophoresis sample buffer, then electrophoresed in a 

15% polyacrylamide gel containing 7 M urea. Reactions were visualized by 

phosphorimaging, and quantitated using ImageQuant software. The positions of 3‟- and 

5‟-end containing products are indicated by the symbols. 

 B. Quantitation of T7 R1.1 RNA cleavage stimulation by phosphorylation of RNase III. 

The fraction of substrate cleaved was determined by ImageQuant, and plotted in bar 

graphs. Green bars represent the reaction using RNase III pretreated with dT7PK and 

ATP. Red bars represent the reaction using RNase III pretreated with dT7PK without 

ATP. The reactions were done in duplicates and results were averaged. 

. 

 

 

 

 

 

 

 



133 
 

                                        

 

 

 

 

                       

                

      1        2          3         4          5           6         7        8         9         10 

A 

B 

         Time (min) 

F
ra

c
ti
o

n
 o

f 
s
u
b

s
tr

a
te

 c
le

a
v
e
d

 p
ro

d
u

c
t 
fo

rm
e
d

  

Time 



134 
 

Figure 33. Phosphorylation enhances RNase III cleavage of T7 R1.1 [WC-R] RNA.  

A. Time course cleavage assay. RNase III was subjected to phosphorylation in the 

presence of dT7PK, and in the presence or absence of ATP. RNase III (20 nM)  was  

combined with internally 
32

P-labeled T7 R1.1[WC-R] RNA (10,000 cpm; 100 nM) and 

incubated at 37
o
C for 1 min in buffer containing 150 mM NaCl and 30 mM Tris-HCl (pH 

8). Substrate cleavage was initiated by addition of MgCl2
 
(10 mM final concentration). 

Lanes 2–5 and lanes 7–10 represent reaction times of 1, 2.5, 5, and 10 min, respectively. 

Lanes 1 and 6 represent control lanes in which RNA and enzyme were incubated for 1 

min in the absence of MgCl2. Reactions were stopped by adding an equal volume of gel 

electrophoresis sample buffer, then electrophoresed in a 15% polyacrylamide gel 

containing 7M urea. Reactions were visualized by phosphorimaging, and quantitated 

using ImageQuant software. Positions of cleaved 3‟ and 5‟ products are indicated by 

legends.  

B. Quantitation of the stimulation of R1.1 [WC-R] RNA cleavage by phosphorylation of 

RNase III. The fraction of substrate cleaved was determined using ImageQuant software, 

and plotted in bar graph form. Green bars represent RNase III pretreated with dT7PK and 

ATP. Red bars represent RNase III pretreated with dT7PK in the absence of ATP. Assays 

were performed in duplicate, and the results were averaged. 
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Figure 34. Cleavage of R1.1 RNA by RNase III[S33A,S34A] pre-treated with 

dT7PK.  

A. Time course cleavage assay. RNase III[S33A,S34A] was incubated with dT7PK, with 

or without ATP. The pretreated RNase III [S33A,S34A] (20 nM) was incubated with 

internally 
32

P-labeled R1.1 RNA (10,000 cpm; 100 nM) for 1 min at 37
o
C

 
 in buffer 

consisting of 150 mM NaCl and 30 mM Tris-HCl (~ pH 8.0). Substrate cleavage was 

initiated by adding MgCl2 (10 mM final concentration). Lanes 2–5 and lanes 7–10 

represent reaction times of 1, 2.5, 5, and 10 min, respectively. Lanes 1 and 6 represent 

control lanes in which RNA and enzyme were incubated for 1 min in the absence of 

MgCl2. Reactions were stopped by adding an equal volume of gel electrophoresis sample 

buffer, and were electrophoresed in a 15% polyacrylamide gel containing 7M urea. 

Reactions were visualized by phosphorimaging, and quantitated using ImageQuant 

software. Positions of cleaved 3‟ and 5‟ products were indicated by legends.  

B. Quantitation of the effect of phosphorylation on R1.1 RNA cleavage by RNase 

III[S33A,S34A]. The fraction of substrate cleaved was determined by ImageQuant and 

plotted in bar graph form. The red bars represent RNase III[S33A,S34A] pretreated with 

dT7PK and ATP, and the green bars represent RNase III[S33A,S34A] pretreated with 

dT7PK in absence of ATP. Reactions were performed in duplicate, and the results were 

averaged. 
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Figure 35. Cleavage of R1.1 [WC-R] RNA by RNase III[S33A,S34A] pretreated with 

dT7PK.  

A. Time course cleavage assay. RNase III[S33A,S34A] was incubated with dT7PK, in 

the presence or absence of ATP. RNase III[S33A,S34A] (20 nM) was incubated with 

internally 
32

P-labeled R1.1[WC-R] RNA (10,000 cpm; 100 nM) for 1 min at 37 
o
C in 

buffer consisting of 150 mM NaCl and 30 mM Tris-HCl (~ pH 8.0). Substrate cleavage 

was initiated by adding MgCl2 (10 mM final concentration). Lanes 2–5 and lanes 7–10 

represent reaction times of 1, 2.5, 5, and 10 min, respectively. Lanes 1 and 6 represent 

control lanes in which RNA and enzyme were incubated for 1 min in the absence of 

MgCl2. Reactions were stopped by adding an equal volume of gel electrophoresis sample 

buffer, then electrophoresed in a 15% polyacrylamide gel containing 7M urea. Reactions 

were visualized by phosphorimaging, and quantitated by using ImageQuant software. The 

positions of 3‟- and 5‟-end containing cleavage products are indicated by legends. 

