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     Controlled gene expression in phage λ is a model of transcription regulation which 

is mainly mediated by transcription factors to activate or repress E. coli RNA 

polymerase (RNAP).  They switch appropriate genes on or off, determining the 

lysogenic or lytic pathway of progeny phages.  Q is a λ late gene regulator that exerts 

antitermination for products of the pR’ promoter.  Previous studies presented exciting 

aspects of λQ modification of RNAP which cause dramatic changes in the protein 

under certain conditions.  RNAP engaged with λQ escapes a σ-mediated promoter 

proximal pause and overcomes an intrinsic terminator downstream of the pR’ 

promoter.  In addition, λQ alters RNAP dynamics, aiding faster elongation, fewer 

pauses, and resistance to both the intrinsic and ρ-dependent termination.   

     Although λQ-mediated antitermination was characterized with previous works as 

described above, the mechanism by which λQ exerts antitermination is still unclear.  

In order to uncover this mechanism, this study attempted to answer the fundamental 

question of where λQ interacts with RNAP.  First, the two largest subunits of RNAP 

were systematically dissected to map a λQ binding region on RNAP.  The results 

suggested a clustered region of three fragments of β and β’ for λQ binding, and as 

small as 82 amino acids (β600-681) within this region were identified to bind to λQ.  

Second, a potential λQ binding region of RNAP proposed by a previous study was 

evaluated in this study.  Although the region is located in the surface domain of β600-



 

681, mutational analyses targeting the region demonstrated little λQ binding.  Third, 

twelve RNAP mutants that reduce λQ-mediated antitermination were identified, and 

they suggested four spatial regions of RNAP as critical for λQ antitermination.  

Finally, one of the RNAP mutants, βK1073G, presented altered function of NusA, a 

transcription elongation factor, in λQ-mediated antitermination at the intrinsic 

terminator, providing evidence of cooperation between NusA and λQ antitermination. 
 



 

iii 

BIOGRAPHICAL SKETCH 

 

     Heeyoun Bunch was born in Incheon on October 28, 1974 and spent most of 

childhood in Busan, South Korea.  She grew up with her family, grandmother, parents, 

two older sisters, and a younger brother.  When she was a little kid, Heeyoun liked 

growing beans and plants and observing them, which made her mother believe that she 

had to study biology.  Her family is composed of artists rather than scientists, 

majoring in photography, music, and sports.  Influenced by that, Heeyoun also got 

interested in music and she once dreamed of being a pop musician drummer quite 

seriously in her early 20s.    

     Heeyoun graduated from Kyung-Hee University and received her B.S. in Genetic 

Engineering in 1999.  She continued her graduate study in Korea University and 

received her M.S. in Molecular Medical Science in 2001.  She studied on the site-

specific recombination of Enterococcal phage.  This study was published in Journal of 

Bacteriology with a title of ‘Construction of an integration proficient vector based on 

the site-specific recombination mechanism of Enterococcal temperate phage φFC1’ in 

2002.  In the same year, she crossed the Pacific Ocean to start her graduate study for 

Ph.D. in Biochemistry at University of Tennessee.  She transferred to Microbiology at 

Cornell University in 2003 and immediately became interested in unveiling the 

mystery of the mechanism of λQ antitermination.



 

iv 

 

 

 

 

 

 

 

 

 

 

 

 

To my family



 

v 

ACKNOWLEDGMENTS 

 

     I would like to thank my principle advisor, Jeff Roberts for his scientific 

knowledge and instruction that allowed me to challenge scientific matters and learn 

from them.  Also, I will keep in mind the sincerity and respect for science that he 

showed me as the greatest values that a scientist should have. 

     I thank my committee members, John Helmann and Tim Huffaker, for their helpful 

discussion and advice on my research and this thesis.  I especially thank John for 

scientific understanding and encouragement throughout my graduate study. 

     I thank Chris and Asma for their help and Rada for her taking care of me in the lab.  

I am also thankful to previous lab members, Tom for mentoring at the beginning of 

my study in the lab and Smita for helping me learn new experiments. 

     I feel grateful for Bekah.  I cannot imagine my Ph.D. study without her friendship.  

It was wonderful to share many delightful moments with her, from the midnight 

movie, Lord of the ring to our Albany trip.  I also remember her kindness.  In the early 

morning, she was the first person who ran into the hospital when I just delivered my 

daughter.   

     I thank my husband, Scott for his love, support, and companionship.  Discussing 

biology with a physicist is wonderful.  I got to learn how amazing vibrating graphene 

(single layer of graphite) is, and he, probably, got to know how informative (yet 

complicating) the RNAP mutants are to understand λQ antitermination.  His company 

and understanding enabled me to get through difficult times during my Ph.D. study.  

My new family member, Daniella is inspiring and cheerful.  I never knew before that a 

person could be so precious and special: her smiling eyes make me forget any 

concerns or worries.  I thank her for all the joyful moments she brought me while 

writing this thesis.       



 

vi 

TABLE OF CONTENTS 

 

Biographical Sketch         iii 

Dedication          iv 

Acknowledgements         v 

Table of Contents         vi 

List of Figures          viii 

 

CHAPTER 1: INTRODUCTION       1  

           RNA polymerase                   2 

           Transcription         9 

                Stage I. Initiation        12 

                Stage II. Elongation       15 

                Stage III. Termination       16 

  The mechanism of intrinsic transcription termination  19                 

           Transcription regulation in bacteriophage lambda    22 

I.  Bacteriophage λQ       25 

                II. Previous study        28 

 

CHAPTER 2: A POTENTIAL λQ BINDING REGION IN THE LARGEST   

SUBUNITS OF ESCHERICHIA COLI RNA POLYMERASE 

           Summary         31 

           Introduction         32 

           Results          34 

           Discussion         62 

           Materials and Methods        66 



 

vii 

 

CHAPTER 3: RNAP MUTANTS IN THE β SUBUNIT THAT INHIBIT 

TRANSCRIPTIONAL ANTITERMINATION BY PHAGE λQ PROTEIN 

           Summary         70 

           Introduction         71 

           Results          74 

           Discussion         98 

           Materials and Methods        106 

 

CHAPTER 4: EVIDENCE OF λQ DIMERIZATION AND INTERACTION 

WITH GRE PROTEIN AND THE EFFECT OF MUTANT RNA 

POLYMERASES ON λQ ANTITERMINATION 

           Summary         113 

           Introduction         114 

           Results          117 

           Discussion         127 

           Materials and Methods        135 

 

APPENDIX          137      

 

REFERENCES         141 

 

 

                                                                                                            



viii 

LIST OF FIGURES 

 

Figure 1.1  Comparison of RNA polymerase composition in bacteria,  

                  archaea, and eukaryotes       3 

Figure 1.2  RNA polymerase structures from three domains of life   5 

Figure 1.3  The Thermus aquaticus core RNAP structure    6 

Figure 1.4  Holoenzyme and promoter DNA interactions    10 

Figure 1.5  The scrunching model for RNAP-active center translocation  

                  in abortive initiation       14 

Figure 1.6  The model for λN-mediated antitermination    18 

Figure 1.7 (A)  The λ genome       23 

Figure 1.7 (B)  Decision making steps by phage λ     23 

Figure 1.8  λQ-mediated antitermination at the pR’ promoter   27 

Figure 1.9  Previously isolated RNAP mutants that weaken Q-mediated 

antitermination in T. aquaticus elongation complex   29 

Figure 2.1 (A)  λQ interaction with the two largest subunits (β and β’)  

                  of RNAP in the yeast two-hybrid assay     36 

Figure 2.1 (B)  The 5 divisions of rpoB for the yeast two-hybrid assay  37 

Figure 2.1 (C)  λQ interaction with B1-5 of the β subunit in the yeast  

                  two-hybrid assay        39 

Figure 2.1 (D)  The 12 divisions of rpoC for the yeast two-hybrid assay  40 

Figure 2.1 (E)  λQ interaction with C1-12 of the β’ subunit in the yeast  

                  two-hybrid assay        42 

Figure 2.1 (F)  Three regions of RNAP identified to bind λQ in the  

                  T. thermophilus elongation complex     43 

Figure 2.2 (A)  The B2 region composed of two spatially distinctive  



 

 ix

                  lobes in T. thermophilus elongation complex    45 

Figure 2.2 (B)  Three fragments of β on a McConkey plate in  

                  the reporter-titration assay      47 

Figure 2.2 (C)  Comparison of the titration effect by B2-J, B2-K, and  

                  B2-L in the liquid reporter-titration assay    47 

Figure 2.2 (D)  B2-K (β600-681) in the T. thermophilus elongation complex 49 

Figure 2.3 (A)  RNAP mutants previously reported to inhibit λQ-mediated  

antitermination within B2-K      51 

Figure 2.3 (B)  The interaction between λQ and previously isolated  

                  RNAP mutants within B2-K in the yeast two-hybrid assay  52 

Figure 2.3 (C)  New RNAP mutants covering the surface region of B2-K  53 

Figure 2.3 (D)  Surface mutants introduced into B2-K as single or  

                  multiple mutant in the titration assay     54 

Figure 2.3 (E)  Expression of WT-B2-K and surface mutants   55 

Figure 2.3 (F)  Surface mutants introduced into RNAP in the reporter assay 56 

Figure 2.4 (A)  λQ fragments        58 

Figure 2.4 (B)  The binding interaction between λQ fragments and B2 or  

                  B4 in the filter yeast two-hybrid assay     59 

Figure 2.4 (C)  B2 (β501-832) interaction with WT or truncated λQs  

                  in the liquid yeast two-hybrid assay     60 

Figure 2.4 (D)  B4 (β1058-1241) interaction with WT or truncated  

                  λQs in the liquid yeast two-hybrid assay     61 

Figure 3.1  RNAP mutant library screening      76 

Figure 3.2 (A)  RNAP mutants isolated through screening a  

                  mutant library targeting β500-700     77 

Figure 3.2 (B)  RNAP mutants isolated from screening a combination  



 

 x

                  mutagenesis library of the β subunit     78 

Figure 3.2 (C)  Summary of RNAP mutants that were identified to  

                  inhibit λQ-mediated antitermination via RNAP mutant  

                  library screenings        79 

Figure 3.3 (A)  RNAP mutants for a reduced λQ antitermination in  

                  Tth RNAP elongation complex      81 

Figure 3.3 (B)  RNAP mutants viewed from the simplified active site  81 

Figure 3.4  Close-up of each spatial group of RNAP mutants   82 

Figure 3.5  Amino acids proposed to bind incoming NTP  

                  in the active site of yeast pol II      85 

Figure 3.6 (A)  βK1073 in Tth RNAP elongation complex    86 

Figure 3.6 (B)  βK1073G in the reporter assay     87 

Figure 3.7 (A)  Protein preparation       88 

Figure 3.7 (B)  WT RNAP and βK1073G as a function of λQ  

                  concentration in the in vitro transcription assay    89 

Figure 3.7 (C)  WT RNAP and βK1073G as a function of λQ  

                  concentration in the presence of NusA in the in vitro  

                  transcription assay        90 

Figure 3.7 (D)  WT RNAP and βK1073G as a function of λQ  

                  concentration in the presence or absence of NusA  

                  in the in vitro transcription assay      92 

Figure 3.8 (A)  WT RNAP and βK1073G as a function of UTP  

                  concentrations in 0, 1, and 100 nM of λQ and in the  

                  presence of NusA        94 

Figure 3.8 (B)  WT RNAP and βK1073G as a function of UTP  

                  concentrations in 0, 1, and 100 nM of λQ and in the  



 

 xi

                  absence of NusA        95 

Figure 3.8 (C)  WT RNAP and βK1073G as a function of UTP  

                  concentrations in 0, 1, and 100 nM of λQ and in the  

                  presence or absence of NusA      96 

Figure 3.8 (D)  WT RNAP and βK1073G as a function of UTP  

                  concentrations in 0, 1, and 100 nM of λQ and in the  

                  presence or absence of NusA      97 

Figure 3.9 (A)  WT RNAP and βK1073G as a function of λQ  

                  concentration in the presence and absence of GreB  

                  in the in vitro transcription assay      99 

Figure 3.9 (B)  WT RNAP and βK1073G as a function of λQ  

                  concentration in the presence and absence of GreB  

                  in the in vitro transcription assay      100 

Figure 4.1 (A)  Evidence of λQ dimerization in the yeast two-hybrid assay  118 

Figure 4.1 (B)  Dimerization of λQ with relatives and dimerization  

                  of 80Q and 82Q in the yeast two-hybrid assay    119 

Figure 4.1 (C)  λQ-middle domain (λQ-M) interaction with two  

                  largest subunits of RNAP in the yeast two-hybrid assay   121 

Figure 4.1 (D)  Intramolecular interaction of λQ in the yeast two-hybrid  

                  assay         122 

Figure 4.2 (A)  Structure of the Gre protein      124 

Figure 4.2 (B)  GreB interaction with λQ in the yeast two-hybrid assay  126 

Figure 4.3 (A)  RNAP mutants, βR1106L, βM1273R, and βI561L  

                  in the reporter assay       128 

Figure 4.3 (B)  βR1106L as a function of λQ concentration in the  

                  in vitro transcription assay      129 



 

 xii

Figure 4.3 (C)  βI561L as a function of λQ concentration in the  

                  in vitro transcription assay      130 

Figure 4.3 (D)  βM1273R as a function of λQ concentration  

                  in the in vitro transcription assay      131 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 1

CHAPTER 1 

 

INTRODUCTION 

 

     Regulation of transcription, RNA synthesis from a DNA template, is one of the 

most important processes to control gene expression in order to achieve cellular 

homeostasis and integrity both in prokaryotes and in eukaryotes.  While a conserved, 

multi-subunit protein, DNA-dependent RNA polymerase (RNAP) is the sole enzyme 

to perform transcription, there are many transcription factors including nucleic acids, 

proteins, and small ligands that influence the enzymatic activity of RNAP, ensuring 

the fine tuning of transcription regulation (1, 2, 3, 4). Transcription consists of three 

cycles (initiation, elongation, and termination), and each cycle is regulated by specific 

or general transcription factors.  Temporal and spatial modifications of RNAP respond 

to the environmental signals or cellular needs to enhance or inhibit transcription. 

     Although the transcription machineries of eukaryotes are more complex than those 

of prokaryotes and archaea, the basic principles of transcription regulation and 

mechanism are conserved (5, 6).  Recent structural, biochemical, biophysical, and 

genetic studies on the transcription machinery of all 3 kingdoms of life (prokaryotes, 

eukaryotes, and archaea) have advanced our knowledge about transcription 

significantly.  The dynamics of interaction between RNAP and transcription factors 

have been a subject of great interest.  Priorities have included elucidating the protein-

protein or protein-nucleic acid interaction between them and understanding how the 

interaction is initiated, maintained, and disrupted by regulatory signals or other factors 

(7).  In summary, RNAP interaction with transcription factors which modulate the 

catalytic activity of RNAP is an essential subject of study for understanding 

transcription regulation.  Understanding these interactions will eventually allow us to 
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get access to a more promising and effective control of gene expression on behalf of 

human beings in the future, for both diagnostic and therapeutic purposes.    

     In this introduction, I will discuss RNAP, bacterial transcription in initiation, 

elongation, and termination, some well-characterized transcription factors, and λQ-

mediated antitermination.     

      

RNA polymerase 
 

     RNAP is a complex enzyme that functions to carry out RNA synthesis based on the 

nucleotide sequence of the DNA template.  In prokaryotes, a single RNAP is 

responsible for the synthesis of rRNA, mRNA, and tRNA.  In eukaryotes, RNA pol I 

transcribes rRNA, RNA pol II transcribes small nuclear RNA and most mRNA, and 

RNA pol III synthesizes tRNA.  RNAPs of eukaryotes are more complex than those of 

prokaryotes in structure.  Eukaryotic RNA pol I, II and III are composed of 14, 12, and 

17 subunits respectively, while bacterial RNAP has 5 subunits (8, 9).  However, all 

RNAPs share a great degree of sequence homology and structural similarity as well as 

function.  For example, the 2 largest subunits of bacterial RNAP (β and β’) are highly 

conserved in eukaryotic RNAPs and contribute to the formation of the catalytic center 

(Rpa190 and Rpa135 for RNA pol I, RpbI and RpbII for RNA pol II, and Rpc160 and 

Rpc128 for RNA pol III) (Figure 1.1) (10). 

     In bacteria, the core RNAP consists of 5 subunits of α2, β, β’ and ω (37, 151, 155, 

and 10 Kda, respectively), and σ factor is associated with core RNAP to initiate 

transcription.  The core RNAP combined with σ factor is termed RNAP holoenzyme.  

σ factor confers the specificity of promoter recognition for transcription initiation and 

is also involved in melting the DNA double helix to allow the template strand to 

engage with the active site of RNAP (11, 12).  There are seven σ factors known to  
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Figure 1.1.  Comparison of RNA polymerase composition in bacteria, archaea, and 

eukaryotes.  The subunits are organized according to function and homologous 

subunits are color-coded.  Moving towards the right increases subunit complexity.  

Figure is taken from (10).     
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regulate and to specify the gene expression responding to the different environmental 

conditions in Escherichia coli (E. coli), but σ70 (70 Kda) is most commonly associated 

with RNAP as the housekeeping σ factor (13, 14).    

     Recent structural studies using electron microscopy and X-ray crystallography 

revealed the structures of RNAPs in all 3 domains of life.  RNAPs of Thermus 

aquaticus (Taq) and Thermus thermophilus (Tth) in bacteria, of Sulfolobus 

solfataricus in archaea, and of Saccharomyces cerevisiae in eukaryotes displayed a 

conserved structure in and around the active center, reflecting the fact that the 

fundamental transcription mechanism is the same among cellular RNAPs (Figure 1.1 

and 1.2) (10, 15).  Although the crystallographic structure of E. coli RNAP has not 

been determined, it is believed that its structure would be similar, especially to other 

bacterial RNAPs from Taq and Tth since the sequence and subunit composition of E. 

coli RNAP and Taq and Tth RNAPs is highly conserved. 

     The structure of Taq and Tth RNAPs resembles a crab claw (Figure 1.3).  The main 

channel of RNAP accommodates the downstream DNA and the RNA/DNA hybrid, 

and a conformational change opens or closes the channel through the clamp (16, 17, 

18).  After the RNAP holoenzyme initiates transcription, σ is released from RNAP to 

elongate the RNA transcript.  Structural studies of the Tth RNAP elongation complex 

suggests that the β-pincer portion of the jaws loses its interaction with σ and moves 

toward the RNA/DNA hybrid while the adjacent β-domain is reoriented to be close to 

the downstream DNA (19, 20).  On the other hand, a bridge helix (β’F) movement was 

also proposed to contribute to the more closed conformation of the channel in Taq 

RNAP (21, 22).  These structural alterations create a dramatic conformational change 

in RNAP from initiation to elongation, and it results in the elongation complex of  

RNAP adopting a more closed conformation to better hold the RNA/DNA hybrid.  In 

addition, the elongation complex is characterized as more stable, processive, and  
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Figure 1.2.  RNA polymerase structures from three domains of life.  RNAP structures 

of bacteria (left, T. aquaticus), archaea (center, S. solfataricus), and eukaryote (right, 

S. cerevisiae RNAPII).  Each subunit is presented in a unique color and labeled.  

Homologous subunits are depicted by the same color.  Figure is taken from (15). 
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Figure 1.3.  The Thermus aquaticus core RNAP structure.  The backbone is shown as 

worms, along with the transparent molecular surface.  The individual subunits are 

colored as indicated.  The Mg2+ ion in the active site is depicted as a yellow sphere.  

The Zn2+ ion bound in β’ is indicated by a light green sphere. Figure is taken from (9). 
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resilient to physical distresses, compared to the initiation complex of RNAP, probably 

due to more extensive interaction between nucleic acids and RNAP in the closed main 

channel and RNA exit channel (23, 24). 

     Conserved segments of the two largest subunits, β and β’, converge to form the 

active site (or catalytic center) of RNAP, which is located in the back wall of the main 

channel.  In the active site, one Mg2+ ion (MgI) is critical for catalysis of incoming 

NTP in order to incorporate it to the growing RNA transcript.  The three aspartic acids 

of a conserved NADFDGD motif in β’ (β’D) are known to chelate the active site 

Mg2+.  The other Mg2+ (MgII) in the active site stabilizes and positions the incoming 

NTP, and a conserved aspartic acid is proposed to coordinate it (9, 16). 

     A trigger loop (β’G) and a bridge helix (β’F) that traverses the main channel 

between β and β’ together form the secondary channel of RNAP (16).  The secondary 

channel provides the pathway for nucleotide substrates to diffuse into the active site 

and an accessible site for transcription factors such as GreA/B, guanosine 2’, 5’ 

bisphosphate (ppGpp), and DksA to modulate the catalytic activity of RNAP (25, 26, 

27).  The 3’ end of the RNA transcript is threaded into the secondary channel when 

RNAP is backtracked.  Backtracking of RNAP is a backward slippage on the 

RNA/DNA hybrid and is considered important for proofreading and responding to 

roadblocks on DNA.  GreA/B assists RNAP in cleavage of the backtracked RNA to 

continue polymerization by modulating RNAP through the secondary channel (28, 29, 

30, 31). 