 B. Quantitation of R1.1 [WC-R] RNA cleavage by RNase III[S33A,S34A]. The fraction 

of substrate cleaved was determined by ImageQuant and plotted in bar graphs. Red bars 

represent reactions using RNase III pretreated with dT7PK and ATP, and green bars 

represent reactions using RNase III pretreated with dT7PK in absence of ATP. The 

reactions were performed in duplicate, and the results were averaged. 
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3.4.3   Phosphomimetic mutations at S33 and S34 do not enhance RNase III  

           catalytic activity 

          Phosphomimetic mutations of the identified serine target residues allowed an 

assessment as to whether the presence of a negative charge at the appropriate site in the 

RNase III polypeptide site is sufficient to stimulate RNase III activity. Serines at the 

positions 33 and 34 in RNase III, previously identified as the phosphorylation targets, 

were mutated to Glutamic acid. A substrate cleavage assay comparison was made using 

R1.1 RNA and 16Shp[∆CA] RNA substrates. RNase III or RNase III[S33E,S34E] mutant 

(20 nM) were incubated with 100 nM R1.1 RNA or 16Shp[∆CA] RNA.  Reactions were 

initiated by adding MgCl2 (10 mM final concentration), then stopped with EDTA (0.1 

mM). Aliquots were electrophoresed in a 15% polyacrylamide gel containing 7M urea. 

Figures 36A and 36B display phosphorimages of RNase III[S33E,S34E] cleavage of 

substrate. It is observed that the cleavage activity of RNase III[S33E,S34E] is comparable 

to RNase III. Thus, the proposal that a negative charge alone is sufficient for stimulation 

can be ruled out. Glutamic acid mutations at Ser33 and Ser34 also were created, and 

cleavage assays were performed with the purified mutant proteins. These mutations also 

did not enhance the catalytic activity of RNase III (data not shown). It is concluded that a 

negative charge alone is insufficient to stimulate activity, and that the steric size of the 

phosphate group may be involved in the observed stimulation. 
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Figure 36. Effect of S33E, S34E phosphomimetic mutations on RNase III catalytic  

activity.  

A. A time course cleavage assay using R1.1 RNA. Internally 
32

P-labeled R1.1 RNA (100 

nM) was combined with RNase III[S33E,S34E] in buffer consisting of 150 mM NaCl and 

30 mM Tris-HCl (pH 8.0), and incubated at 37˚C for 1 min. Reactions were initiated by 

adding MgCl2 (10 mM final concentration), followed by incubation at 37°C for the 

specified times. Lanes 2–6 and lanes 8–12 represent reaction times of 30 sec, 1min, 2.5 

min, 5 min, and 10 min for RNase III (20 nM) and RNase III[S33E,S34E] (20 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 MgCl2.  

B. Time course assay using 16Shp [∆CA] RNA as substrate. Internally 
32

P-labeled 16S 

hp[∆CA] RNA (100 nM) was combined with RNase III[S33E,S34E] in buffer consisting 

150 mM NaCl, and 30 mM Tris-HCl (pH 8.0), and incubated for 1 min at 37˚C. 

Reactions were initiated by adding MgCl2 (10 mM final concentration) followed by 

incubation at 37°C for the specified times. Lanes 2–6 and lanes 8–12 represent reaction 

times of 30 sec, 1min, 2.5 min, 5 min, and 10 min for RNase III (20 nM) and RNase 

III[S33E,S34E] (20 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 MgCl2.   
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3.5  Enzyme Kinetic Analysis of Purified, Phosphorylated RNase III 

       Purification of phosphorylated RNase III.  

        In the assays described above, RNase III and the phosphorylation-resistant mutant 

were pre-incubated with dT7PK in the presence or absence of ATP, and substrate 

cleavage assays carried out in the presence of dT7PK. A method was developed to isolate 

phosphorylated RNase III from dT7PK, which took advantage of the absence of a His-tag 

on T7PK. RNase III and RNase III[S33A,S34A] were phosphorylated by dT7PK in the 

presence or absence of ATP (see Materials and Methods). The reaction mixtures were 

transferred to precharged Ni
+2 

spin columns (Qiagen) and centrifuged for 5 min at 500xg. 

The eluted RNase III thus obtained is free of dT7PK, as determined by polyacrylamide 

gel electrophoresis (data not shown). The purified RNase III is dialyzed against storage 

buffer containing DTT (see Materials and Methods) and stored at -20
o
C in 50% glycerol. 

ATP also is eliminated during the dialysis step. 

       Substrate cleavage assays compared phosphorylated (dT7PK+ATP) and mock-

phosphorylated RNase III (dT7PK-ATP). The assays also compared phosphorylated 

(dT7PK+ATP) and mock phosphorylated (dT7PK-ATP) RNase III[S33A,S34A] mutant. 

The enzyme concentration was 20 nM, and the concentration of R1.1 RNA or R1.1[WC-

R] RNA was 200 nM. This provided reaction conditions of substrate excess. Reactions 

were initiated by adding Mg
+2

 (10 mM final concentration), and were stopped using 

excess EDTA. Aliquots were electrophoresed in a 15% polyacrylamide gel containing 

7M urea, and were visualized by phosphorimaging.  
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         For each reaction time course, a phosphorimage was generated and ImageQuant 

software was used to quantitate the kinetic behavior (Figures 37A, 37C, 38A, and 38C). 

The results of the data from each time-course assay are displayed graphically (Figures 

37B, 37D, 38B, and 38D). The initial velocities (Vo) for each time-course experiment 

were calculated, and the results are provided in Table 5. 

       Comparison of the cleavage rates using phosphorylated RNase III and mock 

phosphorylated RNase III indicates that the rate of cleavage of R1.1 RNA and R1.1[WC-

R] RNA are enhanced ~1.9- and 1.75-fold, respectively, by phosphorylation (Figures 37B 

and 37D). An enhancement in the rate of cleavage of R1.1 RNA or R1.1[WC-R] RNA 

was not observed, either with phosphorylated or mock-phosphorylated RNase 

III[S33A,S34A]. It is therefore concluded that the phosphorylation of RNase III can 

stimulate RNase III catalytic activity ~2-fold, and that the stimulation is not merely 

dependent upon the presence of ATP, but due to covalent modification of RNase III.  
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Figure 37. Time course cleavage assay of R1.1 RNA by purified, phosphorylated  

RNase III. 

A. Time course cleavage assay using R1.1 RNA as substrate. Internally 
32

P-labeled R1.1 

RNA (200 nM) was combined with RNase III (20 nM) in buffer consisting 150 mM NaCl 

and 30 mM Tris-HCl (pH 8.0), and incubated for 1 min at 37˚C. Reactions were initiated 

by adding MgCl2 (10 mM final concentration), followed by incubation at 37°C for the 

specified times. Lanes 2–6 and lanes 8–12 represent reaction times of 15 sec, 30 sec, 1 

min,, 2 min, and 4 min for phosphorylated RNase III (20 nM) and mock phosphorylated 

RNase III (20 nM), respectively. Lanes 1 and 7 represent control reactions in which RNA 

was incubated with enzyme in standard reaction buffer for 1 min in the absence of 

MgCl2.   

B. Graphic comparison of the catalytic activities of phosphorylated and mock-

phosphorylated RNase III, as displayed by the fraction of R1.1 RNA cleaved as a 

function of reaction time. Points represent average values of duplicate experiments. The 

reaction involving phosphorylated RNase III is indicated by solid squares, and the 

reaction involving mock-phosphorylated RNase III is indicated by open squares. 

C.Time course cleavage assay using R1.1 [WC-R] RNA as substrate. Internally 
32

P-

labeled R1.1[WC-R] RNA (200 nM) was combined with RNase III in buffer consisting 

150 mM NaCl and 30 mM Tris-HCl (pH 8.0), and incubated at 37˚C for 1 min. Reactions 

were initiated by adding MgCl2 (10 mM final concentration), followed by incubation at 

37°C for the specified times. Lanes 2–6 and lanes 8–12 represent reaction times of 15 

sec, 30 sec., 1 min, 2 min, and 4 min, for phosphorylated RNase III (20 nM) and mock-

phosphorylated RNase III (20 nM), respectively. Lanes 1 and 7 represent control 

reactions in which RNA was incubated with enzyme in reaction buffer for 1 min in the 

absence of MgCl2.   

D. Graphic comparison of the catalytic activities of phosphorylated and mock-

phosphorylated RNase III, as measured by the fraction of R1.1 [WC-R] RNA cleaved at 

specific times. Points represent average values of duplicate experiments. Phosphorylated 

RNase III cleavage rate is indicated by solid squares, and mock phosphorylated RNase III 

by squares. 

 

 

 



147 
 

 

                 

            

                                

 

  

                         

Phosphorylated RNase III [S33A S34A] Mock Phosphorylated RNase III [S33A, S34A] 

             Reaction time (min) 

R
a

te
 o

f 
s
u
b

s
tr

a
te

 c
le

a
v
e

d
 o

r 
p

ro
d
u

c
t 
fo

rm
e
d

 

 

 

Time  

1       2          3         4         5         6       7          8        9         10         11      12         

A 

B 



148 
 

 

 

 

        

                         1         2          3         4         5         6         7         8           9        10      11       12 

 

     

                                  

 

Phosphorylated RNase III[S33A,S34A] 

 

Mock Phosphorylated RNase III[S33A,S34A] 

 

 

 

Reaction time (min) 

F
ra

c
ti
o

n
 o

f 
s
u
b

s
tr

a
te

 c
le

a
v
e
d

 o
r 

p
ro

d
u

c
t 

fo
rm

e
d

 

 

 

 

Time 

* 

* 

 

D 

C 



149 
 

Figure 38. Time course assay of cleavage of R1.1 RNA and R1.1 [WC-R] RNA by 

RNase III [S33A, S34A] pre-treated with dT7PK. 

A. Time course assay using R1.1 RNA as substrate. Internally 
32

P-labeled R1.1 RNA 

(200 nM) was incubated with RNase III [S33A,S34A] for 1 min at 37˚C in buffer 

consisting of 150 mM NaCl and 30 mM Tris-HCl (pH 8.0). Reactions were initiated by 

adding MgCl2 (10 mM final concentration),, followed by incubation at 37°C for the 

specified times. Lanes 2–6 and lanes 8–12 represent reaction times of 15 sec, 30 sec, 1 

min, 2 min, and 4 min for phosphorylated RNase III[S33A,S34A] (20 nM) and mock-

phosphorylated RNase III[S33A,S34A] (20 nM), respectively. Lanes 1 and 7 represent 

control reactions in which RNA was incubated with enzyme in standard reaction buffer 

for 1 min in the absence of MgCl2.   

B. Graphic comparison of the catalytic activities of phosphorylated and mock-

phosphorylated RNase III[S33A,S34A] as a function of time, as measured by the fraction 

of R1.1 RNA cleaved. Points represent average values of duplicate experiments. 

Phosphorylated RNase III[S33A, S34A] cleavage rate is indicated by solid squares, and 

mock-phosphorylated RNase III[S33A, S34A] by open squares. 

C. Time course assay using R1.1 [WC-R] RNA. Internally 
32

P-labeled R1.1 [WC-R] 

RNA (200 nM) was incubated with RNase III[S33A,S34A] for 1 min at 37˚C in buffer 

consisting of 150 mM NaCl and 30 mM Tris-HCl (pH 8.0). Reactions were initiated by 

adding MgCl2 (10 mM final concentration) followed by incubation at 37°C for the 

specified times. Lanes 2–6 and lanes 8–12 represent reaction times of 15 sec, 30 sec, 1 

min, 2 min, and 4 min. for RNase III[S33A,S34A] (20 nM) treated with T7PK and ATP, 

and mock-phosphorylated RNase III[S33A,S34A] (20 nM), respectively. Lanes 1 and 7 

represent control reactions in which RNA was incubated with enzyme in standard 

reaction buffer for 1 min in the absence of MgCl2.   