          A β’ rudder (β’C) is positioned between the RNA/DNA hybrid and the 

downstream DNA, preventing them from moving towards to each other.  It is 

suggested that the rudder contributes to maintaining the stability of the transcription 

bubble (32).  A transcription bubble is created by denaturation of the DNA double 

helix and spans 12-14 nucleotides with 8-9 nucleotides of RNA/DNA hybrid engaged 
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within the bubble.  The RNA transcript emerging from the main channel of RNAP is 

enclosed by a flap –like region of the β subunit (βG) that is flexibly connected to the 

main body of RNAP (16).  In the initiation complex of RNAP, σ is bound to RNAP 

through an extensive interaction, and the loss of the flap interaction with σ is an 

essential component in the creation of the processive elongation complex of RNAP 

(11, 33).  In the intrinsic termination which is associated with an RNA hairpin 

followed by a U-rich region, the RNA hairpin alters the flap position and the flap 

interaction with nucleic acids, collapsing the elongation complex (34).  The flap was 

also reported to be an important region for phage antiterminator Qs to stabilize the 

transcription machinery into a form resistant to the sequence-mediated terminator (35). 

     The two α subunits of RNAP tether the β and β’ subunit together.  An α subunit is 

divided into 3 structurally and functionally distinctive domains: αNTD, a flexible 

linker, and αCTD.  αNTD contacts β and β’ and is engaged with other subunits of 

RNAP stably enough for co-crystallization.  In contrast, αCTD and the flexible linker 

are disordered in solution and do not establish a stable interface with the largest 

subunits of RNAP.  The α subunits are responsible for the assembly of RNAP through 

αNTP dimerization (16).  αCTD is known to interact with various transcription 

regulators such as transcription activators, repressors, and elongation factors (36, 37, 

38).  For example, αCTD binds to NusA, an elongation and termination regulator, and 

enables it to bind to the RNA transcript (39).  NusA is involved in pausing, 

termination, and antitermination according to the different cellular contexts and other 

transcription regulators interacting with it.  It will be discussed in more detail below 

along with other important transcription factors. 

     σ factor interacts with RNAP through a number of contacts dispersed throughout 

core RNAP although the strongest σ binding site is the coiled coil domain (540-585 

amino acid) of β’.  σ is divided into 4 conserved regions and the 4 regions are further 
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divided into subregions (Figure 1.4) (8).  The conserved regions 2.4 and 4.2 recognize 

respectively the –10 and –35 consensus elements of the promoter respectively (40, 41, 

42).  σ factor itself is unable to bind to the promoter due to σ region 1.1, which titrates 

region 2.4 and 4.2 from their partner promoter elements by direct or indirect steric 

interaction of region 1.1 with region 2.4 and 4.2 (43, 44, 45, 46).  σ region 3 is known 

to interact with the extended –10 element of promoter.  Upon RNAP holoenzyme 

binding to the promoter via σ factor, σ region 2.4 and 4.2 engage the –10 and –35 

elements respectively, which results in the formation of the open complex of RNAP.   

     Rounds of initial transcription release premature RNA transcripts smaller than 9 

nucleotides (nt) (11).  The initiation complex of RNAP develops into the elongation 

complex once a RNA transcript longer than 9-12 nt fills the main channel and the 

RNA exit channel, establishing a stable interaction with RNAP and the DNA template 

(11).  In the transition from the initiation complex to the elongation complex, RNAP 

undergoes a significant conformational change, resulting in σ dissociation and 

conferring the elongation complex stability and processivity to carry out long 

polymerization process.  

     The smallest subunit of RNAP, ω is in contact with the surface of the β’ subunit, 

but little is known about its function although it is thought to promote the assembly of 

RNAP (47).  Recently, a study reported that ω is necessary to respond to ppGpp in a 

stringent situation such as amino acid starvation (48).  

 

Transcription 

 

     Transcription in bacteria is a cycle of three stages, initiation, elongation, and 

termination.  Major events in the initiation stage are promoter recognition, the RNAP 

open complex formation, and abortive initiation.  In the elongation stage, RNAP 
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Figure 1.4.  Holoenzyme and promoter DNA interactions.  (a) Functional map of σ.  

Evolutionarily conserved regions are represented by numbered boxes and color-coded.    

Structural domains are indicated above the diagram.  Small colored arrows over the 

diagram represent σ-core contacts in the holoenzyme structure: electrostatic 

interactions, red; direct hydrogen bonds, blue; possible indirect hydrogen bonds, 

green; potential hydrophobic contacts, yellow.  Mutations in E. coli σ with strong 

negative effect on σ binding to core are indicated under the diagram by small black 

arrow heads.  The interactions made by DNA-binding domains of σ are indicated 

below.  (b) Model of Thermus thermophilus holoenzyme-promoter DNA complex.  

The molecular surface of RNAP is color-coded as follows: αI, light gray; σII, dark 

grey; β, yellow; β’, cyan; σ, magenta; ω, dark green.  DNA elements are shown as 

colored ribbons: nontemplate DNA, white; template DNA, green.  The molecular 

surface of αCTD dimer is color-coded: αCTD-I, light green; αCTD-II, olive.  σ 

surface is color-coded as follows: region 2.2, yellow; region 2.3, orange; region 2.4, 

red; region 3.0, brown; region 4.2, blue.  Zn2+ ion of the Zinc-finger domain is shown 

as a dark blue sphere.  Figure is taken from (8).   
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extends a short RNA chain to a mature RNA transcript, and the RNA transcript is 

released from RNAP during termination. 

 

Stage I. Initiation 

     Transcription starts as σ factor of RNAP holoenzyme recognizes and binds the –10 

and –35 hexamers through its conserved regions of 2.4 and 4.2 respectively, 

positioning RNAP to the promoter.  σ region 3 and αCTD also help RNAP engage 

with the promoter by interacting with the extended –10 element and by interacting 

with the UP element that is usually located upstream of the –35 element respectively 

(8, 49).  RNAP holoenzyme bound to the promoter is termed the closed complex.  

Once RNAP holoenzyme is bound to the promoter, it unwinds the DNA double helix, 

generating a transcription bubble ranging from –10 to +2 allowing the DNA template 

strand to move into the active site of RNAP (50).  RNAP holoenzyme with the 

unwound DNA in the initiation stage is termed the open complex.   

     Among the three stages of the transcription cycle, transcription initiation is the 

most extensively studied stage regarding regulation by transcription factors.  First, 

promoter sequences determine their affinity to RNAP.  Many of strong promoters 

display more consensus sequences in the –10 and –35 elements and have the UP 

elements (36, 41).  Second, small ligands like ppGpp and ATP regulate transcription 

initiation by interacting with RNAP according to the environmental conditions.  

ppGpp destabilizes the open complex formation at rRNA promoters under amino acid 

starvation.  On the other hand, higher concentration of ATP in the cell promotes the 

open complex formation, encouraging initiation to occur (51, 52, 53).  Third, specific 

proteins function as transcription regulators responding to the cellular signals (54).  

For example, cAMP-receptor protein (CRP) is activated by cAMPs accumulated under 

glucose starvation and other stresses in the cell, and NarL requires phosphorylation by 



 

 13

specific kinases sensing the extracellular level of nitrite or nitrate ions in the cell 

membrane.  Upon activation, they up-regulate their corresponding genes (37, 41, 55).  

     After the RNAP open complex begins to synthesize an RNA transcript, nascent 

RNA transcripts, whose sizes range from 2 to 15 bp, are released from the complex or 

further extended.  The process of reiterative synthesis and release of the initial RNAs 

at the beginning of transcription is called abortive initiation.  Abortive initiation is 

caused by σ region 2 and 4 that bind the promoter, the –10 and –35 elements, 

respectively.  The strength of the promoter and the amount of abortive initiation 

products are related: as the interaction between a promoter and RNAP holoenzyme is 

tighter, more abortive RNAs are produced (56, 57).  Approximately 12 nt of RNA 

transcript is required to establish a stable RNA/DNA hybrid in the bubble, to fill the 

RNA exit channel under the β flap, and to actively force σ region 3 and 4 away from 

the RNA exit channel.  This systematic structural change of RNAP is mediated by a 

growing RNA transcript and results in σ factor release.   

     Release of σ factor is necessary for RNAP to escape from the promoter (promoter 

clearance).  Recently, biophysical experiments using single molecule analysis reported 

another potential mechanism to explain how the initial bond between RNAP 

holoenzyme and the promoter is broken.  These studies indicate scrunched DNA is a 

stressed intermediate and the stored energy from melted DNA is used to break the 

connection of RNAP with the promoter (58, 59, 60).  In this model, σ stays bound to 

the promoter, and RNAP is rigid, keeping its upstream boundary on DNA, while the 

down stream DNA-double helix is unwound and scrunched into the transcription 

bubble and RNAP (Figure 1.5).       
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Figure 1.5.  The scrunching model for RNAP-active center translocation in abortive 

initiation.  Figure is taken from (59).   
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Stage II. Elongation 

     In the late initiation stage, RNAP undergoes a transition from the open complex, 

which is more relaxed and reversible to the closed complex, to the elongation 

complex, which is more stable, resistant, and highly processive.  During elongation, 

the RNA chain is extended to a complete RNA transcript at a speed of 50-90 nt per 

second.  However, in spite of the high processivity of the elongation complex, 

elongating RNAP is known to pause by two major pathways.  First, the RNA 

secondary structure causes RNAP to be paused.  Examples are his- and trp- pause in 

which RNA hairpins interact with RNAP (61, 62).  Second, roadblocks on DNA such 

as DNA-binding proteins, DNA lesions, and specific DNA sequences are known to 

halt RNAP (63).  RNAP pausing can cause dissociation of the elongation complex.  

For example, a paused RNAP is more vulnerable to backtracking or termination by ρ, 

a main bacterial transcription termination factor that chases RNAP along the upstream 

of RNA transcript.  While backtracking, the 3’ end of RNA is disengaged from the 

active site and emerges into the secondary channel.  GreA/B is an elongation factor 

that helps RNAP cleave the extruded RNA to resume RNA elongation (64).  Structural 

studies with GreB revealed that its amino (N)- terminal coiled coil domain extends to 

the active site through the secondary channel and stimulates RNAP to cleave the 

backtracked RNA (65, 66, 67).  The carboxy (C)- terminal globular domain of GreB 

interacts with the rim of the secondary channel, the C-terminal coiled coil in the β’ 

subunit (65, 66, 67).  Pausing is also necessary for antitermination factors such as 

phage Q proteins to be engaged with the elongation complex of RNAP.  In early 

elongation, Q proteins recognize the paused complex of RNAP and may become a 

subunit of the elongation complex (64). 

     Mfd, a transcription repair coupling factor, functions in reactivating or recycling 

arrested RNA during elongation while it also functions as termination factor.  It forces 
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backtracked RNAP to forward-translocate the DNA template until the disengaged 3’ 

end of RNA is in register with the catalytic center of RNAP.  When forward-

translocation of RNAP is hindered by roadblocks on DNA such as DNA lesions or 

DNA-bound proteins, Mfd functions to dissociate the paused RNAP complex and 

transcription is terminated (68).  Mfd recruits DNA excision-repair proteins via its 

region homologous with UvrB, a main component of the bacterial NER system 

(Nucleotide Excision Repair) while it interacts with RNAP stalled at the DNA lesion 

(69). 

     NusA is another important transcription factor to regulate RNAP in the elongation 

stage.  NusA, by itself enhances intrinsic termination and pausing caused by a 

secondary structure of RNA transcript (70).  However, it also augments 

antitermination of phage λQ and N against both intrinsic and ρ dependent termination 

along with other Nus proteins, NusG, NusB, and NusE (71, 72, 73, 74). 

 

Stage III. Termination  

     In bacteria, there are two major mechanisms of termination, intrinsic and ρ 

dependent termination.  Intrinsic termination is caused by nucleic acid sequences that 

create a secondary structure, a hairpin loop, followed by a U-rich segment in RNA 

transcript.  These two elements of intrinsic terminator destabilize and dissociate 

otherwise stable elongation complex, releasing the RNA transcript and enzyme for 

recycling (75, 76).  The RNA hairpin destabilizes the RNA/DNA hybrid in the 

elongation complex, collapsing the transcription bubble.  The A-U base pairing 

followed by the hairpin facilitates termination since it is a weaker bond, easily 

denatured by physical stress.  The mechanism of intrinsic termination is unclear, 

however three possible models have been proposed (discussed below).  ρ is a 

hexameric helicase and translocase.  It binds the cytosine-rich site in RNA (rut site), 
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moves along with the RNA transcript using the energy from ATP hydrolysis, and 

unwinds RNA/DNA heteroduplex (and possibly interacting with RNAP), terminating 

elongation (77, 78). 

     Termination has been studied extensively in terms of regulation along with 

initiation.  Various termination and antitermination transcription factors have been 

found to modulate RNAP to bypass or to facilitate the activity of termination signals 

while transcription machinery elongates the RNA transcript.  Phage N protein, a 

critical lytic regulator in phage λ, along with E. coli host factors, Nus proteins, 

prevents both intrinsic and ρ dependent termination while phage Nun protein with Nus 

proteins functions as terminator (71, 73, 79, 80).  Nun protein causes an arrest at λ 

nutR and nutL sites.  In vitro, the N-terminal domain of Nun binds to nascent λ nut 

RNA, whereas the C-terminal domain of Nun interacts with RNA polymerase and the 

template DNA (81).  NusA, a paradoxical elongation and termination regulator, 

enhances pausing at certain sites and intrinsic termination, presumably by interacting 

and stabilizing the RNA hairpin structure, however, NusA is also necessary for λN-

mediated antitermination (Figure 1.6).  NusA is not required for phage λQ-mediated 

antitermination in vivo but λQ antitermination is significantly stimulated with NusA in 

vitro (82).  A recent biochemical study with phage λQ related 82Q suggested a 

possible configuration to explain the mechanism of NusA-dependent Q 

antitermination (35).  In the study, 82Q shields the emerging RNA transcript near the 

RNA exit channel in a NusA dependent manner, and 82Q is sufficient to overcome the 

pausing effect of NusA, suggesting reposition of NusA in presence of 82Q (35). 

     Attenuators also regulate termination to turn gene expression on or off.  

Tryptophan (trp) operon is expressed in Trp starvation since the ribosome is stalled at 

trp codons on the RNA transcript and this pausing prevents a termination hairpin 

structure, from being formed (83).                    
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Figure 1.6.  The model for λN-mediated antitermination.  N changes the conformation 

of NusA, which allows the putative RNA binding domain (S1) of NusA to bind to the 

left shoulder of the unfolded termination hairpin more tightly.  RNAP induces a 

change in NusA structure so that S1 and KH domain of NusA bind the nut site.  NusA-

nut-N interaction stabilizes the core antitermination complex.  RNAP is shown in grey 

with three functionally different RNA binding sites: HBS, hybrid binding site; RBS, 

tight RNA binding site; UBS, weak upstream binding site.  U7 is the termination site 

for tR2 terminator.  Figure is taken from (79).   
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     The mechanism of intrinsic transcription termination 

     The elongation complex of RNAP is highly stable and can traverse kilobases of the 

template DNA without dissociation.  This stability is attributed to stable nucleic acid-

protein interactions: the RNA-DNA hybrid in the main channel, the nascent RNA in 

the exit channel, and the DNA double helix near the clamp of RNAP.  However, the 

stable elongation complex must be disrupted when it encounters termination signals on 

the template DNA so that the downstream genes are not expressed unnecessarily.  As 

described above, intrinsic terminators are characterized by two sequence motifs: 

formation of a stable stem-loop structure (terminator hairpin) followed by a U-rich 

sequence in the nascent RNA.  Since the strength of the RNA-DNA hybrid determines 

the stability of the elongation complex, the thermodynamically weak rU-dA hybrid 

destabilizes the complex, causing pausing and slippage of RNAP.  The role of the 

terminator hairpin has been debated among three models.   

     In the forward translocation model, the hairpin forces RNAP to move forward 

without RNA synthesis, therefore, releasing the RNA transcript  (75, 84, 85).  Forward 

translocation involves unwinding and rewinding DNA in front of and behind RNAP, 

respectively, which explains why downstream duplex of DNA affects termination 

efficiency since an AT-rich sequence favors termination.  Studies supported this 

model by demonstrating that a blockage of forward movement of RNAP inhibits 

termination and that preventing the upstream bubble from annealing removes forward 

translocation (84, 85).  Another study presented that Mfd-mediated termination is also 

exerted by forward translocation (86). 

     In the RNA shearing or hairpin invasion model, the hairpin stem extends into 

RNAP and therefore, the RNA exit channel and the main channel must be open to 

accommodate it (87).  This rearrangement of RNAP results in melting the 3’ end of 

the RNA-DNA hybrid, dissociating the elongation complex.  While this study 
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contradicts the allosteric control model (see below), it does not preclude the forward 

translocation model: the authors discussed that the features of a terminator and its 

downstream DNA may determine a termination pathway between the forward 

translocation and the RNA invasion model (87).  A recent study with single molecule 

analysis using optical tweezers added a support on this discussion (88).  Termination 

efficiency of three different intrinsic terminators (t500, his, and tR2) was analyzed by 

applying loads on nucleic acids (e. g. the upstream RNA and template DNA) of a 

single elongation complex.  Interestingly, forward translocation was observed for t500 

terminator, but not for his and tR2, while RNA shearing was shown for his and tR2.  

This study, therefore, proposed an alternative mechanism for intrinsic termination 

involving the forward translocation and the RNA shearing model dependent on the 

sequence of the U-stretch. 

     Although the role of the hairpin is different in details among three models, hairpin-

induced collapse of the upstream portion of the RNA: DNA hybrid is generally 

supported by studies (89, 90, 91).  In a study with T7 RNA polymerase, changes of 

fluorescence-site directly tagged to RNA suggested a conformational change of the 5’ 

end of the hybrid upon the terminator hairpin formation (91).  This study also argues 

the locking effect of RNAP by the hairpin so that the elongation complex is in register 

with the termination site without slippage or translocation.  A change in cross-linking 

patterns of the upstream of the RNA: DNA hybrid is another piece of strong evidence 

that the terminator hairpin functions in disrupting the RNA: DNA hybrid which is a 

main stability determinant of the elongation complex (89). 

     The allosteric control model is focused on the communication between the active 

site in the main channel and the RNA exit channel behind the flap domain (89, 92, 93).  

According to this model, hairpin formation disrupts interactions critical for elongation 

complex integrity that occur in RBS (the single stranded RNA binding site in the RNA 
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exit channel), HBS (the hybrid binding site in the active site), and DBS (the duplex 

DNA binding site in the clamp).  The terminator hairpin melts the upstream portion of 

the rU:dA hybrid (at least 2-3 bp) and disrupts RNA interaction with the flap domain, 

which contributes to decrease ∆GHBS and  ∆GRBS.  The instability of the elongation 

complex is the sum of the free standard energy changes of RBS, DBS, and HBS: 

∆GTEC (Transcription Elongation Complex) = ∆GRBS + ∆GDBS + ∆GHBS (89).  Therefore, the 

hairpin formation destabilizes the stability of the elongation complex, resulting in its 

dissociation.  It was also shown that the amino acid substitutions in the clamp (DBS) 

affect intrinsic termination (93).  Because DBS and the hairpin formation site are 

spatially distant, only significant conformational transition by way of mobile elements 

of RNAP can explain the phenomenon.  Recently, it was postulated that the trigger 

loop that constitutes the side wall of the DNA binding clamp, opens the clamp so that 

the transcript and DNA can be released (93).  This is supported by evidence that the 

hairpin contacts the trigger loop (93). 

     The allosteric model explains how the transcription elongation/termination factors 

that function in the RNA exit channel (the β flap) can modulate RNAP to facilitate or 

to inhibit pausing or termination.  There are many transcription regulators that target 

the flap.  For example, a deletion of the flap tip helix (β900-909) abolishes NusA-

mediated pausing, stressing the interaction of NusA and RNA with the flap tip helix to 

modulate catalysis in the active site (92).  The flap domain is also one of the major 

regions that σ factor interacts with in RNAP.  Recently, the interaction between the 

flap domain and antiterminators such as 82Q and λQ has been studied (35, Hochschild 

A, unpublished, Purdue S, unpublished).  Also, 82Q is proposed to function in 

antipausing while it protects the RNA transcript near the flap domain (35).  Therefore, 

an allosteric control might explain how the flap-interacting transcription factors can 

regulate processivity of the elongating RNAP. 
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Transcription regulation in bacteriophage lambda 

 

     The lysis-lysogen decision of bacteriophage lambda (λ) is a paradigm for 

developmental genetics; λ exerts a tight regulation on genes needed for the two states 

of phage.  E. coli and its temperate phage λ are in a symbiotic relationship.  Phage λ 

can exist in a lysogenic state as prophage, replicating its genome passively with the 

host genome, or it can develop lytically, producing progeny phages and killing the 

host by lysis (94, 95).  The decision to choose between lysogenic and lytic states is 

dependent on environmental signals and the number of infecting phages per cell 

(Figure 1.7A and 1.7B) (96).  The lysogenic prophage is stable but it enters the lytic 

pathway in response to DNA-damaging agents such as UV that lead to an SOS 

response.   