D. Graphic comparison of the catalytic activities of phosphorylated and mock-

phosphorylated RNase III[S33A,S34A] as measured by the fraction of R1.1 [WC-R] 

cleaved as a function of time. Points represent average values of duplicate experiments. 

The extent of cleavage of RNase III[S33A,S34A] treated with T7PK and ATP is 

indicated by the solid squares, and mock-phosphorylated RNase III[S33A,S34A] by the 

open squares.  
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Table 6. Initial velocities (Vo) of substrate cleavage by RNase III 

 

  

         R1.1 RNA 

 

   R1.1[WC-R]RNA 

 

Phosphorylated RNase III 

 

Mock Phosphorylated RNase III 

 

Phosphorylated RNase III[S33A, S34A] 

 

Mock Phosphorylated RNase III[S33A, 

S34A] 

 

Enhancement  

 

 

       0.31±0.08 

 

       0.16±0.10 

 

       0.13±0.11 

 

       0.18±0.09 

 

       2.0 

 

      0.21±0.12 

 

      0.12±0.13 

 

      0.16±0.08 

 

      0.18±0.08 

 

      1.75 

 

 

Cleavage rates are reported as pmol min 
-1 

The enhancement is defined as the ratio of Vo (phosphorylated RNase III) / Vo  (mock 

phosphorylated RNase III). 
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3.5.1 Determination of the Michaelis-Menten kinetic parameters of phosphorylated  

         RNase III. 

        The kinetic constants of phosphorylated and mock-phosphorylated RNase III were 

measured under multiple turnover conditions, using the steady-state approximation, and 

using short reaction times such that <20% of the substrate is converted to product. Since 

the initial velocities of phosphorylated and mock-phosphorylated RNase III[S33A,S34A] 

were essentially identical, the mutant enzyme was not analyzed. To obtain reproducible 

kinetic data, substrate cleavage assays were performed wherein the reactions were 

initiated with the addition of RNase III. To ensure that the initial cleavage rates would be 

sensitive to changes in either KM or kcat, the phosphorylated and mock phosphorylated 

RNase III concentration was 10 nM (dimer), and the R1.1 RNA concentration was varied 

(50, 100, 200, 300, 400, and 500 nM) (Sun et al, 2001). Reactions were stopped with 

excess EDTA, and aliquots electrophoresed in 15% polyacrylamide gels containing 7M 

urea. Phosphorimages were generated and kinetics were quantitated using ImageQuant 

software. The experiment was performed in duplicate and results were averaged. The 

initial rate (Vo) of R1.1 RNA cleavage were determined by linear regression, and the 

Vmax along with the standard error, were calculated by fitting to the Michaelis-Menten 

equation: Vo = (Vmax x [S)] / (Km +[S]), using Kaleidagraph ( v.3.5)(Figure 26).  The 

calculated Km and kcat values are displayed in Table 7.                                         
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Figure 39. Kinetic analysis of R1,1 RNA cleavage by phosphorylated RNase III. The 

initial rate (Vo) of phosphorylated or mock-phosphorylated RNase III cleavage of 
32

P 

labeled R1.1 RNA was measured as a function of substrate concentration ([S]), as 

described in Materials and Methods. Cleavage reactions used 10 nM enzyme and the 

specified substrate concentrations. Time course assays were performed at each substrate 

concentration. The fraction of substrate cleaved as a function of time was determined, 

and the initial velocities were determined from the slope of the line. The calculated Vo 

values were plotted as a function of substrate concentration. The best-fit curve to a 

Michaelis-Menten scheme (Equation 4, Materials and Methods) is displayed. 

Phosphorylated RNase III is represented by solid squares, and mock-phosphorylated 

RNase III is represented by the open squares. 
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Table 7. Steady-state kinetic parameters of R1.1 RNA cleavage by phosphorylated 

RNase III or mock-phosphorylated RNase III. .  

 

 

 

 

 

 

       Phosphorylated  

       RNase III 

 

Mock-phosphorylated 

RNase III 

 

 Km (nM) 

 kcat (min
-1

) 

 kcat/Km (M
-1

 min
-1

) 

 

 

             163 ± 26   

             1.74 ± 0.21 

             1.06 x 10
7
 

 

 

          239 ± 37 

          0.34 ± 0.29 

          1.45 x 10
6
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3.5.2  Kinetics of substrate cleavage by phosphorylated RNase III, measured under 

single turnover conditions. 

            Previous multiple- and single turnover kinetic analysis of R1.1 RNA cleavage 

(Campbell et al. 2002) indicate that the product release step is the slow (rate-limiting 

step) in the steady-state, since the rate of substrate binding and the rate of the chemical 

(hydrolysis) step are much larger than the kcat value. Thus, a prediction is that 

phosphorylation specifically enhances the product release step, since it is rate-limiting, 

and that it would not enhance the chemical step. To examine this, kinetic assays of 

substrate cleavage were performed under single-turnover conditions, where the product 

release step does not contribute to the observed rate. In these conditions, the R1.1 RNA 

concentration was 100 nM, and phosphorylated or mock-phosphorylated RNase III 

concentration was 120 nM (dimer). Aliquots were taken and combined with excess 

EDTA at 10 sec, 20 sec, 30 sec, 40 sec, 50 sec and 1 min, then electrophoresed in a 15% 

polyacrylamide gel containing 7 M urea. The rates of cleavage were quantitated using 

ImageQuant software. The experiment was performed in duplicate, and the results were 

averaged. First-order rate constants were obtained by fitting the data to the single 

exponential equation, y = m1 + m2 e 
–m

3
X
, where m3 is the first order rate constant, and x 

denotes time (Figure 40). The values for the first-order decay constant for phosphorylated 

RNase III is 2.5 ± 0.4, and mock-phosphorylated RNase III is 2.7 ± 0.7. Since the rate 

constants are identical within the experimental error, it can be inferred that the rate of the 

chemical step is not significantly affected by phosphorylation, and that by inference the 

rate of product release is enhanced by phosphorylation.  
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Figure 40. Phosphorylation does not affect the rate of substrate cleavage under 

single turnover conditions.  

A. Time course assay using R1.1 RNA as substrate. Reactions were initiated by adding 

internally 
32

P-labeled R1.1 RNA (100 nM), followed by incubation at 37°C for the 

specified times in buffer consisting of 150 mM NaCl , 30 mM Tris-HCl (pH 8.0) and 10 

mM MgCl2. Lanes 2–7 and lanes 9–14 represent reaction times of 10 sec, 20 sec., 30 sec., 

40 sec, 50 sec, and 1 min for phosphorylated RNase III (120 nM) and mock-

phosphorylated RNase III (120 nM), respectively. Lanes 1 and 8 represent control 

reactions in which RNA was incubated in standard reaction buffer for 1 min in the 

absence of enzyme. 

 B. Graphic analysis of first-order decay kinetics of phosphorylated and mock-

phosphorylated RNase III. Curve fitting was done using Kaleidagraph software, with 1-

fraction R1.1 RNA cleaved (y-axis) plotted versus reaction time (x-axis). Phosphorylated 

RNase III is represented by solid squares, and mock-phosphorylated RNase III is 

represented by open squares. 
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3.5  Phosphorylation does not enhance RNase III affinity for substrate under 

noncatalytic conditions. 

      To determine whether the phosphorylation-dependent stimulation of RNase III 

processing is due to enhanced substrate binding, gel mobility shift assays of RNase III 

binding to substrate were performed under noncatalytic conditions. In these assays, 

phosphorylated RNase III or mock-phosphorylated RNase III was incubated with 5‟-
32

P-

labeled R1.1 RNA, and the reactions electrophoresed in a non-denaturing polyacrylamide 

gel. In this assay, Ca
2+ 

was substituted for Mg
2+

 in the binding reaction buffer, which was 

shown to promote stable RNA-protein complex formation for E. coli RNase III, while 

prohibiting catalytic action (Li and Nicholson, 1996; Li et al., 1993). The amount of free 

and bound RNA was measured by ImageQuant, and the fraction of RNA bound to RNase 

III was determined as a function of RNase III concentration. The RNA-protein complex 

migrates more slowly than free RNA due to its increased mass (Figure 41). The apparent 

dissociation constants (K‟D) were obtained by the quantitative analysis of the gel shift 

assays. The calculated K‟D values are 66.7+0.3 nM and 79.2+0.5 nM (duplicates 

averaged) for phosphorylated RNase III and mock-phosphorylated RNase III, 

respectively (Figure 41). There is a slight yet significant decrease in K‟D with 

phosphorylated RNase III, indicating that phosphorylation provides a modest increase in 

binding affinity. This is consistent with the modest decrease in KM for substrate cleavage 

in the steady-state (see above). Thus, the increased activity of phosphorylated RNase III 

is due mostly to an increase in the step subsequent to binding and cleavage, which would 

include product release.    
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Figure 41. Phosphorylation slightly enhances RNase III binding to R1.1 RNA.  

Panel A. Gel mobility shift assay of R1.1 RNA binding to phosphorylated RNase III or 

mock-phosphorylated RNase III. The assay was performed as described in Materials and 

Methods, using 10,000 dpm of 5‟-
32

P-labeled R1.1 RNA. CaCl2 (5 mM) was used in the 

buffer in place of MgCl2. Reactions were electrophoresed in an 8% nondenaturing 

polyacrylamide gel in 0.5X TBE buffer supplemented with 5 mM CaCl2. Reactions were 

visualized by phosphorimaging. Enzyme concentrations were provided on the top of the 

gel image. The positions of the free and protein-bound RNA are indicated on the right.  

Panel B. Quantitative analysis of phosphorylated and mock-phosphorylated RNase III 

binding to R1.1 RNA. The fraction of substrate bound was determined as described in 

Materials and Methods. The reciprocal of the fraction of the substrate bound (y-axis) was 

plotted as a function of the reciprocal of the protein concentration (x-axis), and the slope 

(K‟D) was determined. The K‟D values for phosphorylated RNase III and mock 

phosphorylated RNase III are 66.7±0.3 nM and 79.2 ± 0.5 nM respectively. The assays 

were done in duplicate and the errors are maximum errors. Phosphorylated RNase III is 

represented by solid squares, and mock-phosphorylated RNase III by open squares. 
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                                                        DISCUSSION 

 

          This study has provided a biochemical analysis of the bacteriophage T7-encoded 

protein kinase, T7PK. The T7PK was overproduced from a T7-promoter based bacterial 

expression system and purified in soluble form as an N-terminal (His)6–tagged protein. In 

vitro assays established that purified T7PK is a Mg
+2

–dependent phosphotransferase, 

which catalyzes the transfer of the γ–phosphate of ATP to specific proteins, including 

RNase III and IF1. T7PK undergoes autophosphorylation in vitro, and also is isolated 

from the bacterial overexpressing strain in phosphorylated form. Mass spectroscopic 

analysis revealed Ser216 as the T7PK autophosphorylation site (Figure 16). An alignment 

of the T7PK genes of the sequenced genomes of T7 phage group members reveals the 

serine residue is highly conserved, which in turn suggests that autophosphorylation is a 

conserved reaction with functional importance (Figure 17). 