     If phage λ follows the lysogenic pathway, its genome integrates into host 

chromosome and the expression of lytic proteins is repressed.  This repression is 

performed by the phage CI protein which binds the oL and oR operators that overlap 

the two lytic promoters, pL and pR.  Concentration of phage CII protein needs to reach 

a high threshold initially for entry into the lysogenic state.  CII facilitates the synthesis 

of integrase and CI and inhibits the function of Q protein, a determinant of late lytic 

gene expression.   

     Q is repressed by CII in two ways.  First, CII activates antisense paQ RNA, and 

second, it activates pRE to synthesize CI which in turn, represses the pR promoter 

under which Q is expressed (96, 97).  For the lytic pathway, Cro is the essential 

regulator that is a weak repressor for pR allowing a continuous expression of lytic 

genes from the pR promotor.  Although controversial, it is believed that Cro also 

represses CI by binding to oR3, which turns off the pRM promoter that CI is expressed  
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Figure 1.7 (A)  The λ genome.  The λ genome is circular and composed of 48502 base 

pairs.  Genes are depicted as colored boxes, promoters as arrowheads, transcripts as 

colored lines above or below the genes, and the terminators as circles.  A few 

important genes are marked.  Groups of genes are color-coded: lysogenic genes, red; 

early lytic genes from pR, green; early lytic genes from pL, blue; late lytic genes from 

pR’, purple.  The genes required for integration and excision (int and xis) are shown in 

orange.  Transcripts from cII-activated promoters are marked with yellow lines.  The 

cohesive ends (cos) and phage attachment site (attP) are depicted by a black circle and 

black rectangle, respectively.  Figure is taken from (94).  (B)  Decision making steps 

by phage λ.  After phage λ infects a host cell, it can follow either of two pathways, the 

lytic respose (left) or the lysogenic response (right).  The lysogenic cell carrying a 

prophage is shown in orange.  The prophage is irreversibly induced to enter the lytic 

pathway when a threshold amount of DNA damage causes SOS response.  Figure is 

taken from (96).     
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from (96).   

     Phage N protein is a lytic regulator that antiterminates transcription terminal 

signals, allowing distal genes of the pL and pR operon to be expressed.  N-mediated 

antitermination is composed of the specific RNA sites, nutL and nutR, host 

transcription factors, Nus proteins, and N (96, 98, 99).  Each nut site is divided into 

two segments of BoxA and BoxB.  As N binds the BoxB, an RNA stem-loop structure, 

it associates with NusA, NusG, and RNAP.  BoxA is a binding site for NusB and 

NusE.   

     Upon activation of the lytic pathway, phage Q protein, another crucial 

antiterminator, is accumulated to allow RNAP to transcribe the lytic genes from the 

pR’ promoter, which is necessary to encode lytic proteins for phage morphogenesis 

and host cell lysis.  λQ-mediated antitermination is discussed in more detail below. 

 

I. Bacteriophage λQ  

     Phage λQ protein is an antiterminator that is required for late gene expression from 

the pR’ promoter when prophage decides to follow the lytic pathway.  Little is known 

about the overall structure of λQ whose size is 22.5 Kda.  It is homologous to a 

chaperone protein, DnaJ in its internal and C-terminal region where 4 Cysteine 

residues generate a putative zinc finger domain (100, 101, 102).  A mutational analysis 

of λQ suggested that the N-terminal domain of λQ might be critical for structural 

stability while the C-terminal domain of λQ might be involved in binding DNA with 

its putative zinc finger motif.  There are λQ related antiterminators such as 21Q, 80Q, 

and 82Q from other phages (102).  Among them, 80Q shares the most similarity with 

λQ in the amino acid sequence as 47% identity although it has additional non-

homologous sequence in the middle (102).   

     The phage late genes from pR’ are unable to be expressed without assistance by λQ 



 

 26

because an intrinsic terminator exists in the downstream portion of the pR’ promoter.  

RNAP falls off at the terminator by itself.  A couple of events are prerequisites for λQ 

to be engaged with RNAP for antitermination.  First, λQ binds QBE (Q binding 

element) between the –10 and –35 elements of pR’.  Second, σ-mediated RNAP 

pausing immediately after transcription initiates is required (Figure 1.8) (103, 104).  

The RNAP pausing by σ occurs at a –10-like sequence about 12 bp downstream from 

the –10 element.  σ region 2 binds the –10-like sequence, which causes RNAP pausing 

(promoter proximal pause), and this paused complex of RNAP holoenzyme is an 

essential substrate for λQ.   

     The existence of σ in the paused complex is necessary, possibly conferring a 

special conformation of core RNAP needed for λQ binding or directly connecting λQ 

and core RNAP.  A mutant σ factor, RpoD402 that bypasses the promoter proximal 

pause prevents λQ modification of RNAP, and an artificial RNAP paused complex 

without σ also fails λQ modification, stressing the importance of both pausing event 

and σ presence (105).  Studies showed that σ region 4 is rearranged upon λQ 

modification in the paused complex and a study reported a physical interaction 

between σ region 4 and λQ, implying an direct role for σ in λQ modification and/or 

λQ-mediated σ dissociation from the paused complex.   

     Once λQ is engaged with RNAP, it becomes a subunit of the elongation complex 

and the λQ modified RNAP antiterminates the downstream terminator, resulting in 

late lytic gene expression.  Along with the antitermination activity in the pR’ 

promoter, λQ alters RNAP, conferring an increased elongation rate, reduced pausing, 

and resistance to both intrinsic and ρ-mediated terminators in vitro (103, 106).  

Although λQ exerts the remarkable features described above, the mechanism of how 

λQ transforms RNAP is unclear.  Many studies have sought the answer by examining 

the λQ relationship with proteins that are involved in λQ activity, such as  
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Figure 1.8.  λQ-mediated antitermination at the pR’ promoter.  Proteins and nucleic 

acids are color-coded: RNAP, grey; σ factor, cyan; λQ, red; the DNA double helix, 

black; the -10 and -35 element, green and blue, respectively; the -10-like element, 

pink; RNA transcript, orange.  The intrinsic terminator downstream of the promoter is 

marked as ‘ter’.  Once transcription begins, λQ engages with RNAP which is paused 

due to σ bound tightly to the -10-like sequence.  λQ modified-elongation complex 

antiterminates the terminator and transcribes the late lytic genes of λ.   
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RNAP, σ, and NusA.  Combined, comprehensive knowledge from all those studies 

will be necessary elucidate λQ action on RNAP.  Especially, the physical and 

mechanistic interaction between λQ and RNAP needs to be dissected to illuminate 

λQ-mediated transformation of RNAP.   

     For this reason, this study was focused on understanding the physical interaction 

between λQ and RNAP, hoping to contribute to improving our knowledge about the 

mechanism of λQ-mediated antitermination.  First, λQ binding regions of RNAP and 

the λQ regions necessary to bind RNAP were examined through genetic experiments.  

This is discussed in Chapter 2.  Second, RNAP mutants that diminish λQ 

antitermination in vivo and in vitro are discussed in Chapter 3 and 4.  Before 

presenting the results from this study, RNAP mutants that were identified from a 

previous study for reduced λQ (and 82Q) antitermination are summarized and 

discussed.  

 

II. Previous study: RNA polymerase mutants that affect in λQ-mediated 

antitermination in vivo and in vitro  

     Using an in vivo reporter system for λQ-mediated antitermination, seventeen 

RNAP mutants that interfered λQ antitermination were isolated (Figure 1.9) (106).  

One is located in the β’ subunit, while sixteen RNAP mutants are in the β subunit.  

The seventeen β and β’ mutants were divided into 5 classes in terms of their location: 

first, within the hybrid binding region (β517 and β1058), second, in the β flap domain 

(β835 and β839), third, near the catalytic center and secondary channel (β675, β673 

and β678), fourth, near the bridge helix (β814, β815, β1274, and β’921), and fifth, 

near the surface (β602, β620, β644, β646, β653, and β702) (106).  Some of the 

surface mutants, β602, β620, and β702 were identified as double mutants along with 

internal mutants.  Since the reporter assay is to detect whether Q antitermination is  
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Figure 1.9.  Previously isolated RNAP mutants that weaken Q-mediated 

antitermination in T. aquaticus elongation complex.  The mutants are labeled with 

equivalent E. coli residue numbers.  Except in the upper-left structure, the β subunit is 

depicted as a wire frame to expose the inside of RNAP and the nucleic acids.  The 

subunits are color-coded: α1 NTD, yellow; α2 NTD, green; β, cyan; β’, violet; non-

template strand, dark grey; RNA transcript, orange; β’ f-helix, purple; β helix 673-

687, dark blue; Mg2+ in the active site, dark green.  Substitutions are labeled, space-

filled, and colored with green and red.  Figure is taken from (106).    
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affected or not, the RNAP mutants isolated through the assay may be either functional 

or binding mutants. 

     These spatial groups indicated that many of RNAP mutants affecting λQ  

antitermination are located in the interior of RNAP, near the active site, secondary 

channel, and RNA/DNA hybrid, and suggested the possibility of λQ-mediated 

rearrangement of internal residues (106).  It also revealed a possible antitermination 

mechanism by λQ in that λQ modification may strengthen the RNAP interaction with 

the hybrid, making it more resistant to disruptions by terminators that involve RNA 

(106).  The intrinsic terminator, where an RNA hairpin loop shortens the RNA/DNA 

hybrid, possibly works by weakening RNAP interaction with the hybrid although the 

details of the intrinsic termination mechanism have to be further clarified in the future.  

λQ-mediated stabilization of the hybrid seems to be even more plausible considering a 

recent study.  The authors reported that 82Q does not function in Mfd-mediated 

termination that acts on the upstream DNA, however it does function both in the 

intrinsic and in the ρ-dependent termination that involve the nascent RNA transcript in 

the RNA exit channel (35).  
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Chapter 2 

 

A POTENTIAL λQ BINDING REGION IN THE LARGEST SUBUNITS OF 

ESCHERICHIA COLI RNA POLYMERASE  

 

Summary 
 

     Once λQ is engaged with RNAP at the σ-dependent promoter proximal pause in 

the pR’ promoter, it becomes a subunit of the elongation complex of RNAP, stably 

bound to RNAP throughout elongation (103).  It is well known that λQ-modified 

RNAP overcomes the downstream terminators and displays an enhanced processivity, 

featuring less pausing and faster elongation (106).  However, the mechanism of λQ 

modification of RNAP for antitermination and processivity is still unclear.  The most 

fundamental studies to elucidate these questions would be to identify where λQ 

interacts with RNAP and what consequences follow in RNAP by the interaction.  

Therefore, the λQ binding site in RNAP was investigated using genetic experiments, 

the yeast two-hybrid assay and the titration assay, and the results are discussed in this 

chapter. 

     First, the λQ interaction with the largest subunits of RNAP, β (1342 amino acids) 

and β’ (1407 amino acids), was analyzed, and the results showed λQ bound more 

strongly to β than β’.  Second, the smaller pieces of β or β’ were examined in order to 

further narrow down the λQ binding site.  The results identified three segments of 

RNAP: the strongest binding region, β501-832, the second region, β1058-1241, and 

the third region, β’343-484.  Third, within β501-832, a potential λQ binding 

region, β600-681, was investigated to determine whether it interacted with λQ since 

this region included a number of RNAP mutants that previously reported to weaken 
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λQ-mediated antitermination.  The result confirmed that λQ interacted with β600-681.  

Therefore, this study presents β600-681 to be the smallest fragment of RNAP that has 

been identified to interact with λQ so far.  Finally, λQ was truncated and tested for 

protein-protein interaction to verify its important domains in binding RNAP.  When 

the N-terminal region was cleaved, λQ binding to β501-832 and β1058-1241 was 

diminished, suggesting that the N-terminal domain of λQ might be important for 

binding RNAP or for maintaining structural integrity. 

 
Introduction 

 

     λQ engagement with RNAP requires a specific configuration of RNAP that 

requires the transcription factor σ.  σ region 2 binds the –10-like element that is 12 bp 

downstream from the –10 element, and this causes RNAP to pause.  Both pausing and 

the presence of σ are considered essential for λQ modification since neither a σ 

mutant (RpoD402) that bypasses the promoter proximal pause nor artificially paused 

RNAP without σ at the site is modified by λQ (105, 107).  It was reported that λQ 

interacts with σ region 4 in the yeast two-hybrid assay and in vitro binding assay and 

that λQ rearranges σ region 4, displacing it downstream in DNA foot printing assays 

(104, 108).  Therefore, it is thought that λQ facilitates RNAP escape from the 

promoter proximal pause by interfering or displacing σ.  Energy accumulated from a 

possible scrunching of the downstream DNA might also be used in order that RNAP 

escapes the paused state.   

     We know that λQ interacts with QBE (Q binding element) between the –35 and –

10 elements and σ before RNAP forms the stable elongation complex (108).  

However, we should answer the essential questions, how λQ becomes a subunit of 

RNAP in the elongation complex after σ is released in the early elongation stage and 
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where λQ interacts with elongating RNAP, to understand the mechanism of λQ-

mediated antitermination.   

     A previous study where seventeen RNAP mutants in the β and β’ subunit were 

isolated showed many of the mutants are in the internal region of RNAP: in the 

catalytic center, in the hybrid binding site, near the bridge helix, and in the secondary 

channel (106).  Since these regions probably are not easily accessible, they were 

considered to be functional mutants rather than binding mutants.  Functional mutant 

means that these mutants affect the underlying mechanism of λQ antitermination, for 

examples, stabilization of the hybrid or active site remodeling to enable 

antitermination.  Some mutants were mapped in the β flap and in the surface region of 

RNAP, suggesting these could be λQ-binding mutants since λQ is more easily 

accessible to these regions compared to the internal mutants (106).  However, in order 

to determine these mutants are functional or binding mutants, further investigation will 

be necessary. 

     Another previous study with 82Q, a relative of λQ, showed evidence that 82Q 

binds to truncated β subunits (109).  Initially, it was noticed that over-expression of 

β1-681 inhibits 82Q antitermination.  Then, the N-terminal region of the fragment was 

truncated in different sizes to identify the minimal region to interact with 82Q (109).  

The truncated fragments titrated 82Q until more than 654 amino acids from the N-

terminus was missing (109).  The smallest fragment that this study showed to interact 

with 82Q is β600-681 (109).  This study also implicated the smaller fragment β600-

654 in contact with 82Q after observing that β655-681 did not interact with 82Q. 

     In this study, experimental strategies were set up based on the evidences from the 

previous studies in order to narrow and map the binding site of λQ on RNAP.  The 

protein-protein interaction between λQ and RNAP was studied to map the binding site 

of λQ in RNAP using the yeast two-hybrid assay.  The largest subunits of RNAP and 
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their truncated fragments were analyzed for λQ binding, and the RNAP surface 

mutants isolated previously were investigated since they were thought to be a potential 

λQ binding site due to their accessibility.  From the yeast two-hybrid assay, a potential 

λQ binding site in RNAP was mapped successfully into approximately 330 amino 

acids of the β subunit (β501-831).   

     The potential λQ binding region of RNAP (β501-831) was further defined into 

about 80 amino acids (β600-681) of the β subunit by the titration assay.  In vivo 

experiments demonstrated that the RNAP surface mutants within β600-681 were not 

defective in binding λQ, suggesting that the surface region is not significant for λQ 

binding.  In addition, this study presented that the N-terminal domain of λQ might be 

important for λQ to bind potential binding regions in RNAP through the yeast two-

hybrid assay.  

 

Results 

 

Physical interaction between λQ and the two largest subunits of RNAP 

     Knowing that λQ is contained in the core RNAP in the elongation complex, it was 

hypothesized that λQ should be engaged with one or both of the largest subunits of 

RNAP.  Therefore, first, protein-protein interaction between λQ and the β (1342 

amino acids) and β’ (1407 amino acids) subunits was examined through the yeast two-

hybrid assay.  A two-vector system was engineered with bait and prey constructs 

conjugated with two proteins of interest.  A reporter gene, β-galactosidase was then 

monitored for levels of expression.  The expression of the reporter gene is correlated 

with the strength of interaction between two proteins: the higher the expression of 

reporter gene, the stronger the interaction between the two proteins of interest.  The 

result showed that λQ interacts with β more strongly than β’, by approximately 3 fold 
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(Figure 2.1A).  The intensity of interaction of λQ with β or β’ was consistent and 

noteworthy but generally low, which is presumably due to a low expression level of 

λQ or slightly slow growth of the cell harboring λQ.  It is generally observed that λQ 

over-expression is moderately toxic to the growth both in bacterial and in yeast cells 

throughout this study. 

     After the β subunit was found to interact with λQ, 5 fragmented regions of β, 

termed B1-5, were tested with λQ.  The strongest interaction was identified between 

B2 (β501-832) and λQ which was approximately twice as strong as that between the 

whole β subunit and λQ (Figure 2.1B and 2.1C).  Another milder but noticeable 

interaction was detected between λQ and B4 (β1058-1241).  The interaction of B4 

region with λQ was stronger than the β subunit and weaker than B2 with λQ. 

     Although β’ interaction with λQ was much weaker compared to β with λQ, we 

wanted to identify any region(s) within the β’ subunit interacting with λQ.  β’ was 

divided into 12 smaller fragments, termed C1-12, according to the three dimensional 

structure of Thermus thermophilus (Tth) (Figure 2.1D).  The C4 region (β’343-484) of 

β’ displayed an interaction with λQ in the yeast two-hybrid assay (Figure 2.1E).  The 

intensity of binding between C4 and λQ was about 3 and 4 fold lower than B4 and B2, 

respectively, but 2 fold higher than the whole β’ subunit.   

     It is interesting to find that the three regions, B2, B4 and C4 of RNAP that interact 

with λQ are close together in the folded structure of Tth and Taq RNAP.  This fact 

suggests the possibility that these three regions create a docking site for λQ to bind 

(Figure 2.1F).  Next, the B2 region, the strongest and biggest binding region for λQ 

among them was investigated further.  
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Figure 2.1 (A)  λQ interaction with the two largest subunits (β and β’) of RNAP in a 

representative yeast two-hybrid assay.  λQ is cloned into pAS2 while β or β’ into 

pACT2.  For a negative control, empty pACT2 was assayed with λQ.  
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Figure 2.1 (B)  The 5 divisions of rpoB for the yeast two-hybrid assay.  In the top 

panel, 5 regions of the β subunit, termed B1-5, are depicted in a bar with indicative 

numbers of amino acid.  The division is based on the three dimensional structure of 

bacterial RNAP (68).  In the bottom panel, B1-5 are shown in the T. thermophilus 

elongation complex. The 5 regions were color-coded: B1, yellow; B2, red; B3, cyan; 

B4, blue; B5, green.  The β’ subunit is shown in white strands while other subunits 

(α1-NTD, α2-NTD, and ω) are in white wire-frames.  The nucleic acids are depicted 

as space-filled: the RNA transcript, orange; the template DNA, grey; the non-template 

DNA, black.  The Mg2+ ion (MgI) in the active site is shown in red-orange. 
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Figure 2.1 (C)  λQ interaction with B1-5 of the β subunit in the yeast two-hybrid 

assay.  The interaction of λQ with empty pACT2 was assayed as a negative control, 

respectively. 
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Figure 2.1 (D)  The 12 divisions of rpoC for the yeast two-hybrid assay.  In the top 

panel, 12 regions of the β’ subunit, termed C1-12, are depicted in a bar with indicative 

numbers of amino acid.  The division is based on the three dimensional structure of T. 

thermophilus RNAP.  In the bottom panel, regions corresponding to C1-12 are shown 

in the T. thermophilus elongation complex. The 12 regions are depicted in unique 

colors: C1, cyan; C2, yellow; C3, blue; C4, green; C5, bluegreen; C6, redorange; C7, 

orange; C8, grey; C9, white; C10, red; C11, magenta; C12, purple.  The β subunit is 

shown in white ribbons while other subunits (α1-NTD, α2-NTD, and ω) are in white 

wire-frames.  The nucleic acids are depicted as space-filled: the RNA transcript, 

orange; the template DNA, grey; the non-template DNA, black.   
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Figure 2.1 (E)  λQ interaction with C1-12 of the β’ subunit in a representative yeast 

two-hybrid assay.  The interaction between empty pACT2 and λQ was assayed as a 

negative control. 
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Figure 2.1 (F)  Three regions of RNAP identified to bind λQ in the T. thermophilus 

elongation complex.  The strongest binding region, B2 (β501-832), is depicted as red, 

the second strong binding region, B4 (β1058-1241), as blue, and the third strong 

binding region, C4 (β’343-484) as green.  The rest of β and β’ is shown in white 

ribbons and strands, respectively.  The ω subunit and the α1- and α2-NTD are shown 

in wire-frames.  The nucleic acids are space-filled and color-coded: the RNA 

transcript, orange; the template DNA, grey; the non-template DNA, white.    
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Searching for a minimal region required for λQ interaction within B2 (β501-832) 

     The B2 region is composed of 332 amino acids, and in the structure of Tth 

elongation complex of RNAP, it forms the two spatially separated lobes of β501-700 

and β701-832 (Figure 2.2A).  The first lobe, β501-700 is more conserved in RNAPs 

since approximately half of the region contributes to formation of the active site and 

main channel.   