         The T7PK phosphotransferase activity exhibits distinct preferences with respect to 

salt concentration, divalent metal ion type, pH, and temperature. Thus, it was shown that 

T7PK activity increases as the salt concentration is lowered, with optimal activity 

achieved at ~50 mM salt (Pai et al., 1975b). The phosphorylation reaction exhibits 

maximal activity at ~15 mM Mg
+2

, and neither Mn
+2

 nor Ca
+2

 can substitute for Mg
+2

 

(Pai et al., 1975b). The optimal pH is ~7 (Pai et al., 1975b). Relatively low temperatures 

(~20-30
o
C) afford optimal activity, which may be explained by the apparent low thermal 

stability of the enzyme (Pai et al., 1975b). In this regard, the optimal growth temperature 

for the phage host, E. coli is 37˚C. Moreover, the influence of the competing 

autophosphorylation reaction may be lessened at lower temperatures. The ATP 
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specificity may be explained by the presence of a conserved binding site for adenine 

nucleotides, which is characteristic of most protein kinases (Hanks and Quinn, 1991, 

Bossemeyer, 1994) (refer to Figure 17 for the position of the putative ATP binding-motif 

on T7PK). 

         Phosphorylated T7PK exhibits reduced phosphotransferase activity, compared to its 

dephosphorylated counterpart. Treatment of phosphorylated T7PK with λ-PPase 

efficiently provides the dephosphorylated form, referred to as dT7PK. The dT7PK 

exhibits enhanced ability to phosphorylate proteins, as well as undergo 

autophosphorylation (Figure 15). T7PK also has the ability to phosphorylate the His-tag 

present on the recombinant proteins, albeit at relatively low efficiency (Figure 20). 

Hence, to avoid contribution of His-tag phosphorylation to the overall phosphorylation of 

the protein, the His-tag was removed from T7PK as well as the substrate proteins. 

Removal of the His-tag from (dephosphorylated) T7PK also provided a modest additional 

enhancement of phosphotransferase activity. 

       The mechanism by which autophosphorylation inhibits T7PK activity is unknown. 

Three possible mechanisms by which autophosphorylation can downregulate protein 

kinase activity include: 

 Inhibiting ATP binding 

 Inhibiting protein-substrate recognition 

 Inhibiting the phosphotransfer step (chemical step) 

Since autophosphorylation has a negligible effect on binding ATP (P. Sharma, 

unpublished), this argues against the first possibility. Future studies would focus on 
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distinguishing between the second and third possibilities. It is also not known whether 

autophosphorylation is an intramolecular or intermolecular reaction. Future studies would 

distinguish between these alternative pathways. 

On the possible role of T7PK autophosphorylation in the T7 reproductive cycle. 

      The conservation of the serine in T7PK that undergoes phosphorylation suggests a 

conserved functional importance of this event for the T7 phage group. There are several 

possible reasons why T7PK downregulation would be important for optimal T7 

reproduction. However, it is necessary first to understand the role of T7PK in T7 

reproduction, and why T7PK is toxic to E. coli. T7PK is not essential for T7 growth 

under optimal conditions. However, expression of the 0.7 (T7PK) gene significantly 

enhances T7 growth under suboptimal conditions, including high temperature and 

carbon/energy starvation (Hirsch-Kauffmann et al., 1975). This observation led to the 

assignment of a nonessential “helper” function of T7PK. How T7PK enhances T7 

reproduction under suboptimal conditions is not completely understood, but the helper 

activity is dependent upon T7PK phosphotransferase activity. One manifestation of T7PK 

helper activity may be the optimal support of T7 late gene expression. In a previous 

study, the 0.7(T7PK) gene was fused to an IPTG-inducible T7 late promoter and a T7 late 

translation initiation region, and inserted into the chromosome of an E. coli strain also 

encoding T7 RNA polymerase under IPTG control. After IPTG induction it was found 

that total protein synthesis levels remained unchanged, but over 40% of protein synthesis 

was directed to T7PK synthesis (Marchand et al., 2001). This stimulation was not 

observed when the T7PK gene was under the control of a host promoter. Further 

experiments showed that stimulation occurs at both the transcriptional and post-
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translational levels. Specifically, T7PK enhances transcription from a T7 late promoter, 

and also increases the half-life of the corresponding transcript (Marchand et al., 2001). 

While the mechanism of transcription enhancement is not known, the ability of T7PK to 

stabilize T7 transcripts may reflect the T7PK-dependent phosphorylation of RNase E, 

which may down-regulate the ability of the enzyme to degrade cellular transcripts 

(Marchand et al., 2001).  A separate study suggested that T7PK may stimulate T7 late 

mRNA translation in vivo (Robertson and Nicholson, 1992). This could be due to a 

preferential enhancement of translation initiation, which can be the rate-limiting step in 

protein synthesis. The phosphorylation of the initiation factors IF1, IF2, and IF3, and 

ribosomal proteins S1 and S6 (Robertson and Nicholson, 1992) may be involved in this 

stimulation. T7PK may enhance T7 mRNA translation by a second route, which will be 

discussed below. In summary, an enhancement of T7 late protein synthesis would provide 

more phage particles and a greater phage burst size (yield), which is consistent with the 

original observation (Hirsch-Kauffmann et al., 1975). 

On the mechanism of cellular toxicity of T7PK 

       The T7 protein kinase is toxic to E. coli. Thus, cells containing a single chromosomal 

copy of the T7PK gene under the control of lac promoter fail to grow on agar plates 

containing the inducer, IPTG (Marchand et al., 2001). However, cells expressing the 

T7PK[G76F] mutant were able to grow on agar plates with IPTG (the G76F mutation 

abolishes the ATP-binding capacity of T7PK) (Marchand et al., 2001). Several earlier 

attempts were made to clone the full-length 0.7 gene by PCR–based methods. Only 

mutant forms of 0.7 gene, presumably encoding defective or inactive forms of the T7PK, 
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were able to be cloned (A.W. Nicholson, unpublished). In summary these data suggest 

that the not only the truncated, but the full-length T7PK is toxic. 

      Given its many substrates, including water and glycerol (P. Sharma, 2000) in addition 

to over 90 proteins (Robertson et al., 1994), T7PK may deplete ATP (and perhaps the 

other NTP) levels. A drop in ATP concentration would be toxic to the cell. In addition, 

the T7 DNA packaging process has a high requirement for ATP (1 ATP hydrolyzed /1.88 

bp packaged, for a ~40,000 bp chromosome). One possibility is that the initial burst of 

T7PK leads to phosphorylation of target proteins, including RNase III, and that the 

subsequent autophosphorylation minimizes ATP depletion, thereby making more ATP 

available for T7 DNA packaging and other intracellular processes that are vital to 

successful phage development.  

       If T7PK in unphosphorylated form is toxic, then blocking autophosphorylation by 

introducing the Ser216Ala mutation would provide a highly toxic T7PK. Several attempts 

to create this mutation were unsuccessful, suggesting that blocking autophosphorylation 

is highly toxic to the cell. Phosphomimetic mutations (Ser216Glu, Ser216Asp) were 

successfully created, and the T7PK mutants could be overexpressed. However, the 

proteins precipitated immediately following purification. Since expression of the 

phosphomimetic mutants are not harmful to the cell, this would mean that 

autophosphorylation correlates with reduction of toxicity. 

      This study has shown that E. coli ribonuclease III is phosphorylated by the 

bacteriophage T7 protein kinase, and that phosphorylation stimulates ribonuclease III 

activity. A. aeolicus and T. maritima RNases III also are substrates for T7PK-catalyzed 
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phosphorylation. Regulation of E. coli RNase III activity by phosphorylation provides a 

paradigm for understanding how all RNase III homologues may be regulated by this and 

other types of covalent modification. Understanding how phosphorylation regulates 

bacterial RNase III will not only shed light on the role of RNase III in cellular and viral 

RNA metabolism and gene expression, but also will provide an important paradigm for 

understanding how phosphorylation may regulate the activities of eukaryotic RNase III 

orthologs, including Dicer and Drosha. In a recent study it was discovered that the 

phosphorylation of Drosha at Ser300 and Ser302 by GSK3β (Glycogen Synthase Kinase 

3 β) was required for its correct nuclear localization (Ramratnam et al., 2011). There are 

most likely yet-undiscovered functional roles for ribonucleases in cell physiology, and 

these functions also may be subject to control by covalent modification. 

       An in vitro phosphorylation assay reveals that T7PK directly phosphorylates RNase 

III. Thus, involvement of a secondary protein kinase in the phosphorylation of RNase III 

in vivo can be ruled out. Based on mutagenesis studies, the primary site of RNase III 

phosphorylation in vitro is Ser33 (although S34 exhibits significant drop in the 

phosphorylation efficiency). T7PK can phosphorylate Ser33 > Ser34, in that changing 

either serine to an alanine does not prevent phosphorylation of the other serine (although 

there is significant drop in phosphorylation efficiency). When serine 33 and serine 34 are 

simultaneously mutated, there is no detectable phosphorylation. Perhaps Ser33 is the 

phosphoamino acid, and Ser34 is involved as the recognition determinant for T7PK.  

When both the serines are changed to alanine, T7PK does not phosphorylate any other 

available surface serine, indicating that the phosphorylation is site-specific. 
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        An earlier study showed that the dsRBD as an isolated polypeptide can be 

phosphorylated in vitro by T7PK (L. Aggison, 1996). The phosphorylated residue within 

the dsRBD is Ser195 and/or Ser198 (L. Aggison, 1996). However, since the RNase III 

[S33A,S34A] mutant is phosphorylation resistant, the site(s) in the dsRBD are not 

recognized in the full-length protein, and therefore may not be physiologically relevant 

targets (Figure 28).  

        The level of in vitro phosphorylation of RNase III reported in this study was at least 

~0.28 – 0.33% (based on pmol phosphate/pmol of RNase III per dimer) (see Results). It 

was shown that prior dephosphorylation of T7PK, and removal of the His-tag resulted in 

greater incorporation of phosphate in RNase III. Also, the order in which reagents were 

added also influenced the extent of phosphorylation. Optimal conditions consisted of 

incubating dephosphorylated T7PK and substrate in reaction buffer, prior to addition of 

Mg
+2

/ATP followed by a second addition of dT7PK. 

        Phosphorylation of RNase III enhances substrate cleavage: the initial velocity of 

cleavage increases by ~2-fold for R1.1 RNA, and ~1.8 fold for R1.1[WC-R] RNA, under 

conditions of substrate excess. Since the assays used phosphorylated RNase III that was 

purified from T7PK and ATP, the observed increase in rate, compared to mock-

phosphorylated and purified RNase III, reflected covalent modification, rather than a 

continuing noncovalent interaction of RNase III with T7PK or ATP. The enhancement of 

catalytic activity is primarily due to a larger turnover number (kcat), with some additional 

contribution from a greater substrate binding affinity, as revealed by lower Km and K‟D 

values. Since there is no significant increase in the kcat as measured under single-turnover 

(enzyme excess) conditions, the increase in the kcat in the steady-state is due to 
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enhancement of the product release step, and not due to an enhancement of the hydrolysis 

(chemical) step.  