     β501-700 (B2-lobe 1) was considered more interesting than β701-832 (B2-lobe 2) 

since it contains many of previously isolated RNAP mutants for a reduced λQ-

mediated antitermination.  Among the previous 16 mutants in the β subunit of RNAP, 

about half of them are within β501-700: βL644S, βS646G, βΜ653L, βH673L, 

βD675Y/V, and βR678C as single mutant and βE602K (βE814G) and βN620I 

(βD814V) as double mutant.  For this reason, it was likely that λQ binding region 

might reside within B2-lobe 1 of B2 rather than B2-lobe 2. 

     Since we were unable to further define the λQ binding region in B2 through the 

yeast two-hybrid assay, a different approach was necessary.  A previous study 

reported that β1-681 of RNAP sequesters 82Q from RNAP in the cell in the titration 

assay (109).  Through a series of digestions from the N-terminal region of the 

fragment, the study found that β515-681 and β600-681 or a fragment containing more 

N-terminal sequence titrate 82Q when overexpressed in a reporter strain (see Materials 

and Methods) (109).  The titration effect was attributed to the fragments of β that can 

bind and sequester 82Q from cellular RNAPs.  On the other hand, the titration effect 

disappeared with any fragment smaller than β655-682 (109).   

     We tested β515-681 (B2-J), β600-681 (B2-K), and β655-682 (B2-L) with λQ using 

the titration assay in attempt to map a more defined λQ binding region than B2 since 

these are within B2-lobe 1 which is more likely to include a binding region for λQ 

than B2-lobe 2.  The results demonstrated that λQ was titrated by B2-J and B2-K but  
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Figure 2.2 (A)  The B2 region composed of two spatially distinctive lobes in T. 

thermophilus elongation complex.  For clarity, subunits of RNAP are shown in white 

wire-frames except β in white ribbons.  B2-lobe 1 (β501-700) and B2-lobe 2 (β701-

832) are in red and green ribbons, respectively.  The nucleic acids are space-filled and 

color-coded: the RNA transcript, orange; the template DNA, black; the non-template 

DNA, grey.    
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not by B2-L as expected from the previous study with 82Q (Figure 2.2B and 2.2C).  

Upon over-expression of B2-J and B2-K, the reporter gene, β-galactosidase, 

expression was reduced by approximately 1.5 and 3 fold respectively, compared to a 

negative control.  B2-L showed a similar expression level of β-galactosidase to the 

negative control, therefore no titration effect of λQ occurred with B2-L.   

     It required to be confirmed whether B2-L is expressed properly in the cell in order 

to rule out the absence of titration is not due to the instability of the protein but due to 

no interaction between the protein and λQ.  A Western blotting experiment 

demonstrated that B2-L is not expressed properly while B2-J and B2-K are expressed.  

Combining the results from the yeast two-hybrid assay and the titration assay, it was 

concluded that the smallest region identified to bind λQ on RNAP is B2-K, β600-681 

(Figure 2.2D). 

 

Determining RNAP surface mutants within β600-681 for λQ binding  

     After a potential λQ binding region in the core RNAP was narrowed to B2-K, 

β600-681, previous RNAP mutants inhibiting λQ antitermination within this region 

were investigated (106).  B2-K contains a total of 8 mutants, and 3 of them are located 

around the catalytic center (βH673L, βD675Y/V, and βR678C) and 5 of them 

(βL644S, βS646G, βΜ653L, βE602K (βE814G), and βN620I (βD814V)) are in 

proximity of the surface of RNAP.  Two out of 5 surface mutants were identified as 

double mutants and previously showed no apparent defect in λQ antitermination as 

single mutants (106).  Since they were not clarified as either functional or binding 

mutants, testing them with a system suited for detecting protein-protein interactions 

was needed to validate whether they are defective in λQ binding.  For this reason, the 

8 previous mutants except βH673L (reported to be more specific to 82Q than λQ for 

antitermination) yet including βT702A (located close to other surface mutants in the  
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Figure 2.2 (B)  Three fragments of β on a McConkey plate in the reporter-titration 

assay.  Sizes of fragment B2-J, -K, and -L are shown as cyan bars with the numbers of 

amino acid.  Unrelated sequence to β, termed tail, is shown in grey at the end of each 

bar.  On the plate, the titration effect of λQ by B2-J and B2-K is represented as white 

colonies of the reporter strain, TOM100, while expression of B2-L does not titrate λQ.  

(C)  Comparison of the titration effect by B2-J, B2-K, and B2-L in the liquid reporter-

titration assay.  A representative experiment is shown.  TOM100 harboring only λQ-

expressing pBAD33 was included as a negative control.  The activity of reporter gene, 

β-galactosidase, is presented relative to B2-K as 1.  
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Figure 2.2 (D)  B2-K (β600-681) in the T.thermophilus elongation complex.  Subunits 

of RNAP are shown as follows: the β subunit, white ribbons; the β’ subunit, white 

stands; the ω subunit and α1- and α2-NTD, white wire-frames.  B2-K is depicted as 

red ribbons.  The nucleic acids are space-filled and color-coded: the RNA transcript, 

orange, the template DNA, green; the non-template DNA, grey.  The Mg2+ ion (MgI) 

in the active site is marked as red-orange.  The left panel displays B2-K in the 

complex while it is scaled up in the right panel.  
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structure though it is not within B2-K) were analyzed for λQ binding using the yeast 

two-hybrid assay (Figure 2.3A).   

     The 8 mutants were incorporated into B2 as single mutant and then analyzed with 

λQ for interaction.  None of the surface mutants caused a noticeable defect of B2 

binding to λQ.  The two internal mutants altered the binding affinity between B2 and 

λQ: βR678C slightly reduced λQ binding by about 20% compared to WT-B2, whereas 

βD675Y showed an increased binding to λQ (Figure 2.3B).  The surface mutants, 

βL644S, βS646G, βΜ653L, βE602K, βN620I, and βT702A, were considered to be 

potential binding mutants, expected to form a binding site for λQ as they are closely 

located in the structure.   

     In order to rule out the surface region including the previous mutants as the λQ 

binding site, an additional fifteen mutants in the surface region within approximately 

β601-654 were examined through the titration assay.  Fifteen mutants that are 

hydrophilic or charged amino acids, except L633A, and exposed to the surface of Tth 

RNAP were selected using Rasmol.  The general defect of the mutants was also 

checked through the reporter assay.   

     In the titration assay, they displayed no significant defect in binding to λQ as single 

or multiple mutants (Figure 2.3C and 2.3D).  Some multiple mutants that showed 

titration effects when introduced into B2-K were improperly expressed in the cell as 

indicated by Western blotting (Figure 2.3D and 2.3E).  Consistent with the titration 

assay, they showed a negligible defect in λQ-mediated antitermination in the reporter 

assay (Figure 2.3F) where RNAP mutants and λQ were expressed in an E. coli strain 

containing a reporter gene downstream of the pR’ promoter and intrinsic terminators 

(see Materials and Methods).   

     Combining the results from both the reporter and the titration experiments, it was 

concluded that the surface mutants are not binding mutants and do not interfere with  
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Figure 2.3 (A)  RNAP mutants previously reported to inhibit λQ-mediated 

antitermination within B2-K.  In the left panel, two sub-domains of B2-K, surface 

exposed and internal region, are shown in red and blue ribbons respectively.  For 

clarity, all other parts of RNAP are in white wires or ribbons.  RNA transcript is 

depicted as orange space-fills near the C-terminal region of B2-K.  For orientation, 

some of microcin binding mutants surrounding the secondary channel are space-filled 

in white.  In the right panel, the RNAP mutants previously isolated by T. Santangelo 

are marked in B2-K (red ribbons).  The surface mutants are shown in yellow space-

fills, the internal mutants in blue space-fills, and βT702A is in red-orange space-fills.  

The β and β’ subunit are depicted as white ribbons and white strands respectively.  

The nucleic acids are color-coded same as Figure 2.2 (D).    
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Figure 2.3 (B)  The interaction between λQ and previously isolated RNAP mutants 

within B2-K in the yeast two-hybrid assay.  An empty plasmid (pACT2) and pAS2-

λQ were used as a negative control (-).  The mutants incorporated into B2 as single 

mutant were compared with WT-B2.   
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Figure 2.3 (C)  New RNAP mutants covering the surface region of B2-K.  Fifteen 

RNAP mutants near the previous surface mutants (yellow space-fills) for mutagenesis 

are depicted as cyan space-fills.  Color- and shape-codes used are same as Figure 2.2 

(D).  
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Figure 2.3 (D)  Surface mutants introduced into B2-K as single or multiple mutant in 

the titration assay.  The reporter strain, TOM100, harboring λQ without B2-K being 

expressed was as the negative control (-) while WT-B2-K expressed in the same 

condition was as the positive control (WT-K).  
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Figure 2.3 (E)  Expression of WT-B2-K and surface mutants.  Peptide expression of 

three mutants that antagonize the titration effect of B2-K was confirmed via Western 

blotting. TOM100 harboring J, WT-B2-K, or mutant B2-K was extracted for blotting.  

SM is a protein size marker; +, His tagged 82Q as a positive control; -, cell extract of 

TOM100 harboring λQ; +, peptide J (β515-681) as a positive control.  Double* is 

βD601R, βE625R; Tetra*, βD601R, βY614A, βK639E, βQ649A; Pentad*, βD601R, 

βY614A, βE625R, βK639E, βQ649A.     
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Figure 2.3 (F)  Surface mutants introduced into RNAP in the reporter assay.  Single or 

multiple mutants of β were over-expressed and incorporated into RNAP in TOM100 

harboring λQ.  The value of β-gal activity shown is relative to WT-β as 1.  The 

negative control is TOM100 which carries λQ without excess β expressed. 
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λQ antitermination.  Therefore, the targeted surface region including the previous and 

new mutants is unlikely to be a λQ binding site or insufficient to disrupt λQ binding of 

RNAP.  

 

λQ domain interactions with B2 (β501-832) and B4 (β1058-1241)       

     Although the three dimensional structure of λQ has not been resolved, 

computational secondary structure predictions suggested that λQ has helical structures 

in the N-terminus (1-111 a. a.) and the C-terminal domain (157-207 a. a.), composed 

of 4 and 2 helices, respectively, and a coiled coil (112-156 a. a.) structure in the 

middle.  A previous study proposed that the middle and the C-terminal domains 

include a potential zinc finger domain that might interact with the double stranded 

DNA, which could mediate λQ binding to QBE in the pR’ promoter (102).   

     Upon confirming that λQ binds to B2 and B4 of the β subunit, the location of 

important interacting residues in λQ should be elucidated.  In order to investigate this, 

λQ was truncated from the N-terminus to produce different sized fragments and then 

these were tested with either B2 or B4 (Figure 2.4A).   

     Interestingly, the result showed that the fragments bind B2 and B4 differently.  For 

B2, removal of first 20 amino acids increased λQ binding to B2 but the interaction 

became reduced by about half compared to WT-λQ when 50 amino acids of λQ were 

cleaved from the N-terminal (Figure 2.4B and 2.4C).  λQ completely lost its binding 

to B2 when more than 110 amino acids were removed from the N-terminal.  For B4, 

the N-terminal 20 amino acids were critical for λQ binding to B4, showing about a 3 

fold reduced binding compared to WT-λQ although weak binding was observed when 

even 110 amino acids of λQ was removed from the N-terminal (Figure 2.4B and 

2.4D).   

     These results suggested the region of λQ required for interacting with B2 and B4  



 

 58

 

 

 

 

 

 

 

 

 

Figure 2.4 (A)  λQ fragments.  Bars represent different sizes of λQ.  The number of 

amino acid is shown on the top of bars.  
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Figure 2.4 (B)  The binding interaction between λQ fragments and B2 or B4 in the 

yeast two-hybrid filter assay.  The left and right panel presents the yeast cells 

expressing truncated λQs (or WT-λQ as positive control) and B2 or B4, respectively.    
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Figure 2.4 (C)  B2 (β501-832) interaction with WT or truncated λQs in the yeast two-

hybrid liquid assay.   
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Figure 2.4 (D)  B4 (β1058-1241) interaction with WT or truncated λQs in the  yeast 

two-hybrid liquid assay. 
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could be different although the N-terminal domain of λQ is important for both B2 and 

B4 to bind to λQ. 

 

Discussion 

 

     Based on the hypothesis that λQ is connected to the largest subunits of RNAP 

during elongation, this study was focused on mapping the λQ binding site in the β and 

β’ subunit.  The yeast two-hybrid assay and the titration assay which specifically aim 

to visualize protein-protein interaction or binding were performed for this reason.  The 

major binding region was narrowed down to 332 amino acids of β, β501-832 (B2), by 

the yeast two-hybrid assay, and it was even more narrowly defined into 82 amino 

acids of β, β600-681 (B2-K), by the titration assay.   

     As described, B2-K has an interesting configuration: its N-terminus (approximately 

β600-654) is dispersed near the surface of RNAP whereas its C-terminus 

(approximately β655-681) is penetrated into the active site of RNAP.  In addition, 

about 10 amino acids of the C-terminal β655-681 participate in establishing the active 

site and therefore they probably are important to maintain the integrity of the active 

site.   

     The N-terminal region, β600-654, was intensively targeted for investigation to 

search for the λQ binding site, since it was the most plausible binding site for λQ: it is 

accessible and contains many of the previously identified RNAP mutants that reduce 

Q antitermination (106).  A total of 20 amino acids including the five previous RNAP 

mutants and fifteen new ones near the previous mutants were tested to elucidate 

whether the surface region could be the λQ binding site.   

     Somewhat unexpectedly, they did not show a significant defect in binding to λQ.  

Possible explanations for the negative results with the mutagenesis are as follows.  
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The new RNAP surface mutants were selected based on their location and chemical 

reactivity: they are surface exposed and mostly charged or hydrophilic.  Although they 

cover the surface of Tth RNAP, they could be differently located in E. coli RNAP (Tth 

and E. coli RNAP are about 42% identical in β600-654 (β480-533 in Tth RNAP)). 

     Also, if the binding between λQ and the surface region is mediated by hydrophobic 

or specific electrostatic interactions, the mutants might not include the amino acid(s) 

participating the interactions.  However, it should be considered that even tetra and 

pentad mutants for this surface region did not display any noticeable defect for λQ 

mediate antitermination.  Assuming that those multiple mutants are extensive enough 

to disrupt the configuration of the surface region, the probability for the region to be a 

binding site for λQ seems low.  Therefore, I suggest that the λQ binding site is not the 

surface of β600-681 or, if it is, the λQ binding is mediated by multiple interactions 

with RNAP so that the tested mutants are not enough to disrupt λQ binding to RNAP.  

     The C-terminal region of B2-K, β655-681, that is located in the internal region of 

RNAP was not investigated for λQ binding in this study.  This region is critical for λQ 

antitermination whether it results from binding or function: it not only contains a 

couple of previous RNAP mutants for a weakened Q antitermination but also includes 

amino acids predicted functionally important for catalysis by RNAP.  First, previous 

RNAP mutants, βH673L, βD675Y/V, and βR678C, and a recently identified double 

RNAP mutants, βM681V/βM685L are located in this region (Discussed in Chapter 3).  

Second, five amino acids were proposed to bind incoming NTP, and four of them are 

in the β subunit (βR678, βM681, βR1073 and βR1106) (110).  Among these four 

amino acids, βR678 and βM681 are within this region. As concluded, the surface 

domain of B2-K is unlikely to be a binding site for λQ, leaving the C-terminal region 

of B2-K a possibility to be a λQ binding site.  Yet there is a contradiction raised by the 

following two observations.  The C-terminal of B2-K includes many RNAP mutants 
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for reduced antitermination, raising the possibility of this region important for λQ 

binding.  However, the RNAP mutants are in the catalytic center with two of them 

proposed to bind to NTP.  The latter observation suggests that these are likely to be 

functional mutants rather than binding ones for λQ.   

     This overlap of presumably functional mutants in a potential λQ binding region 

also occurred in B4 (β1058-1241), the second strongest binding region for λQ in the 

yeast two-hybrid assay.  As discussed in Chapter 3, twelve new RNAP mutants were 

isolated for a reduced λQ antitermination through screening targeted β mutant 

libraries, and among 12, two mutants, βK1073N/M/T/G and βR1106L are located 

within B4.  These two amino acids are juxtaposed to βR678 and βM681 in the 

catalytic center and were also proposed to bind to NTP along with βR678 and βM681.  

It is ironic to find apparently functional mutants in the potential binding regions.  

Further studies will be required in order to clarify whether these internal mutants are 

involved in λQ binding or functional mutants.   

     If the NTP binding amino acids are significant for λQ to function, an interesting 

conjecture can be made that λQ antitermination could involve a rearrangement of the 

active site to enhance NTP binding.  The enhancement in NTP binding will contribute 

to the increased elongation rate and less pausing, accelerating RNAP to pass quickly 

through terminators.   

     If the mutants in the active site involve λQ binding, significant flexibility in RNAP 

conformation and a direct manipulation of the catalytic activity of RNAP by λQ are 

expected to explain the λQ antitermination mechanism upon modification of RNAP.  

Supporting this hypothesis, a recent study with the antiterminator protein N from 

lambdoid phage H-19B reported that the C-terminal domain of N protein interacts 

with the active site of RNAP for antitermination, which was shown via the FeBABE 

cleavage experiment (111). 
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     In spite of failure to isolate amino acids of RNAP specifically responsible for λQ 

binding, mapping the three regions, B2, B4, and C4, and B2-K provides a valuable 

target for further studies in order to identify the λQ binding site.  In the three 

dimensional structure of RNAP, B2 and B4 are proximal, and C4 is also close to them 

as well, connected all together in the internal region of RNAP: they are visible through 

the secondary channel.  Although it needs careful examination, this suggests the 

possibility that λQ binds to the internal amino acids.   

     For example, λQ might interact with amino acids in the active site cavity via the 

secondary channel or a flexible region of RNAP, which would allow λQ to contact all 

the three regions.  ppGpp, DksA, and GreA/B are representative proteins that pass 

through the secondary channel to modify the catalytic activity of RNAP (25, 27).  

GreA/B has a coiled-coil tip that sticks into the secondary channel and stimulates 

RNAP to cleave the backtracked RNA (28, 29, 30, 31).  In fact, it was shown that 

GreB interacts with λQ in the yeast two-hybrid assay (see Chapter 4).  That is 

significant, given that GreB enhances λQ-mediated antitermination through the 

secondary channel (64).  There might be a direct interaction between GreB and λQ 

near the active site to cooperate for antitermination.  Although it needs further 

investigation to reveal the relationship between GreB and λQ, their interaction 

supports the conjecture that λQ might function in proximity to the active site. 

     If λQ does not penetrate into RNAP, it might interact with the three regions in the 

surface of RNAP with its extended structure.  In this case, λQ contacts RNAP through 

a bulky area of interactions.  For example, σ binds RNAP via a number of contacts 

throughout the core RNAP (8).  As a monomer, λQ is 22.5 Kda, but it is believed to 

act as a dimer.  This study also confirmed the dimerization through the yeast two-

hybrid assay (see Chapter 4).  Depending on the structure that λQ adopts, 45 Kda-

dimer-λQ could be large enough to interact with RNAP in a broad area.  The 
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possibility of λQ interaction with RNAP in an extended structure might be implied by 

the result that λQ binding to B4 is maintained without 110 amino acids from the N-

terminal, while λQ requires more N-terminal domain to bind B2. 

     Although the binding site of λQ in RNAP seems more elusive than expected, the 

potential binding regions on RNAP proposed from this study uncovered the physical 

interaction between λQ and RNAP, which in turn helps visualize the mechanism of 

λQ antitermination, an excellent model of transcription regulation.   