        How might the product release step be enhanced by phosphorylation of Ser33 and/or 

Ser34? Ser33 and Ser34 are located in the same loop as His29, which interacts with 

RNA. Perhaps serine phosphorylation causes a localized conformational change of the 

loop, disrupting the His29-RNA interaction. As a result, the products are less tightly 

bound and are released faster. The lack of effect of phosphomimetic mutations on 

catalytic activity showed that negative charge alone is insufficient to stimulate RNase III 

activity. Thus, the phosphate group may confer an additional effect towards catalytic 

enhancement, such as steric bulk, or ability to interact with Mg
2+

, that in turn would 

change the loop conformation, and accelerate product release. The exact mechanism may 

only be elucidated through comparative structural studies, involving crystallographic 

analyses of phosphorylated and nonphosphorylated RNase III bound to model substrates 

or products. E. coli RNase III has not been crystallized, despite numerous attempts.    

However, Aquifex aeolicus RNase III can be crystallized, with or without bound dsRNA. 

In addition, A. aeolicus RNase III can be phosphorylated by T7PK. Therefore, a logical 

next step would be to crystallize phosphorylated A. aeolicus RNase III, with or without 

dsRNA. Structural differences could then be discerned, which would be used to develop a 

structure-based mechanism of phosphorylation-induced enhancement of catalytic activity. 

         This study used a form of T7PK (~30 KDa) that is a truncated version of the 0.7 

gene product (gp0.7, ~40 KDa). The full-length gp0.7 contains a highly basic C-terminal 

domain that is responsible for host transcription shut-off. A goal would be to purify full-

length T7PK and compare its ability to phosphorylate protein with the truncated version. 
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In addition, it would be important to determine whether the in vitro protein 

phosphorylation patterns of the full-length and truncated T7PK are identical to the in vivo 

phosphorylation patterns generated in T7-infected cells. Differences in phosphorylation 

specificity would suggest that additional factors participate in the protein phosphorylation 

in vivo. The mechanism of T7PK autophosphorylation would also benefit from analysis; 

specifically, determination whether it occurs by an intramolecular or intermolecular 

pathway, and how it downregulates phosphotransferase activity. Crystallizing 

phosphorylated and dephosphorylated T7PK would provide data towards a structure-

based mechanism by which phosphorylation downregulates phosphotransferase activity.  

         How might phosphorylation of RNase III be important for the T7 infection process? 

During the early stage of infection, the T7 polycistronic early mRNA precursor is 

produced in large amounts, and RNase III is required to form the mature, fully functional 

early mRNAs. The T7 early proteins are responsible for converting the cytoplasmic 

environment to one that is optimal for efficient T7 reproduction. In addition, T7 produces 

large amounts of late mRNAs, several of which are substrates for RNase III. Since T7 

shuts off host transcription, and perhaps also host mRNA translation, the amount of 

RNase III would not increase during the T7 infection, and perhaps may even decrease. 

Thus, in order to sustain efficient processing of the T7 early and late mRNA precursors, 

T7PK phosphorylation of RNase III would maximize the catalytic activity of a limited 

amount of enzyme. One experiment could involve the replacement of the chromosomal 

RNase III gene with a mutant gene that has the S33A/S34A double mutation. If 

stimulation of RNase III activity by phosphorylation helps T7 infection, then there should 

be loss of stimulation in cells expressing the RNase III [S33A,S34A] mutant protein. 
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Figure 42. Illustration of proposed comparative free energy changes for substrate 

cleavage by RNase III and phosphorylated RNase III (enhancement of product 

release). A schematic model of how phosphorylated RNase III is able to increase 

turnover rate without concomitant increase in binding affinity. A. Michaelis-Menten 

kinetics of of RNase III with an energy barrier to product release. B. Michaelis-Menten 

kinetics of phosphorylated RNase III. If product release is the rate-limiting step, 

phosphorylated RNase III may adopt a conformation that lowers the free energy barrier to 

product release. 
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                                            LIST OF ABBREVIATIONS  

 

        Aa                                      Aquifex aeolicus  

        Adh                               Alcohol dehydrogenase 

        ADP                               Adenosine Diphosphate 

        ATP                                    Adenosine Triphosphate 

        AGO                                   Argonaute  

        Am                                      Ampicillin  

        bp                                        Base pair  

        BSA                     Bovine serum albumin  

        cAMP                   Adenosine 3‟, 5‟ –cyclic monophosphate 

        cGMP                  Guanosine 3‟, 5‟ –cyclic monophosphate 

        DGCR8                DiGeorge syndrome critical region gene 8  

        dNTP                   deoxynucleoside 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  

        Ec                        Escherichia coli  

        EDTA                   Ethylenediaminetetraacetic acid  

        GSK3β                               Glycogen Synthase Kinase 3 Beta 

       (His)6                    hexahistidine  

        hp                        hairpin  
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        IDH                      Isocitrate Dehydrogenase 

        IPTG                    Isopropyl-β-D-thiogalactopyranoside  

        kDA                          kilodalton  

        LB                     Luria-Bertani  

        M                      Mutant 

        miRNA          micro RNA  

        MOPS               3-[N–morpholino] propanesulfonic acid 

        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  

        PCR               Polymerase chain reaction  

        PEG               Polyethylene glycol  

        PK                  Protein Kinase 

        PNPase          Polynucleotide phosphorylase  

        Pre-miRNA       Precursor microRNA   

        Pri-miRNA        Primary microRNA  

        PTGS               Post-transcriptional gene silencing  

        RBMs               RNA-binding motifs  
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        RISC                RNA-induced silencing complex  

        RNAi                RNA interference  

        RNase III            Ribonuclease III  

        rNTP                  ribonucleoside 5‟-triphosphate 

        rRNA                  ribosomal RNA  

        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                    Untranslated region  

        UV                      Ultraviolet  

        WC                     Watson-Crick  

        WW                     Tryptophan-tryptophan 

        WT                      Wild-type 
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