 

Materials and Methods 

 

Strains and plasmids 

 

     For the yeast two-hybrid assay, a strain of Saccharomyces cerevisiae, Y190A was 

transformed with a bait and a prey plasmid.  The bait vector, pAS2 (Clontech) 

contains the Gal4 DNA binding domain followed by multiple enzyme sites for 

cloning.  λQ and truncated λQ, λQ-20, -50, -110, and -156, were amplified by PCR 

and then cloned into pAS2 via BamHI and PstI.  The prey vector, pACT2 (Clontech) 

that contains the Gal4 transcriptional activation domain followed by multiple enzyme 

sites was cloned using the PCR product of an interesting protein: β, β’, and fragments 

of β, B1-B5 were cloned previously (68), and C1-12 was cloned into BamHI and NcoI 

site in this study.  The RNAP mutants, βE602K, βN620I, βL644S, βS646G, βΜ653L, 

βD675Y, βR678C, and βT702A were produced with pACT2 carrying B2 as template 

and a set of mutation introducing primers by Quik change (Stratagene). 

     In the titration assay, TOM100, a derivative of SG22182A (∆ara, ∆lac, 

malP::lacIq) inserted with JG200 Qλ reporter (105, 106, 112, 113) was transformed 

with pUU2, a derivative of pRL706 and pBAD33-Qλ (106).  The JG200 reporter 
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carries λ sequence containing the late promoter, λpR’, to +49, followed by the 

intrinsic terminators t82 and to, upstream of a promoterless lac operon, lacZYA.  

pRL706 encodes C-terminal His6-tagged rpoB.  pUU2-J, -K, and –L, otherwise same 

as pRL706, encode different sizes of rpoB fragment followed by a tail sequence of 33 

amino acids unrelated to β, and His6 was tagged in the N-terminal of rpoB fragment 

(109).  The tail sequence is believed to contribute to protein stability or to protection 

of C-terminal binding site for λQ from proteases because it was reported that without 

the tail, β fragments, for example, B2-J and B2-K expressed from pUU2 did not titrate 

82Q although the tail itself did not bind 82Q.  pBAD33-Qλ carries λQ under control of 

the pBAD promoter which is inducible with arabinose (114).  RNAP mutants were 

individually introduced into pUU2-B2-K by Quik change. 

 

Yeast two-hybrid assay 

 

     For transformation, Y190A was grown overnight and then diluted (1:50) in YPD.  

The yeast cells with OD600 about 0.8 were harvested and prepared for transformation 

using Frozen-EZ Yeast transformation II kit (Zymo Research).  The two vectors, 

pAS2 and pACT2 derivatives, were transformed sequentially and selected by 

autotrophy of trp and leu, respectively.   

     The protein interaction was analyzed by 2 methods, the filter assay and the liquid 

assay.  In the filter assay, a piece of nitrocellulose membrane (Schleicher & Schuell) 

was used to attach the yeast colony from a medium, frozen immediately by liquid 

nitrogen, and then put in a plate with Z-buffer and X-gal (final concentration, 

1mg/ml).  Color development of colonies was monitored, incubating the plate in 30oC 

until the blue color was developed enough to be detected.  In the liquid assay, yeast 

cells grown between 0.5 and 0.8 in OD600 were harvested, dissolved in 300 µl of Z 
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buffer, and then 100 µl of sample was taken from it.  Using liquid nitrogen and 37oC 

water, the sample was frozen and thawed repeatedly, three times in total to break the 

cell wall.  Z buffer and ONPG were added into the sample and color development of 

the sample was monitored in 30oC.  As the yellow color of the sample solution was 

fully developed, Na2CO3 was added to stop the reaction.  After brief centrifugation to 

remove the cell debris, OD420 of sample was read immediately.  The values listed were 

averages from at least two independent assays, otherwise the results from each assay 

should have been confirmed by the other assay in order to be presented.   

 

Titration assay 

 

     TOM100 was transformed with pBAD33-Qλ and then pUU2-B2-J, -B2-K, -B2-L 

or -mutant B2-K.  Transformants were selected through antibiotic resistance for 

chloramphenicol and ampicilin that attributed to pUU2 series and pBAD33, 

respectively.  Cells were incubated in LB with antibiotics over-night, diluted (1:100) 

in LB including 1% lactose, antibiotics, and 0.01 or 0.02% arabinose, and grown until 

OD600 reached between 0.5-7.  One hundred µl of sample was mixed with 900 µl of Z-

buffer, and Chloroform and 10% SDS solution were added to disrupt the cell wall.  

ONPG solution was mixed in 0.67 mg/ml as final concentration.  The reaction was 

elapsed with Na2CO3 after sufficient yellow color developed, and the absorbance at 

420 nm was measured immediately.  All values in the result were the average of 3 

independent colonies and each was done twice, although the error rate among 

experiments was negligible. 

     For the plate assay, cells were placed onto McConkey indicator agar with lactose, 

appropriate antibiotics, and arabinose, were grown overnight, and the redness of 

colonies were compared.       
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Reporter assay 

 

     TOM100 was transformed with pBAD33-Qλ and pRL706 carrying WT or mutant 

rpoB.  The β-galactosidase assay to measure the reporter gene expression was 

performed with 1% lactose and 0.02% arabinose to induce RpoB and λQ, respectively.  

The procedure is the same as described in the titration assay.      

 

Western blotting                  

 

     The β fragments, B2-J, B2-K, B2-L, and B2-K multiple mutants (double, tetra, and 

pentad mutants that reduced the titration efficiency), were visualized to confirm the 

protein expression.  TOM100 including pUU2-J, -K, -mutant Ks, and –L was 

incubated in LB with an appropriate antibiotic until mid-log phase, then 1 mM of 

IPTG in a final concentration was added, followed by further incubation for 3.5 hours.  

One ml of cells was centrifugated and resuspended in the SDS-sample buffer.  The 

sample was boiled to disrupt the cell wall and subjected to the SDS-PAGE gel in order 

to separate proteins.  Blotting and detection were performed according to 

manufacturer’s recommendation (GE Life Sciences).  Mouse anti-His4 antibody 

(Qiagen, Inc) as primary antibody and HRP-conjugated donkey anti-mouse antibody 

(Santa Cruz Biotechnology, Inc.) as secondary antibody were used for detecting 

peptides tagged with His6.             
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CHAPTER 3 

 

RNAP MUTANTS IN THE β SUBUNIT THAT INHIBIT TRANSCRIPTIONAL 

ANTITERMINATION BY PHAGE λQ PROTEIN  

 

Summary 

 

     In previous studies, the significance of β subunit of E. coli RNAP in λQ-mediated 

antitermination was already proposed.  First, a number of RNAP mutants that reduced 

82Q or λQ antitermination in vivo and in vitro were reported to reside in the β subunit 

(106).  Second, genetic evidence suggested a potential λQ binding site in the β subunit 

of RNAP (see Chapter 2).   

     Mutational analysis of a protein is a useful method to understand protein-protein 

interaction, enzymatic mechanism, and protein function.  We identified and analyzed 

RNAP mutants that interfere with λQ-mediated antitermination in order to enhance 

our knowledge about λQ interaction with RNAP and the mechanism of λQ 

antitermination.  RNAP mutants in the previous study were generated by random 

mutagenesis targeting the whole β subunit using an error prone DNA polymerase 

(106).  On the other hand, we mainly focused on 500-700 amino acids in the β subunit 

to identify RNAP mutants in this study since this region became specifically 

interesting for its interaction with λQ from the previous genetic experiments (see 

Chapter 2).  In addition to searching the β mutant library targeting β500-700, a 

combination library, a mixture of the targeted and random β mutant libraries, was also 

screened to identify any interesting RNAP mutants outside of the targeted region for 

λQ antitermination. 

     Twelve RNAP mutants in the β subunit were isolated from these efforts.  Seven of 
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them are located within the targeted region, β500-700, with one as a double mutant 

while the rest of the 5 mutants reside elsewhere in the β subunit.  They indicate 4 

regions as distinctive in terms of location and potential function in the three 

dimensional structure of RNAP.  The regions suggest possible mechanisms of how λQ 

functions for antitermination and provide future directions to evaluate the possibilities.  

 

Introduction 

 

     The structures of RNAPs from three kingdoms of life (bacteria, archaea, and 

eukaryotes) have advanced our understanding of transcription and transcriptional 

regulation at the molecular level (6, 8, 10, 18, 19, 20, 110).  The similarity in sequence 

and structure shared among them also points to a conserved mechanism for 

transcription throughout evolution.  The closed and open conformation of clamp to 

relax or hold nucleic acids, the active site featuring two metal ion mechanisms, the 

RNA exit channel, and NTP entrance and coordination are essential elements of 

transcription and these sites are where the conservation is observed.  Presumably, all 

transcription factors that modulate RNAP to regulate transcription perform their 

function by manipulating these essential elements of RNAP.   

     λQ, a transcription antitermination factor in phage λ, is essential for RNAP to 

overcome an intrinsic terminator downstream of the pR’ promoter, which allows λ late 

genes to be successfully expressed to enter the lytic cycle (94, 95).  The mechanism by 

which λQ transforms RNAP into a terminator-resistant, more processive, and more 

stable enzyme has been of interest for decades, but it still remains enigmatic.   

     The structure of E. coli RNAP is not crystallographically available, however it 

shares significant homology in the primary sequence and subunit composition with 

other two bacterial RNAPs, Thermus thermophilus (Tth) and Thermus aquaticus (Taq) 
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RNAP whose three dimensional structures were resolved (16, 19, 20).  This structural 

availability allows us to investigate RNAP mutants for a reduced λQ antitermination 

since it can provide information about the location and possible function of mutated 

amino acids in RNAP, and therefore it will help us elucidate the mechanism of λQ-

mediated antitermination. 

     In a previous study, 17 RNAP mutants were isolated for 82Q or λQ-mediated 

antitermination through screening random libraries in an 82Q or λQ reporter system 

(106).  One mutant was found in the β’ subunit and 16 in the β subunit.  The seventeen 

RNAP mutants are located at different locations, on the surface, in the active 

site/secondary channel, near the flap, and in the RNA/DNA hybrid-binding region.   

     While the λQ binding site in RNAP has been searched, eight of the previous RNAP 

mutants within β600-681 were analyzed for λQ binding (see Chapter 2).  However, six 

mutants near the surface (βL644S, βS646G, βΜ653L, βE602K, βN620I, and 

βT702A) did not appear significant for λQ binding.  Two mutants (βD675Y and 

βR678C) that altered binding affinity between RNAP and λQ locate in the active site.  

It is less convincing that λQ binding is mediated by the amino acids located in the 

active site which is apparently difficult for λQ to access.  For this reason, the active 

site mutants have been considered to be functional mutants although they need further 

investigation to verify whether they are functional or λQ binding mutants.  

     In this study, we attempted to investigate a new RNAP mutant library targeting the 

500-700 region of β (provided by R. H. Ebright) to identify significant amino acids of 

RNAP for λQ binding.  The research identified 10 RNAP mutants, and 2 additional 

mutants were isolated by screening a combination β mutant library, a mixture of 

random and targeted mutagenesis library (dominantly random mutagenesis, provided 

by R. H. Ebright).  The location of all 12 mutants was analyzed in the structure of Tth 

elongation complex, highlighting 4 spatially distinctive regions: 3 mutants under the 
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template DNA of RNA/DNA hybrid, 5 in the active site, 2 next to the bridge helix, 

and 2 near the surface.   

     These locations display a consistence with the previous study (106).  First, many of 

mutants isolated are in the active site, including βR678 and βR675 that were 

independently identified by both studies.  Second, both studies identified the internal 

residues near the hybrid and the bridge helix, stressing the importance of these regions 

for λQ-mediated antitermination.  On the other hand, this study contradicts with the 

previous study about a surface region.  Only one triple mutant was isolated to reduce 

λQ antitermination moderately in the surface region in this study whereas as many as 

6 mutants were isolated as single or double mutants from the same surface region in 

the previous study.     

     The 5 active site mutants from this study are astonishingly well clustered to cover 

most of amino acids near the 3’ end of RNA transcript in the active site.  Also for the 

2 bridge helix mutants in the main channel of RNAP, one is in contact with the bridge 

helix and the other is closely adjacent to the bridge helix.  The 3 mutants in the hybrid-

binding region are clustered under the template DNA, and juxtaposed to a previous 

mutant, βE1274A/G/V, implying that this region may also be crucial for Q 

antiterminaion (106).   

     Throughout the library screenings, two mutants were isolated near the surface.  

One, a triple mutant, is located in the surface that was investigated for λQ binding in 

this study (see Chapter 2).  The other is located between the surface and the internal 

domain of RNAP.  They are not in proximity, and none of the surface mutants that 

affect λQ-mediated antitermination was isolated as a single mutant.  In addition, the 

surface triple mutant is in the region that was determined an unlikely binding site for 

λQ (see Chapter 2).  Therefore, the two surface mutants are hardly binding mutants.  

No potential λQ binding site was suggested on the surface from the library screenings.  
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However, all twelve mutants including the internal and surface mutants should be 

determined for binding and function in the future.  Especially for the internal mutants, 

it must be elucidated whether they include mutants for λQ binding or they affect λQ 

function through an allosteric modification of λQ on the surface of RNAP.   

     After isolating the 12 mutants through screening the mutagenesis libraries in an in 

vivo λQ reporter system, four interesting mutants were tested also in vitro.  

Consistently with the in vivo result, the mutants displayed a reduced λQ-mediated 

antitermination in in vitro transcription.  βK1073G (N, M, or T) in the active site was 

especially interesting as it was proposed as one of five NTP binding amino acids 

(βM681, βR678, βK1073, βR1106, and β’R731) and as all four substitutions in this 

amino acids were all significantly deleterious to λQ antitermination in vivo (110).  In 

addition, all potential NTP binding residues in the β subunit, βR1106, βM681, and 

βR678 were isolated together with βM1073 in this study.  In general, these mutants 

significantly reduced λQ antitermination in vivo, implying their importance in λQ 

antitermination.  To understand how these NTP binding mutants affect λQ 

antitermination, βK1073G was characterized more intensively in vitro, and the results 

will be discussed in detail.   

 

Results 

 

Screening β mutant libraries in a λQ reporter strain 

     In the previous study, β600-681 was shown to interact with λQ, and therefore 

proposed to be a potential λQ binding site (See Chapter 2).  In an attempt to identify 

amino acids important for λQ antitermination within this region, a pool of β mutants 

targeted for β500-700 was transformed into a λQ reporter strain, TOM100, harboring 

inducible λQ (See Materials and Methods).  The transformants were screened on 
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McConkey plates for λQ antitermination activity in each cell.  If λQ can modify 

RNAP, β-galactosidase, the reporter gene under the pR’ promoter and two intrinsic 

terminators, is expressed, resulting in the red-colored colony.   

     Approximately 25,000 colonies were screened through a couple of independent 

transformation/screening processes of the targeted β mutant library.  Whiter colonies 

which indicate a reduced expression of the reporter gene, therefore a weakened λQ 

antitermination, were selected.  Plasmids were extracted from the selected colonies 

and retransformed into TOM100 for reassurance of their phenotype.  The ORF of 

rpoB in the plasmids was sequenced to identify mutation(s) (Figure 3.1).  Initially, 23 

mutants including insertional, frame-shift, single, double, or triple mutation were 

identified, and 15 of the mutants were found to occur within the targeted region, β500-

700.  The twenty-three RNAP mutants were subjected to the liquid reporter assay in 

order to be quantitatively compared with WT RNAP.  The liquid reporter assay 

confirmed the plate reporter assay results in all mutants except 3 frame-shift mutants 

and 1 triple mutant (Figure 3.2A). 

     Also of interest were RNAP mutants for λQ antitermination in the region outside of 

β500-700, therefore, a combination mutagenesis library for β that is a mixture of the 

targeted and the random mutageneses was next screened through the same procedure 

described as above.  About 20,000 transformants were screened on the indicator 

plates, confirmed by retransformation, and then sequenced, resulting in a final 11 

mutants.  Seven of the 11 mutants are located under the template DNA of the 

RNA/DNA hybrid, 3 of them are different substitutions of βK1073, and one is 

βR1106L (Figure 3.2B).  The 11 RNAP mutants were compared with WT RNAP 

regarding λQ antitermination efficiency via the liquid reporter assay.  The RNAP 

mutants isolated from both targeted and combination libraries were summarized in 

their in vivo antitermination efficiency compared to WT RNAP (Figure 3.2C).   
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Figure 3.1.  RNAP mutant library screening.  The process implemented to isolate 

RNAP mutants that inhibit λQ antitermination using an indicative medium 

(McConkey agar plate) is shown.  An exemplary mutant is marked with a black circle.  

The displayed RNAP structure is Thermus thermophilus RNAP elongation complex.    
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Figure 3.2 (A)  RNAP mutants isolated through screening a mutant library targeting 

β500-700.  Three concentrations of arabinose, 0 (black), 0.0002 (dark grey), and 0.002 

(light grey) %, were applied to induce λQ in the reporter assay.  A dark and a light 

grey line indicate the reporter activity at 0.0002 and 0.002% arabinose with WT 

RNAP to be compared with the listed RNAP mutants.  ‘Insertion at 565’ indicates an 

insertion of 13 amino acids, AHYGRVCPIETPE, between 565 and 566 in the β 

subunit.  ‘Frameshift’ indicates a frameshift mutation at a corresponding amino acid.   
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Figure 3.2 (B)  RNAP mutants isolated from screening a combination mutagenesis 

library of the β subunit.  Three concentrations of arabinose, 0 (black), 0.0002 (dark 

grey), and 0.002 (light grey) %, to induce λQ were applied in the reporter assay.  A 

dark and a light grey line indicate the reporter gene activity at 0.0002 and 0.002% 

arabinose with WT RNAP.    
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Figure 3.2 (C)  Summary of RNAP mutants that were identified to inhibit λQ-

mediated antitermination (A.T.) via RNAP mutant library screenings. 
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RNAP mutants in 4 distinctive spatial groups 

     A total of twelve β mutants were identified as significant for λQ antitermination 

through the library screenings and the in vivo reporter assay.  The mutants were 

located in the Tth elongation complex, and interestingly, it was found that their 

locations are clustered in 4 different regions of RNAP (Figure 3.3A and 3.3B).   

     The first group (βG1271W/V/E, βM1273R/K/V, and βG1277E) is isolated under 

the template DNA of the RNA/DNA hybrid, either being in contact with or juxtaposed 

to the template DNA (Figure 3.4A).  Along with a previously isolated RNAP mutant, 

βE1274A/G/V, this region includes four RNAP mutants that reduce λQ-mediated 

antitermination, suggesting that this region is significant for λQ to function (106).  The 

substitutions for βM1273 affected λQ antitermination differently in vivo.  The order of 

defectiveness for βM1273 was βM1273R (15%)> βM1273K (30%)> βM1273V 

(50%).  βG1271 was also one of the frequently isolated mutants throughout 

screenings, and all substitutions reduced λQ antitermination in vivo in a similar level 

although βM1271E was slightly more defective than others (see Chapter 4). 

     The second group (βR675H, βR678C/P/G, βM681V:βM685L, βK1073G/N/M/T, 

and βR1106L) is clustered in the catalytic center of RNAP, especially near the 3’ end 

of RNA transcript (Figure 3.4B).  In the Tth RNAP structure, βK1073 is in contact 

with the 3’ end of RNA and close to the catalytic Mg2+ ion.  βR1106 is also located 

near the RNA transcript and the catalytic metal ion.  βR675Y/V and βR678C were 

already isolated in the previous study (106).  Recurrence and different substitutions for 

these mutants in this study further confirm the importance of these mutants and the 

region in λQ-mediated antitermination.  Except the double mutant, βM681V:βM685L, 

all mutants in the active site displayed a significant reduction in λQ antitermination in 

vivo, 30-40% antitermination compared to WT RNAP.  Also, all substitutions for 

βR678 and βK1073 were similarly deleterious in vivo, informing us that these amino 
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Figure 3.3 (A)  RNAP mutants for a reduced λQ antitermination in Tth RNAP 

elongation complex.  For clarity, RNAP subunits are depicted in white wire-frames 

(2α and ω), white ribbons (β), and white strands (β’) except the bridge helix in purple 

ribbons.  The nucleic acids are space-filled and color-coded: RNA transcript, orange; 

template DNA, light grey; non-template DNA, black.  MgI in the active site is space-

filled in red.  RNAP mutants are space-filled and color-coded according to their 

locations: mutants near surface (2), blue; mutants juxtaposed to the bridge helix (2), 

green; mutants in the active site (5), red; mutants under the hybrid (3), cyan.  (B)  

RNAP mutants viewed from the simplified active site.  The subunits of RNAP are 

erased for clarity.  The bridge helix in ribbons, the nucleic acids in wire-frames and 

RNAP mutants in space-fills are color coded identically to Figure 3.3 (A).  MgI and 

MgII in the active site are space-filled in black.  
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Figure 3.4.  Close-up of each spatial group of RNAP mutants.  Shape- and color-codes 

are the same as Figure 3.3 (A).  Focused mutant group is red-circled.  (A)  RNAP 

mutants under the template DNA of the RNA/DNA hybrid.  (B)  RNAP mutants in the 

active site.  (C) RNAP mutants in proximity to the bridge helix.  (D)  RNAP mutants 

near the surface.    
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acids need to be strictly conserved for λQ activity. 

     The third group (βI561L and βD549Y) resides adjacent to the bridge helix (Figure 

3.4C).  These mutants were not as seriously defective as the active site mutants, 

however λQ antitermination was obviously weakened in them.  The λQ 

antitermination was 40% and 60% for βD549Y and βI561L, respectively, compared to 

WT in vivo.  It needs to be mentioned that βD549Y caused a growth defect, which 

might exaggerate the defect of this mutant in λQ antitermination.  Assuming that the 

bridge helix is a movable element participating in NTP incorporation or in 

translocation of RNAP, the bridge helix mutants could interfere the movement of the 

bridge helix, therefore inhibiting its function (22, 115, 116, 117). 

     The fourth group (βDMY651-653TN, and βT789I) is relatively close to the surface 

of RNAP (Figure 3.4D).  Both βT789I and βDYM651-653TN, a triple mutant with 

one amino acid deleted and two amino acids substituted, showed a mild defect in λQ 

antitermination in vivo.  In Chapter 2, the surface region including βDYM651-653TN, 

β600-654, was mutagenized to identify λQ binding mutants, and the results concluded 

that this region is unlikely to be a λQ binding site.  In addition, a part of the triple 

mutant, βM653L was determined not to be a binding mutant through the yeast two-

hybrid assay (see Chapter 2).  Considering these results, βDYM651-653TN inhibits 

λQ antitermination but probably not as a significant binding mutant although it is 

located in the surface of RNAP.  Since βT789I is embedded between the surface and 

internal cavity though it is closer to the surface, it might interfere the proper folding of 

RNAP, which disfavors λQ antitermination. 

 

In vitro characterization of a RNAP mutant, βK1073G 

     The catalytic center mutants include all of the amino acids  proposed to bind to 

incoming NTP (βR678, βM681, βK1073, and βR1106) except one located in the β’ 
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subunit (β’R731) (Figure 3.5).  The basic residues of βR678, βK1073, and βR1106 are 

proposed to interact with the phosphate group of the incoming NTP to orient it for 

catalysis (110).  Substituting the side chains of these amino acids, therefore, would 

lower the binding affinity of NTP.  Supporting this hypothesis, a study reported that 

βR1106A increased KM for NTP by 11-fold (118).   

     The coincidence of identification of all of the NTP binding amino acids in 

searching RNAP mutants that reduce λQ antitermination is noteworthy.  What could 

be the relation between substrate binding and λQ-mediated antitermination?  To 

address this question, the potential NTP binding amino acids needed to be 

characterized.  Since βK1073G is one of the potential NTP binding amino acids and 

one of the most impaired mutants in vivo, it was tested in vitro for λQ antitermination 

efficiency (Figure 3.6A and 3.6B). 

     His-tagged βK1073G and WT RNAP were purified from the reporter strain, using 

Polymin P precipitation, Heparin column, and Ni2+ agarose column (Figure 3.7A).  

The prepared core WT and mutant RNAP were saturated with σ70 (provided by C. 

Lee) for in vitro transcription.  The reaction was performed in the presence of 

rifampicin to ensure one-round of transcription.  Radioactive labeled UTPs were 

incorporated to RNA transcript to visualize them.  E. coli transcription elongation 

factor NusA known to enhance antitermination by λQ was added to the reaction.   

     Figure 3.7B and 3.7C show the in vitro transcription activity of βK1073G mutant 

compared to WT RNAP as a function of λQ concentration.  The percent readthrough 

was calculated based on the molar ratio between antiterminated (R.T.) and terminated 

(T.) transcripts.  Although βK1073G was less active in initiating transcription than 

WT RNAP in the in vitro condition applied, the result demonstrated that βK1073G 

inhibited λQ-mediated antitermination in vitro consistently with the in vivo result. 

     The role of NusA in λQ antitermination has not been completely understood.  In  
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Figure 3.5.  Amino acids proposed to bind incoming NTP in the active site of yeast pol 

II.  Corresponding amino acids of E. coli RNAP are written in red and black.  The 

bridge helix is in green ribbons.  The backbones of template, non-template, and RNA 

transcript are shown in blue, cyan, and red, respectively.  GTP substrate analog and 

MgI are depicted in pink.  Figure is taken from (110).     
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Figure 3.6 (A)  βK1073 in Tth RNAP elongation complex.  βK1073 is space-filled in 

red near the 3’ end of RNA transcript.  In the left panel, two α subunits are in yellow 

wire-frames; the β subunit is in white ribbons; the β’ subunit is in magenta strands; the 

ω subunit is in white wire-frames.  Nucleic acids are space-filled and color-coded: 

RNA transcript, orange; template DNA, green; non-template DNA, black.  MgI in the 

active site is space-filled in red.  In the right panel, shape- and color-codes are the 

same as Figure 3.3 (B). 
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Figure 3.6 (B)  βK1073G in the reporter assay.  βK1073G was compared with WT 

RNAP at three different concentrations of arabinose to induce λQ in TOM100.  The 

inset is a picture of McConkey plates that demonstrate a reduced redness, λQ-

mediated antitermination, with βK1073G. 
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Figure 3.7 (A)  Protein preparation.  SM stands for a size marker.  Each subunit of 

RNAP except ω is marked.   
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Figure 3.7 (B)  WT RNAP and βK1073G as a function of λQ concentration in the in 

vitro transcription assay.  The concentration of WT RNAP and K1073G for each 

reaction is 10 and 21.2 nM, respectively.  When present, 150 nM NusA was added.  

The experiment was performed as described in Materials and Methods.  R.T. and T. 

stand for ‘read-through’ and ‘terminated’ respectively.   
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Figure 3.7 (C)  WT RNAP and βK1073G as a function of λQ concentration in the 

presence of 150 nM NusA in the in vitro transcription assay.  In the left panel, 

terminated and read-through RNA transcripts in Figure 3.7 (B) were quantified using 

ImageQuant software.  Percent readthrough without λQ (background) and in lower 

concentrations of λQ is shown in the inset.  In the right panel, background % 

readthrough is subtracted from the plots of the left graph. 
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vivo, NusA is not required for λQ-mediated antitermination whereas in vitro, it 

augments λQ antitermination generally by about 2-3 fold (82, 119).  A previous study 

showed that 82Q is able to shield the emerging RNA transcript in a NusA-dependent 

manner, suggesting collaboration between 82Q and NusA in order to protect the RNA 

transcripts (35).  The same study also proposed antipausing at the termination site as 

the mechanism of Q-mediated antitermination.  Since NusA is a pause-inducing factor 

by itself, these results raise questions about how NusA enhances antipausing by Q.  

Three possible relations between NusA and Q can be proposed.  First, the 

rearrangement of NusA in RNAP by 82Q overcomes the pausing effect of NusA.  

Second, NusA facilitates Q modification/binding on RNAP.  Third, NusA modifies 

RNAP configuration favorable for Q-mediated antipausing.   

     To detect the effect of NusA in λQ-mediated antitermination with βK1073G, the in 

vitro transcription assay was performed with or without NusA.  As expected, the 

antitermination efficiency (readthrough rate) was enhanced with WT RNAP in the 

presence of NusA.  However, βK1073G did not respond to NusA: the antitermination 

efficiency was almost the same in the presence or absence of NusA, and also in the 

presence of NusA, K1073G poorly responded to the increasing amount of λQ (Figure 

3.7B and 3.7D).  These results showed that βK1073G was defective in NusA function 

in λQ-mediated antitermination, and raised the possibility that NusA-Q dependent 

antipausing or stabilization of the RNAP complex is not exerted properly with 

βK1073G, which is otherwise boosted by collaboration between NusA and λQ at the 

intrinsic terminator (35). 

     Next, it was investigated how substrate concentration would affect βK1073G 

compared to WT RNAP for λQ-mediated antitermination.  The template DNA for the 

in vitro transcription included a typical intrinsic terminator: a hairpin structure 

followed by the U stretch, 7-Us.  By limiting the concentration of UTP, it was  
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Figure 3.7 (D)  WT RNAP and βK1073G as a function of λQ concentration in the 

presence or absence of 150 nM NusA in the in vitro transcription assay.  Percent 

readthrough was calculated based on readthrough and terminated RNA transcripts 

shown in Figure 3.7 (B).  In the left panel, percent readthrough of background and low 

concentrations of λQ is shown in the inset.  In the right panel, background percent 

readthrough is subtracted from the plots of the graph in the left.     
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expected that RNAP would slow down or pause at the U stretch after the hairpin 

formation, and that termination could be facilitated with this slowed or paused 

elongation complex.  If βK1073G is defective or abnormal in binding the substrate, it 

will be affected more significantly by the U-rich sequence in low substrate 

concentrations than WT RNAP.  Also, βK1073G was compared with WT in terms of 

sensitivity to λQ concentration in order to overcome the substrate-mediated pausing.  

The in vitro transcription assay was carried out with different concentrations of UTP 

and λQ in the presence of NusA, and the antitermination rate was measured.  The 

result presented several interesting findings.  First, both WT and βK1073G showed a 

similar background readthrough in the absence of λQ in the given UTP concentrations, 

1 to 100 µM.  Second, λQ antitermination was much enhanced by 1 nM of λQ (under-

saturating concentration of λQ) with WT RNAP, but not with βK1073G, especially in 

low concentrations of UTP.  Third, with a saturating concentration of λQ (100 nM), 

antitermination by βK1073G was increased by 2-3 fold compared to that with 1 nM of 

λQ, and this is a similar increase observed with WT RNAP.  Therefore, in the 

presence of NusA, βK1073G seems to require a higher dose of λQ to overcome 

pausing or slowed kinetics that was posed by limiting NTP at the termination site than 

WT RNAP does (Figure 3.8A and 3.8C). 

     In order to visualize how NusA affected λQ antitermination in the background of 

NTP and λQ concentration, the in vitro transcription assay was performed in the same 

condition as above except omitting NusA (Figure 3.8B, 3.8C, and 3.8D).  

Interestingly, the concentration of UTP was a determinant of background readthrough 

or antitermination efficiency in the absence or presence of λQ for both WT and 

βK1073G, however it affected βK1073G more strongly.  In the absence of or 1 nM of 

λQ, the background readthrough and readthrough products were increased 

approximately by 2 fold from 1 µM to 100 µM UTP with WT RNAP whereas about 4  
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Figure 3.8 (A)  WT RNAP and βK1073G as a function of UTP concentrations in 0, 1, 

and 100 nM of λQ and in the presence of NusA.  The concentration of RNAP applied 

to each reaction is 2 nM and 20 nM for WT RNAP and K1073G, respectively.  UTP 

concentrations applied are 1, 2, 5, 10, 20, 50, and 100 µM.  R.T. and T. stand for 

‘readthrough’ and ‘terminated’ RNA transcript, respectively.   
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Figure 3.8 (B)  WT RNAP and βK1073G as a function of UTP concentrations in 0, 1, 

and 100 nM of λQ and in the absence of NusA.  The concentration of RNAP applied 

to each reaction is 2 nM and 20 nM for WT RNAP and K1073G, respectively.  UTP 

concentrations applied are 1, 2, 5, 10, 20, 50, and 100 µM.  R.T. and T. stand for 

‘readthrough’ and ‘terminated’ RNA transcript, respectively.   
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Figure 3.8 (C)  WT RNAP and βK1073G as a function of UTP concentrations in 0, 1, 

and 100 nM of λQ and in the presence or absence of 150 nM NusA.  The graph is 

generated based on quantified percent readthrough of Figure 3.8 (A) and 3.8 (B).     
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Figure 3.8 (D)  WT RNAP and βK1073G as a function of UTP concentrations in 0, 1, 

and 100 nM of λQ and in the presence or absence of 150 nM NusA.  The graph is 

generated by subtracting background percent readthrough from plots in Figure 3.8 (C).  

Black and grey lines are for the presence and the absence of NusA, respectively.  Solid 

and broken lines are for 100 nM and 1 nM of λQ, respectively.        
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fold with βK1073G.  In addition, it was noticeable that the low concentration of λQ 

did not affect the antitermination efficiency per se both in WT and βK1073G without 

NusA (compare the readthrough rate between background, 0 nM, and 1 nM of λQ).   

     In the higher concentration of λQ, antitermination was slightly enhanced with WT 

RNAP, but still impaired compared to antitermination in the presence of NusA.  For 

βK1073G, λQ barely increased antitermination percentage even with the higher 

concentration of λQ in the absence of NusA.  NusA seemed to suppress 

antitermination more strongly for βK1073G than for WT RNAP since βK1073G 

antiterminated more effectively without NusA even in low concentrations of UTP and 

λQ.  On the other hand, WT RNAP overcame the terminator more efficiently in the 

presence of NusA in the same conditions.  Consistent with the result shown in Figure 

3.7D, these results demonstrated that NusA only moderately enhances antitermination 

by λQ with βK1073G as compared to WT RNAP. 

     βK1073G was analyzed with GreB to know whether GreB function was not 

affected with this mutant.  The result as shown in Figure 3.9A and 3.9B demonstrated 

that βK1073G collaborated with GreB to augment λQ-mediated antitermination in a 

similar level to WT RNAP, and therefore GreB function is unaffected with βK1073G.    

 

Discussion 

 

     In this study, how λQ modifies RNAP for antitermination was investigated by 

identifying RNAP mutants to reduce λQ-mediated antitermination.  The screenings 

were mainly focused on a conserved segment of β500-700 of RNAP.  The region, 

β500-700, is of interest as it includes a potential λQ binding site and many RNAP 

mutants significant for λQ (or 82Q)-mediated antitermination that isolated (see 

Chapter 2) (106).   
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Figure 3.9 (A)  WT RNAP and βK1073G as a function of λQ concentration in the 

presence and absence of 100 nM GreB in the in vitro transcription assay.  R.T. and T. 

stand for ‘readthrough’ and ‘terminated’ RNA transcript.   
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Figure 3.9 (B)  WT RNAP and βK1073G as a function of λQ concentration in the 

presence and absence of 100 nM GreB in the in vitro transcription assay.  Percent 

readthrough was calculated from the gel shown in Figure 3.9 (A) and plotted in the 

upper panel.  The lower graph is produced by subtracting background percent 

readthrough from plots in the upper graph.     
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     We successfully identified seven RNAP mutants from this region as well as 5 more 

mutants outside of this region through screenings.  All 12 mutants were analyzed and 

compared with WT RNAP in vivo.  They displayed a noticeable defect in λQ 

antitermination.  In the three dimensional structure of Tth RNAP, they were found 

well clustered in 4 different regions of RNAP, and interestingly, most of them were 

near or exposed to the main channel of RNAP.  More specifically they are located in 

the catalytic center, under the template DNA of the hybrid, or near the bridge helix. 

     We expected to isolate RNAP mutants for λQ binding on the surface of β500-700 

through the screenings, hypothesizing that λQ binds RNAP there, and it allosterically 

(communication between the surface and the active site) changes the configuration of 

the active site residues of RNAP to favor the action of antipause or antiterminate 

terminators.  However, no significant mutants were isolated near the surface.   Five out 

of 7 mutants identified within β500-700 are rather close to the internal cavity (main 

channel) of RNAP.  Although two mutants were found near the surface region of 

RNAP, they were too far from each other to be clustered in the structure.  Also the 

triple mutant, βDYM651-653TN was partially analyzed with the βM653L mutant that 

did not affect λQ binding (see Chapter 2).   

     Three possible reasons to explain the difficulty in identifying λQ binding mutants 

on the surface of RNAP are as follows.  First, λQ binding region could be dispersed 

on the surface of RNAP similar to the pattern of σ binding to RNAP, therefore, 

altering a single site or substituting single amino acid is not sufficient to disrupt λQ 

interaction with RNAP.  A second possibility is that the λQ binding amino acids are in 

a different part of RNAP, not within β500-700.  One possibility is the flap region, 

which was not screened for mutants affecting λQ, although the combination mutant 

library in this study includes random mutagenesis on the whole β subunit.  The β flap 

might be a Q binding site since the RNA transcript is protected in the presence of Q 



 

 102

(and NusA) (35).  Third, Tth RNAP and E. coli RNAP have a less conserved surface 

region compared to the inside region.  For example, βT789I is not surface exposed 

although it is closer to the surface than to the internal region in Tth RNAP, but the 

mutant may be exposed to the surface of E. coli RNAP.  In this study, however, 

mutagenesis for the β600-655 region was performed, targeting 15 amino acids that 

were reactive and surface-exposed based on the structure of Tth RNAP (see Chapter 

2).  These mutants, even as tetra or pentad mutants, did not show a particular defect in 

λQ binding or λQ antitermination in vivo.  Therefore, the probability that the surface 

of β500-700 is the λQ binding region seems low, although it is possible that the 

targeted mutants are in a different location in E. coli RNAP from Tth RNAP so that 

the selection of substitutions might not be optimal. 

     The 10 internal mutants are interesting for their location, residing in critical regions 

of RNAP.  A couple of plausible conjectures about how they could affect λQ 

antitermination are as follows.  Three mutants, βG1271W/V/E, βM1273R/K/V, and 

βG1277E, in the template DNA of RNA/DNA hybrid were all substituted into a 

bulkier or charged amino acid which might interfere or interact with the template 

DNA to slow the forward movement (translocation) of RNAP.  If the retention time at 

the termination site correlates with termination efficiency, the hindered translocation 

by excessive interaction between RNAP and the template DNA could cause RNAP to 

be susceptible to the terminator.  On the other hand, if the elongation complex 

interacts with the termination hairpin for a reduced time, it could make the complex 

easer to escape from the terminator.  Therefore, these hybrid mutants propose a 

possible λQ function to facilitate translocation of RNAP by rearranging the contact 

between the hybrid and RNAP, which helps RNAP overcome the intrinsic terminator.  

     In addition, the hybrid interaction with RNAP determines the elongation complex 

stability, and the terminator hairpin is known to disrupt the interaction to dissociate the 
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elongation complex (89, 90, 91).  It is not hard to imagine that λQ might strengthen 

the hybrid interaction with the elongation complex through the hybrid mutants 

(βG1271W/V/E, βM1273R/K/V, and βG1277E) for antitermination.  In this scenario, 

the RNA:DNA hybrid interaction with the elongation complex is more secured by λQ 

modification so that the hairpin becomes a less efficient terminator of transcription 

elongation. 

     It is unlikely that the hybrid mutants are the λQ binding site, considering the 

structure of Tth elongation complex.  They are closely clustered under the template 

DNA with βM1273 contacting it.  There is not a path that λQ can approach these 

mutants unless λQ opens the flap domain and penetrates the elongation complex 

through it.  Rather, two conjectures described above are more plausible to explain how 

the hybrid mutants affect λQ antitermination as functional mutants.      

     Near the bridge helix, two mutants (βI561L and βD549Y) were identified.  These 

mutants are also exposed to the main channel.  The function of the bridge helix has 

been debated.  It has been proposed that restriction of the bridge helix movement is 

related to translocation of RNAP (120).  However, a recent study reported that a 

coordinated movement of the bridge helix and the trigger loop that modulates the 

adjacent bridge helix does not affect translocation, proposing their possible function 

rather in NTP binding and modeling the catalytic center (117).  Whether the two 

bridge helix mutants inhibit the movement of bridge helix unfavorable for 

translocation or NTP binding, the reduced λQ antitermination caused by these mutants 

is interesting.  If the bridge helix functions in mobility of RNAP by affecting 

translocation, λQ might control translocation of RNAP as proposed with the hybrid 

mutants above.  On the other hand, λQ could modulate the substrate binding, 

favorable for antitermination as proposed with many of the active site mutants 

(βR678, βM681, βK1073, and βR1106) if the bridge helix facilitates the NTP binding. 
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     One of the bridge helix mutants, βD549Y, is harmful to the cell since it decreases 

the cell growth.  It is thought that the mutant probably affects not only λQ 

antitermination but also the transcription in general unlike other mutants which do not 

cause a defect in the cell growth.       

     Five mutants in the catalytic center are all together where the 3’ end of RNA in the 

hybrid and Mg2+ are located.  They generally demonstrated a severe defect for λQ-

mediated antitermination in vivo.  An interesting fact is that all of them except 

βR675H have been proposed to be NTP binding amino acids, which attracts great 

attention to these mutants and this region including them.  A correlation between NTP 

binding and λQ antitermination is of curiosity.  Also, it suggests a possible λQ-

mediated rearrangement of the catalytic center, favorable for antitermination. 

     In order to elucidate how the NTP binding mutants affects λQ-mediated 

antitermination, βK1073G was tested in vitro regarding its response to λQ 

concentration and other related transcription factors such as NusA and GreB for λQ 

antitermination.  In the range of λQ concentration, 0-100 nM, βK1073G displayed a 

reduced λQ antitermination, compared with WT, which is consistent with the reporter 

assay in vivo (Figure 3.6B, 3.7B, 3.7C, and 3.7D).  In the in vitro transcription, 

βK1073G increased the antitermination rate concomitant with increasing 

concentrations of λQ, however, the absolute rate was still lower than WT.  This 

suggests that βK1073G might be a functional mutant rather than a binding mutant 

although 100 nM of λQ might not be sufficient to overcome a binding defect if 

βK1073G is involved in λQ binding.   

     βK1073G also displayed a defect in responding to NusA that NusA failed to 

enhance λQ antitermination.  Interestingly, it was observed that NusA significantly 

suppressed the background readthrough with the mutant compared to WT RNAP.  A 

recent study reported that NusA, NusG, and Rho contribute to suppress foreign genes 
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such as prophage, and it is well known that NusA enhances λQ antitermination for the 

intrinsic termination significantly in vitro (121).  However, the function of NusA in 

λQ antitermination is not clearly understood.  NusA is known to interact with RNA 

and reported that the flap tip deletion hinders NusA-mediated pausing (92).  The 

mechanism of NusA-mediated pausing is unknown although the allosteric control 

model argues a conformational transition of the active site initiated from the flap 

domain (92).  

     βK1073G could be highly sensitive to NusA-mediated pausing at the intrinsic 

terminator since in the presence NusA, it antiterminates poorly and λQ cannot rescue 

it.  Also, the high background readthrough of this mutant might be due to its faster 

elongation rate.  If NTP binding is affected, NTP is not oriented perfectly but may 

binds to the active site weakly since four amino acids instead of five bind to NTP with 

this mutant.  Understanding how the mutant is defective in NusA function for λQ 

antitremination will be an interesting subject that needs to be analyzed in the future.   

     Another interesting observation is that in low concentrations of UTPs, λQ failed to 

modify βK1073G efficiently while a high dose of λQ could increase antitermination 

similarly to WT RNAP in the presence of NusA (Figure 3.8D).  βK1073G might be 

unable to overcome the pausing effect given by both NusA and limited NTPs with a 

low amount of λQ.  This result could occur if the mutant is poorly modified by λQ or 

if λQ is unable to rearrange NusA or through a combination of these effects.   

     Where does λQ modulate the active site mutants?  The previous study proposed 

that λQ might physically protect the RNA transcript near the flap (35).  If λQ modifies 

RNAP near the flap, allostery would be the key to explain the ‘how.’  On the other 

hand, λQ might be in vicinity of the active site to directly modify the active site 

residues in a similar manner proposed by a study with the N protein of lambdoid 

phage H-19B (80).   
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     How does λQ affect the catalysis in the active site?  λQ could modulate the binding 

affinity of NTP to the active site or the orientation of NTP to be more efficiently 

incorporated into the growing RNA transcript.  First, if λQ regulates the NTP binding 

affinity, a tighter binding between NTP and the active site might cause the elongation 

complex to translocate more slowly since it costs more energy to break the bond to 

incorporate NTP into the RNA transcript.  A tighter binding of NTP to the active site 

may cause the elongation complex more vulnerable for the terminator, and therefore a 

tendency to terminate.  Second, if λQ modification optimizes the configuration of the 

NTP binding amino acids to orient NTP more efficiently for catalysis, it will promote 

the elongation rate, allowing less pausing and producing antitermination. 

     Here, we presented the significance of the active site mutants in λQ-mediated 

antitermination.  Revealing how λQ affects the active site requires further experiments 

specifically designed to probe the structural change and to monitor the molecular 

dynamics occurring in the active site under λQ modification.      

 

Materials and Methods 

 

Strains and plasmids      

      

      For screening RNAP mutants, TOM100, a derivative of SG22182A (∆ara, ∆lac, 

malP::lacIq) inserted with JG200 Qλ reporter (105, 106, 112, 113), carrying inducible 

λQ in pBAD33-Qλ (106) was transformed with RNAP mutant libraries.  The RNAP 

mutant libraries were created and provided by R. H. Ebright, and the following 

description was accompanied with the mutant libraries.  The targeted mutagenesis 

library was created using 7-15 bp of doped oligos flanking the targeted region.  The 

doped primers were synthesized on AB392 automated synthesizer (Applied 
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Biosystems, Inc.) using phosphoramidite chemistry.  The level of nucleotide 

misincorporation was selected to yield around 0.4-1 substitutions per molecule of 

deoxyribonucleotide primer.  The reservoirs contained around 98% of the correct base 

and 2% of a 1:1:1:1 mixture of each amidite (equivalent to 98.5%/1.5% total, 

respectively).  PCR was performed using the Quik Change Site-Directed Mutagenesis 

Kit (Stratagene, Inc.) with the doped forward- or reverse-oligos to induce mutagenesis 

for a targeted region and pRL706 encoding C-terminal His6 tagged-mutant rpoB as 

template.  All other components were provided with the kit.  The PCR reactions were 

digested with DpnI to remove trace quantities of the original template.  The following 

conditions were applied to PCR and DpnI digestion: 0.8x final concentration of 10x 

Buffer, 200 ng of template, 0.16 uM final concentration of each primer library, and 2 

ul of Pfu Turbo polymerase.  Quik solution, dNTPs, and DpnI were at concentrations 

according to the manufacturer’s specification.  The PCR reactions were transformed 

into XL1-Blue supercompetent cells, provided with the Quik Change Kits using the 

manufacturer’s protocols.  Varying quantities of the PCR reactions were used to 

produce an excess of 2,000 colonies per transformation.  Colonies were pooled 

together by washing each plate with 5 ml LB and collecting the broth.  Plasmids were 

eluted using Spin Miniprep columns (Qiagen, Inc). 

     The combination library was produced by mixing a uniform volume of each 

targeted library with an equal total volume from the random mutagenesis library.  The 

random mutagenesis library was created using the same techniques as described 

above, but with wild type primers used in the PCR reaction.  The total combination is 

50% random mutagenesis and (50/n)% of each individual doped library, where ‘n’ is 

the number of libraries. 
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The RNAP mutant library screen 

 

     The targeted mutagenesis library for β500-700 was diluted 1:5000, and 1 µl was 

transformed into TOM100 to yield about 300 colonies per indicative plate, McConkey 

agar including 0.002% arabinose and lactose.  Transformants were individually 

inspected for color of redness.  Compared with WT, whiter colonies that indicated 

reduced reporter gene expression, therefore less antitermination activity by λQ, were 

restreaked on the indicative plate for confirmation.  After reassuring consistent color 

phenotype, plasmids were eluded from interesting colonies individually using Spin 

Miniprep Column (Qiagen, Inc), and were cut with SacI to remove pBAD33-Qλ 

according to the manufacturer’s recommendation.  Each reaction including only a 

mutant pRL706 was retransformed into TOM100 for the second confirmation and into 

E. coli DH5α for sequencing purpose.  A total of 51 samples were collected after 

screenings, and they were sequenced using 7 primer sets to cover the whole rpoB 

sequence in pRL706 (Cornell University Life Sciences Core Laboratories Center).  

After sequencing, a total of 24 mutants were found interesting for further analysis. 

     For the combination mutagenesis library, screening was performed with the same 

process as described above except that the library was diluted 1:500.  A total of 20 

samples were sequenced and 11 mutants were continued for further study. 

     The liquid reporter assay was carried with 35 RNAP mutants that were selected 

from screenings as described in Chapter 2.  The amount of λQ expressed in TOM100 

was adjusted with 0, 0.2, or 2% of a final concentration of arabinose.  Each mutant, 

transformed freshly, was analyzed through 3 independent reporter assays with 3 

randomly selected colonies in 3 different concentrations of arabinose.  
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RNAP purification 

 

     RNAP was prepared using standard batch techniques and affinity chromatography.  

TOM100 carrying WT or mutant rpoB in pRL706 was grown in rich media until mid-

log phase.  IPTG was added to a final concentration of 1 mM, and the rpoB expression 

was induced for about 3 hours.  Cells were harvested by centrifugation, dissolved in 3 

ml of lysis buffer (50mM Tris-HCl, pH8.0, 10 mM EDTA, 5% glycerol, 1mM DTT, 

300 mM NaCl, and 400 µg/ml lysozyme) per gram of wet pellet of cells, and 

incubated on ice for 20 min.  Sodium deoxycholate (NaDOC) was added to a final 

concentration of 0.2%, and the mixture was incubated for another 20 min on ice 

followed by sonication to extract cells.  Cell debris was removed by centrifugation, 

and Polymin P, pH 7.9 was mixed to the supernatant to a final concentration of 0.8% 

in order to precipitate nucleic acids and nucleic acid binding proteins associated, 

including RNAP.  After incubation for about 30 min with gentle agitation in the cold 

room, Polymin P and associated nucleic acids and proteins were pelleted via 

centrifugation.  The pellet was stringently washed with TGED (10 mM Tris-HCl, pH 

8.0, 5% glycerol, 1 mM EDTA, 0.5 mM DTT) with 0.5 M NaCl to remove proteins 

that were weakly bound to nucleic acids, for 4 times by the fresh wash buffer.  RNAPs 

along with strong nucleic acid binding proteins were eluted by TGED with 1.0 M 

NaCl, and Polymin P and associated nucleic acids were pelleted by centrifugation.  

The supernatant including RNAPs was precipitated with 35% ammonium sulfate 

((NH4)2SO4), and pelleted.  The pellet was dissolved thoroughly with Buffer B (20 

mM Tris-HCl, pH 7.9, 10 mM MgCl2, 300 mM KCl, 1.0 mM β-mercaptoethanol).  

The prepared sample was applied to a Ni2+ agarose column in order to separate and to 

collect His6-tagged RNAP from cellular RNAP.  The column was stringently washed 

with Buffer B including 5 mM imidazol to remove weak Ni2+ binding proteins.  His6-
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tagged RNAP was eluted using Buffer B with 250 mM imidazole, and precipitated 

with 35% (NH4)2SO4.  The pellet was resuspended in TGED until conductivity was 

below TGED with 0.2 M NaCl.  The solution was loaded onto a Hi-trap heparin 

agarose column (Pharmacia), and RNAP bound to the column was washed thoroughly 

with TGED with 0.3 M NaCl to remove other contaminants.  RNAP was eluted by 

increasing concentrations of NaCl from 0.3 to 1.0 M in TGED.  RNAP was generally 

contained in fractions of TGED with 0.6 M NaCl.  The fractions including RNAP 

were dialyzed against 1 L of RNAP storage buffer (50 mM Tris-HCl, pH 8.0, 50% 

glycerol, 1 mM EDTA, 1 mM DTT, 250 mM NaCl) overnight in the cold room.  In 

each step of purification, SDS PAGE was performed to monitor RNAP.  The purified 

RNAP was saturated with σ70 for the in vitro analysis. 

 

λQ Purification 

 

     λQ was prepared from E. coli BL21 cells including p’QE-30 λQ.  Cells were 

grown in rich media until OD600 of 0.7-0.9, and then λQ expression was induced with 

IPTG in 1 mM final concentration for 2.5 hour.  Cells were harvested via 

centrifugation and the pellet was resuspended in 4 ml of buffer A (50 mM Tris-HCl, 

pH 7.5, 5 % glycerol, 200 mM NaCl, 1 mM EDTA, 10 mM DTT) per g of wet pellet.  

Lysozyme was added to 0.2 mg/ml and incubated on ice for 20 min, and then NADOC 

to 0.2% in final concentration for another 20 min incubation on ice.  The mixture was 

sonicated, and the pellet including the inclusion bodies of λQ was collected through 

centrifugation.  The pellet was solubilized in buffer A with 6 M GuHCL, and the 

sample was centrifugated to remove insoluble matter.  λQ was refolded by dilution 

into 50 volumes of buffer A with 100 µM ZnCl2.  The sample was loaded onto a 

HiTrap Heparin column (Pharmacia), and the column was thoroughly washed with 
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buffer B (10 mM Tris-HCl, pH 7.5, 10 mM DTT, 0.1 mM EDTA, 10% glycerol) 

including 0.25 M NaCl.  λQ was then eluted with a linear gradient from 250 mM to 1 

M NaCl.  Fractions including λQ were identified by SDS PAGE, pooled, and dialyzed 

into λQ storage buffer (10 mM potassium phosphate, pH 6.5, 10 mM DTT, 1 mM 

EDTA, 200 mM KCl, and 50% glycerol). 

    

In vitro transcription 

 

     In a transcription reaction, 2-20 nM core RNAP, σ70 to 5 times concentration of 

RNAP, and 2-5 nM linear template were added to transcription buffer (20 mM Tris-

HCl, pH 8.0, 0.1 mM EDTA, 1 mM DTT, and 50 mM KCl) including 50 µM UTP, 

0.2-1.0 µC/mL 32P-α-UTP, 200 µM ATP, CTP, and GTP, unless otherwise mentioned.  

When present, NusA and GreB were added to 150 nM and 100 nM, respectively.  The 

mixture was incubated at 37oC for 10 min to allow RNAP to form the open complex.  

λQ protein was diluted into λQ dilution buffer (10 mM Tris-HCl, pH 8.0, 5% glycerol, 

0.1 mM EDTA, 0.1 mM DTT, 50 mM KCl) immediately before use, and added to the 

reaction before initiating transcription.  A single round of transcription was initiated 

by adding MgCl2 and rifampicin to a final concentration of 4 mM and 10 µg/ml 

respectively.  Transcription reaction was allowed for 2-5 min before collapsed with 5 

volumes of 1.2x stop buffer (0.6 M Tris-HCl, pH 8.0, 12.0 mM EDTA, 100 µg/ml 

tRNA).  Proteins in the reaction were extracted with an equal volume of 

phenol/chloroform/isoamyl alcohol (25:24:1), and the supernatant was precipitated by 

2.6 volumes of 100% EtOH.  RNA transcripts were separated in denaturing 

polyacrylamide gels, exposed, and quantified with a phosphorimager.  Percent 

readthrough was calculated with the following formula. 
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     The values of percent readthrough from a gel were plotted to create a graph using 

the Microsoft Excel software.  A background readthrough means the percent 

readthrough without λQ (included as control in each gel) throughout this study.  
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CHAPTER 4 

 

EVIDENCE OF λQ DIMERIZATION AND INTERACTION WITH GRE PROTEIN 

AND THE EFFECT OF MUTANT RNA POLYMERASES ON λQ 

ANTITERMINATION 

 

Summary 

 

     In this study, the functional state of λQ protein functions as a monomer or dimer 

was investigated.  Supporting previous biochemical evidence, a genetic experiment, 

the yeast two-hybrid assay showed that λQ was dimerized (122).  The three 

dimensional structure of λQ has not yet been resolved although there were studies to 

suggest the potential function of domains of λQ based on the secondary structure.  

One study proposed that the C-terminal domain of λQ includes a hypothetical zinc 

finger motif that interacts with nucleic acids (102).  Another study revealed that λQ 

mutants, especially those which reside in the N-terminal, are vital for λQ-mediated 

antitermination (112, 123).  These studies might imply the distinctive functions 

exerted by the domains of λQ.  For this reason, the domain responsible for λQ 

dimerization was investigated with the truncated λQs via the yeast two-hybrid assay.  

Although non-specific interactions of the middle domain of λQ hindered this 

investigation, the results suggested that λQ could be dimerized without the N-terminal 

domain. 

     Second, λQ’s interaction with Gre proteins was analyzed through the yeast two-

hybrid assay.  The 3 fragments (B2, B4, and C4; see Chapter 2) of β or β’ that 

interacted with λQ are likely to be accessed by λQ through the secondary channel in 

Thermus thermophilus or Thermus aquaticus RNAPs, which suggested the idea that 
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λQ might be in contact with Gre proteins, one of the well-characterized secondary 

channel associated proteins (27, 29, 31, 66).  Also, Gre proteins are known to enhance 

λQ-mediated antitermination, and therefore a physical interaction between Gre 

proteins and λQ was of interest (64).  The results showed that GreB, but not GreA, 

bound to λQ, providing evidence of their physical interaction for enhancement of λQ 

antitermination. 

     Third, RNAP mutants, βR1106L, βI561L and βM1273R that were isolated through 

screening the β mutant libraries (see Chapter 3) were characterized for λQ-mediated 

antitermination using the in vivo reporter assay and the in vitro transcription assay.  

βR1106L, βI561L and βM1273R reside respectively in the active site, near the bridge 

helix, and under the template DNA of RNA/DNA hybrid.  They displayed a reduced 

λQ-mediated antitermination both in vivo and in vitro, and this result suggested the 

importance of the mutated regions for λQ function.  

 

Introduction  

 

     λQ engagement with RNAP requires a sequence of events.  Initially, λQ binds to 

the pR’ promoter upstream of the lambda late genes.  This binding is sequence 

specific, and the region is termed a Q binding element (QBE) that is located between 

the -35 and -10 elements of the promoter (103).  λQ bound to the QBE site recognizes 

and modifies RNAP that has been paused due to σ binding to the -10-like element at 

the beginning of transcription (107, 124, 125).  We can imagine numerous interactions 

that λQ needs to exert to build the stable association with RNAP.  Previous studies 

investigated those interactions and provided fine evidences.  Footprinting with 

cleavage reagents showed the interaction of λQ with QBE and reposition of the σ 
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region 4 upon λQ modification (104).  In support of this, the yeast two-hybrid assay 

revealed the interaction between λQ and the σ region 4.   

     Although a λQ binding site on RNAP has not been defined yet, studies continue to 

map the region and narrow down the site.  A study recently reported that Q proteins 

interact with the region, β831-1057 (the β flap) but the interaction disappears without 

β900-909 in the bacterial two-hybrid assay, suggesting specific λQ interaction with 

the flap tip (Hochschild, A. unpublished).  This finding disagrees with the result from 

the yeast two-hybrid assay in this study: λQ interacted more strongly with β501-832 

than with the flap domain (see Chapter 2).  A clear picture of RNAP-λQ interaction 

that explains how λQ is sustained in elongating RNAP is needed and further well-

designed experiments will help answer this question. 

     Other interesting aspects of λQ interaction discovered from previous studies 

include λQ dimerization and λQ or RNAP mutants that weaken λQ-mediated 

antitermination.  Although direct evidence is required, previous studies including the 

DNA footprinting experiments suggested that λQ likely functions as a dimer (94, 112, 

122).  Therefore, in this study, self-interaction of λQ was investigated using the yeast 

two-hybrid assay based on the predicted secondary structure in order to determine the 

λQ dimerization state.  In addition, λQ domains were investigated for potential role in 

dimerization.   

     RNAP mutants exhibiting reduced Q antitermination were discussed in Chapter 2 

and 3.  RNAP mutants identified by the reporter assay can be attributed to functional 

defect, binding defect, or failure to interact with other transcription factors such as 

NusA that might affect λQ activity.  Therefore, the RNAP mutants isolated from the 

reporter assay need experiments specifically designed to visualize what causes them to 

reduce λQ antitermination.   
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     The RNAP mutants identified in this study are valuable as they are in close spatial 

proximity and therefore their potential function is closely related, projecting possible 

mechanisms of λQ antitermination (see Chapter 3).  For example, most mutants, 

except 2 out of 12, are near the RNA/DNA hybrid including those located in the active 

site, the bridge helix, and the hybrid (see Chapter 3).  More strikingly, 4 of these 

mutants are proposed as NTP-binding amino acids by structural studies (110).  They 

might be significant for λQ-mediated remodeling of the active site in order to 

antipause, potentially due to increased efficiency of the substrate incorporation cycle.  

Whether the mutants are binding or functional can be only a matter of direct (physical) 

or indirect (remote) modification: the main channel mutants strongly suggest enhanced 

kinetics as a fundamental mechanism or an ultimate modification leading to λQ 

antitermination.  Data on the involvement of other transcription factors add to the 

complexity of models of the relationship between λQ and the mutant RNAPs.  

Examples of these transcription factors are NusA and Gre proteins. 

     As discussed in Chapter 3, NusA causes more pausing by itself but cooperates with 

λQ for antitermination significantly in vitro (35, 79).  One of the RNAP mutants, 

βK1073G displayed a hypersensitivity to NusA, and required a higher amount of λQ 

in order to overcome the NusA-mediated suppression of antitermination (see Chapter 

3).  At the termination site, NusA might cause this mutant to slow, compared to WT, 

in the U-rich stretch, enough to render time for the hairpin to disrupt the complex.  At 

a low concentration of λQ, NusA-mediated suppression couldn’t be overcome with 

βK1073G (see Chanpter 3).  Low concentrations of λQ may be insufficient to 

accelerate the mutant complex passage of the termination site in the presence of NusA.  

The exact mechanism underlying these observations requires understanding of 

interactions between NusA and λQ, NusA and RNAP, and λQ and RNAP, especially 

about NusA interaction with λQ where little information is available.   
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     When mapping the RNAP regions that interact with λQ, it was noticeable that the 3 

regions were closely located in the structure of bacterial RNAPs (see Chapter 2).  In 

addition, all 3 regions participate to form the active site, apparently being accessible 

through the secondary channel.  Therefore, we examined λQ interaction with Gre 

proteins to evaluate the possibility that λQ acts in the proximity of the active site or 

the secondary channel.  In the yeast-two hybrid assay, it was showed that λQ 

interacted with GreB, providing evidence of the possibility.  Further investigation will 

allow us to validate the interaction between λQ and GreB and λQ engagement with 

the secondary channel or the active site.    

     Along with λQ physical interactions, three RNAP mutants near the active site, 

βR1106L, βI561L, and βM1273R are also discussed in their in vivo and in vitro 

characteristics in this chapter.  

                 

Results 

 

λQ dimerization and interaction with GreB in the yeast two-hybrid assay 

     λQ has been believed to act as a dimer from the previous studies (e.g., foot 

printing), however a direct method to show the protein-protein interaction was needed 

to confirm λQ dimerization.  The yeast two-hybrid assay was performed with λQ 

cloned into both the bait and the prey vector.  The double expression of λQ from the 

two vectors caused a growth defect (slow growth) presumably due to moderate 

toxicity to the cell.  However, the result demonstrated self-interaction between two λQ 

molecules in both the plate and the liquid assay (Figure 4.1A and 4.1B).   

     λQ-related Qs such as 21Q, 80Q, and 82Q from other lambdoid phages were also 

tested for dimerization.  80Q and 82Q displayed dimerization while 21Q did not 

(Figure 4.1B).  All Qs share a certain homology and are believed to conserve the  
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Figure 4.1 (A)  Evidence of λQ dimerization in the yeast two-hybrid assay.  An empty 

vector was expressed along with λQ as the negative control.  Interaction between λQ 

and the beta subunit was included as a positive control.  λQ interacts by itself to form 

a dimer. 
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Figure 4.1 (B)  Dimerization of λQ with relatives and dimerization of 80Q and 82Q in 

the yeast two-hybrid assay.  In the upper panel, a filter assay is shown.  ‘LQ’ stands 

for lambda Q.  Two vectors, pACT2 and pAS2 that each protein was cloned are 

labeled.  In the bottom panel, an empty vector and λQ were assayed for a negative 

control.  
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mechanism of antitermination.  For example, λQ and 80Q are 47% identical in the 

primary sequence, and λQ and 82Q modification on the paused complex of RNAP 

displays a similar pattern of σ repositioning in the foot print assay (102, 104).  

Therefore, it was tested if λQ could be dimerized with other Qs.  Tthe result showed 

that λQ interacted with its relatives (Figure 4.1B).  The strongest interaction was 

identified between λQ and 82Q (82Q > 80Q > 21Q).  This result suggests a possible 

conservation of the dimerization domain among Q proteins of lambdoid phages.  

     Next, the domain responsible for dimerization of λQ was sought.  The secondary 

structure of λQ predicted three domains, the N-terminal helical domain (1-110 a.a.), 

the middle coiled-coil domain (111-156 a.a.), and the C-terminal helical domain (157-

207 a.a.).  λQ was truncated into 3 fragments according to the prediction.  The N- and 

C-terminal domains seemed not to be expressed properly in the cell since they were 

hardly detected by the Western blotting, and no interactions were found with these 

peptides.  The middle coiled-coil domain was expressed properly in the Western 

blotting.  However, it displayed an inconsistent result from the filter and the liquid 

assay in a control experiment.  It bound to β stronger than β’ without a background 

interaction in the liquid assay, while it showed a significant background interaction in 

the filter assay, hindering any firm conclusions (Figure 4.1C).   

     For the reactivity (background interactions in the filter assay) of the middle coiled 

coil domain, it is possible that the middle domain may need a structural restraint 

imposed by the N- or C-terminal domain to achieve a structural integrity.  Therefore, 

λQ was divided into 2 fragments, each sharing the middle domain, termed λQ-NM (1-

156 a.a.) and λQ-MC (111-207 a.a.).  They were tested with λQ for dimerization, and 

the result showed that λQ-MC could bind to λQ but not λQ-NM (Figure 4.1D).  It 

should be mentioned that λQ-NM and λQ-MC exhibited a different level of protein 

expression in the Western blotting.  Although λQ expression was generally found low  
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Figure 4.1 (C)  λQ-middle domain (λQ-M) interaction with two largest subunits of 

RNAP in the yeast two-hybrid assay.  A filter assay (upper panel) and a liquid assay 

(lower panel) show λQ-M interaction with β and β’.  An empty pACT2 was assayed 

with pAS2 carrying λQ as a negative control (-).    
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Figure 4.1 (D)  Intramolecular interaction of λQ in the yeast two-hybrid assay.  

Interaction between λQ and λQ-NM (1-156 a. a.) or λQ-MC (111-207 a. a.) was 

assayed.  λQ and C4 (β’343-484 a. a.) were included as a positive control (+).  A filter 

assay (top panel) and a liquid assay (bottom panel) are shown.
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in yeast cells, λQ-MC expression was much higher than λQ-NM or λQ.  This might 

cause a biased interpretation, unfavorable for λQ-NM.  However, the whole λQ 

protein whose expression is low, similarly to the level of λQ-NM expression, supports 

the evidence for dimerization.  Therefore, λQ-MC is probably more proficient for 

dimerization than λQ-NM. 

     In the Chapter 2, the regions of RNAP that interacted with λQ were studied 

through the yeast two-hybrid assay.  To summarize, they were β501-832 (B2), β1058-

1241 (B4), and β’343-484 (C4), and close together in the folded structure of Tth or 

Taq RNAP.  Their overlapped portion contributes to composing the catalytic center of 

RNAP and seems to be accessible through the secondary channel.  For this reason, λQ 

interaction with the regions, directly in the proximity of the catalytic center or the 

secondary channel, was investigated.   

     Gre proteins are well-characterized from their structure to function.  Their C-

terminal globular domain interacts with the rim of the secondary channel while their 

N-terminal coiled-coil tip transverses through the secondary channel to the active site 

(Figure 4.2A) (65, 66, 67).  The tip of Gre proteins modulates the catalytic activity of 

RNAP in order to cut off the backtracked RNA transcript which emerges through the 

secondary channel.  This allows RNAP to resume elongation when backtracking 

occurs during transcription.  Gre proteins are also known to enhance λQ-mediated 

antitermination, but the dynamics of cooperation between them are unknown although 

it is possible that they might work independently of each other but each favors 

antitermination.   

     Under the hypothesis that λQ functions in the proximity of the active site or 

through the secondary channel, the interaction between GreA or GreB and λQ was 

analyzed via the yeast two-hybrid assay.  If the hypothesis was correct, it was 

expected that there would be a chance for λQ to interact or to be in contact with  
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Figure 4.2 (A)  Structure of the Gre protein.  GreB structure is shown in the upper left 

panel.  The α-helical turn at the tip of the N-domain and the two principle acidic side 

chains are depicted in green.  In the upper right panel, GreA and GreB proteins are 

superimposed by the C-domain.  In the lower panel, a model of the RNAP-GreB 

complex is shown.  Figure is taken from (65).      
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GreA or GreB.  The result showed that λQ bound to GreB (Figure 4.2B).  

Surprisingly, λQ did not interact with GreA (Figure 4.2B).  Since GreA and GreB are 

very similar in structure and function, the result seems odd, however, the fact that 

GreB has a longer N-terminal tip than GreA might explain the result.  To specify the 

interacting domain of GreB, it was divided into the N-terminal coiled-coil tip and the 

C-terminal globular domain, but neither of the two domains interacted with λQ in the 

yeast two-hybrid assay.  This could be due to the instability of the peptides structurally 

or in expression.  Although the λQ binding region could not be mapped specifically on 

GreB, the physical interaction between GreB and λQ supports the idea of a possible 

engagement of λQ in the secondary channel.  Further investigation will be necessary 

to make conclusions about the relationship between GreB and λQ, which will 

eventually help evaluate the hypothesis that λQ contacts the 3 regions of RNAP in the 

proximity of the active site or the secondary channel.  

 

Characterization of RNA polymerase mutants, βR1106L, βI561L, and βM1273R 

     In order to understand λQ-mediated antitermination, RNAP mutants that weakened 

antitermination by λQ were identified via screening β mutant libraries in the in vivo 

reporter assay (see Chapter 3).  A total of 12 RNAP mutants were isolated, and four of 

them (βK1073G, βR1106L, βI561L, and βM1273R) were prompted for in vitro 

characterization (see Chapter 3 for βK1073G).  The twelve mutants could be 

categorized into 4 spatial groups.  Each of βR1106L, βI561L, and βM1273R 

represents the active site, the bridge helix, and the RNA/DNA hybrid group, 

respectively.  The surface group was not analyzed in vitro in this study since their 

related regions seem less significant (see Chapter 3).  

     In the in vivo reporter assay, βR1106L, βI561L, and βM1273R displayed a reduced 

antitermination by about 3, 1.5, and 6 times, respectively, when compared to WT 
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Figure 4.2 (B)  GreB interaction with λQ in the yeast two-hybrid assay.  An empty 

plasmid and GreA or GreB were used as a negative control (-).  A filter assay is shown 

in the inset.  
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RNAP (Figure 4.3A).  For in vitro transcription, they were prepared using their His6 

tag, and their antitermination efficiency in increasing concentrations of λQ was 

compared with WT RNAP.  The amount of RNA transcripts produced was much less 

with βR1106L and βM1273R than with WT RNAP, and it may have been caused by 

less initiation occurred with the mutants.  βI561L was as active as WT RNAP, 

producing the amount of RNA transcripts comparable to WT RNAP.   

     βR1106L, an active site mutant, exhibited an impaired antitermination by λQ, 

consistent with the in vivo phenotype (Figure 4.3B): about 3 times fewer 

antiterminated products were made when background readthrough was subtracted.  

βI561L, near the bridge helix, mildly inhibited λQ antitermination compared to other 

mutants in vivo, and also showed a slightly reduced antitermination (less than 2 fold 

compared to WT RNAP) (Figure 4.3C).  In λQ concentrations higher than 50 nM, 

βI561L exerted even better antitermination than WT RNAP, which suggests that 

higher doses of λQ overcome the antitermination defect of this mutant.  βM1273R 

which is located under the template DNA of RNA/DNA hybrid, significantly impaired 

antitermination in vivo.  However, the mutant only slightly reduced λQ antitermination 

in the in vitro transcription (Figure 4.3D).  Similar to βI561L, the percent readthrough 

of βM1273R exceeded that of WT RNAP at higher concentrations than 50 nM.      

 

Discussion 

 

     This study aimed to understand the intra-molecular interaction of λQ for 

dimerization.  λQ dimerized by itself and even with other related Qs in the yeast two-

hybrid assay.  This result added more direct evidence onto previous evidence to 

confirm that λQ functions as dimer. 

     Due to the shortage of structural information, λQ was analyzed according to the  
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Figure 4.3 (A)  RNAP mutants, βR1106L, βM1273R, and βI561L in the reporter 

assay.  In the upper panel, λQ antitermination of the RNAP mutants was compared 

with WT RNAP on McConkey indicator plate.  In the lower panel, λQ antitermination 

was assayed in liquid.  Four concentrations of arabinose (0, 0.02, 0.2, and 2%) to 

induce λQ expression were applied for βR1106L and βM1273R.  For βI561L, three 

concentrations of arabinose omitting 2% were applied. 
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Figure 4.3 (B)  βR1106L as a function of λQ concentration in the in vitro transcription 

assay.  In the left panel, RNA transcripts were resolved on a denaturing gel.  R.T. and 

T. stand for ‘read-through’ and ‘terminated’ RNA transcript, respectively.  The 

concentration of WT and βR1106L was 4 and 6 nM respectively for each reaction.  

λQ concentrations applied are 0, 0.1, 1, 5, 10, 50, and 100 nM.  In the upper right 

panel, the R.T. and T. on the gel was quantified and plotted.  In the lower right panel, 

the background % readthrough at 0 nM-λQ was subtracted from the plots in the upper 

graph.   
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Figure 4.3 (C)  βI561L as a function of λQ concentration in the in vitro transcription 

assay.  In the left panel, R.T. and T. stand for ‘read-through’ and ‘terminated’ RNA 

transcript.  The concentration of WT and βI561L was 2.5 and 15 nM respectively for 

each reaction.λQ concentrations, 0, 0.1, 1, 5, 10, 50, and 100 nM, were applied.  In the 

upper right panel, R.T. and T. were quantified and plotted, and the background % 

readthrough was subtracted to produce the lower right graph.  
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Figure 4.3 (D)  βM1273R as a function of λQ concentration in the in vitro 

transcription assay.  Description is the same as Figure 4.3 (C) except that the 

concentration of WT and βM1273R was 2.5 and 30 nM respectively for each reaction. 
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predicted secondary structure.  The middle domain of λQ was hyper-reactive even 

with the negative control in the filter assay, although this background interaction was 

not observed in the liquid assay.  This discrepancy cannot be explained logically, since 

both methods-the filter and the liquid assay- adopt the same principle and basic 

materials for assay.  The only difference is the time for cells to be grown for assays: in 

the filter assay, a colony is selected, diluted with small amount of water, and then 

grown on a designated plate for approximately 3 days until reaching a proper size 

(about 5 mm in diameter).  In the liquid assay, a colony is grown overnight, diluted, 

and grown until mid-log phase in an appropriate medium.  Therefore, about twice 

longer time is applied to grow cells from a colony for the filter assay.   

     In order to solve the problem of the background noise with the middle domain, it 

was included in either the N- or the C-terminal domain, creating λQ-NM or λQ-MC.  

λQ-MC interacted with λQ in the yeast two-hybrid assay, suggesting λQ could be 

dimerized without the N-terminal domain.  However, it should be noted that λQ 

interaction with whole λQ is about twice stronger than that with λQ-MC (Figure 4.1B 

and Figure 4.1D).  As presented in the Chapter 2, the N-terminal domain might be 

important in the protein-protein interaction, between λQ and RNAP or/and another 

λQ.  Also, the N-terminal domain of λQ was reported to be critical for λQ function as 

antiterminator (123).  Therefore, the N-, middle, and C-terminal domains might play 

distinctive roles in the protein interactions since they have different profiles of binding 

to B2 and B4 regions of RNAP and dimerization (see also Chapter 2). 

     Here, evidence of GreB interaction with λQ was first provided via the yeast two-

hybrid assay.  In order to evaluate the significance of this finding, the following 

suggestions should be considered.  First, if λQ binds to GreB, where is the binding 

region of GreB for λQ?  Second, GreB enhances λQ antitermination, but do GreB and 

λQ cooperate by interacting each other?  Or does GreB rescue of RNAP from 
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backtracking benefit antitermination independently of λQ?  Third, is λQ actually 

present in the proximity of the active site or the secondary channel to bind GreB?  Or, 

does the interaction between GreB and λQ occur at the surface of RNAP?  Since we 

know that both λQ and GreB bind RNAP and they boost antitermination, their 

interaction shown in the yeast two-hybrid assay may not be just coincident.  Rather 

their interaction could be actually important to modulate RNAP functionally or 

structurally or both. 

     Three RNAP mutants, βR1106L, βI561L, and βM1273R were compared with WT 

RNAP in λQ-mediated antitermination in vivo and in vitro.  βR1106 is another NTP 

binding amino acid proposed together with βK1073 (discussed in Chapter 3).  The 

location of βR1106 is quite close to βK1073 in the active center where it is in 

proximity to the 3’ end of RNA transcript.  Incoming NTPs are supported by NTP 

binding amino acids (5 amino acids are proposed) for proper orientation in order to be 

catalyzed in the active site of RNAP (110).  Therefore, it seems plausible that the NTP 

binding mutants might have abnormal enzyme kinetics compared to WT RNAP, 

considering loosened or less efficient substrate binding which potentially happens in 

the mutants.  This fact makes these NTP binding mutants interesting to study further: 

how does λQ affect the enzyme kinetics of RNAP for λQ antitermination?  In a 

previous study with 82Q, antipausing is proposed as a possible mechanism of Q 

antitermination along with a physical protection of RNA by λQ near the flap domain 

(35).  Considering the proposal, an attractive hypothesis to explain the mutants could 

be that the antipausing effect by λQ at the termination site is hindered in the NTP 

binding mutants because λQ exerts antipausing by modifying the active site favoring 

substrate incorporation. 

     βI561L and βM1273R are also exposed to the main channel of RNAP, close to the 

active site, whose locations can be more specified as the bridge helix and the hybrid 
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mutant, respectively.  Interestingly, a recent study suggested that a possible function of 

the bridge helix is assisting the NTP binding, although previously the bridge helix has 

been believed to be involved in translocation of RNAP (115, 116, 117).  One obvious 

fact about the bridge helix is that it is a mobile element of RNAP, adopting two 

structures, bent or straight, which were shown in the crystallographic studies.  

Understanding the consequence of the movement of the bridge helix might be the key 

in understanding the function of βI561L in λQ antitermination.  Since the location of 

the mutant probably affects the movement of the bridge helix, being juxtaposed to it, 

whether the bridge helix movement is related to the translocation or to the substrate 

binding would determine the ultimate defect that this mutant causes.  For example, if 

substrate binding is affected by the bridge helix movement, the results with the mutant 

support the hypothesis that λQ functions in enhancing substrate catalysis as the 

underlying mechanism of λQ antitermination.   

     In the in vitro transcription, βM1273R did not show a defect in antitermination as 

significant as in the in vivo reporter assay, although it reduced λQ antitermination in 

both assays compared with WT RNAP.  One problem encountered in the in vitro assay 

was that the mutant was considerably less active than WT RNAP.  All the mutants 

presented this study did not exhibit any noticeable defect in cell growth in the in vivo 

assay, with the exception of βD549Y (see Chapter 3).  It is believed that our in vivo 

reporter system allows selecting mutants that do not affect normal functions of RNAP 

except λQ-mediated antitermination.  The mutant screenings in this study were also 

carefully performed so as not to be misguided by under-grown colonies, apparently 

whiter due to their less individual volume on an indicative plate.  Therefore, it is 

thought that the condition applied to the in vitro transcription is different from the in 

vivo condition, which somehow inactivates βM1273R.   

     Combining the previous study and this study, a total of 4 mutants were identified 
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from the region, under the template of RNA/DNA hybrid: one, βE1274A/G/V, and 

three, βG1271W/V/E, βG1277E, and βM1273R/K/V, from the previous study and this 

study respectively (106).  This coincidence strongly suggests the significance of this 

region for λQ-mediated antitermination (discussed in Chapter 3).  The mechanism 

involved with this region for antitermination needs further experiments to be 

elucidated in the future.                                       

 

Materials and Methods 

 

Strains and plasmids 

 

     The yeast two-hybrid assay was performed with the same yeast strain and plasmids 

as described in Chapter 2.  λQ, λQ-NM, λQ-MC, GreA, and GreB were cloned into 

pAS2 (Clontech) including a Gal4 DNA binding domain using BamHI and PstI.  λQ 

was cloned into pACT2 (Clontech) including a Gal4 transcriptional activation domain 

via BamHI and XhoI sites.  Each of 21Q, 80Q, and 82Q was cloned into both pAS2 

and pACT2.  21Q and 82Q were cloned into BamHI and NcoI sites while 80Q was 

into BamHI and XhoI sites of pACT2.  In order to clone into pAS2, NcoI and BamHI 

were used for 21Q and 82Q while BamHI and PstI for 80Q.  Each of the N-terminal, 

the middle, and the C-terminal domain of λQ was cloned into pAS2 using BamHI and 

PstI.  GreB was divided into 2 domains, GreB-NTD (1-73 a.a.) and GreB-CTD (74-

159 a.a.) according to the reported structure of GreB.  Each of the two domains was 

cloned into pAS2 using BamHI and PstI. 
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Secondary structure prediction 

 

     The amino acid sequence of λQ was submitted to various websites, such as Protein 

Structure Prediction Server (PSIPREDIC), that offered a prediction of the secondary 

structure based on the primary sequence.  The predictions provided by different 

servers were generally identical, a helical structure for the N- and the C-terminal and a 

coiled-coil structure for the middle domain of λQ.    

 

Yeast two- hybrid assay and in vitro transcription 

 

     The materials, procedure, and methodology of the yeast two-hybrid assay and in 

vitro transcription were as described in Chapter 2 and Chapter 3, respectively.  For the 

in vitro transcription, proteins were prepared from TOM100 including inducible λQ in 

pBAD33, and 150 nM of NusA was included in each reaction shown in this chapter.  
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APPENDIX 

 

SUGGESTION ON FURTHER EXPERIMENTS TO UNDERSTAND THE 

MECHANISM OF λQ ANTITERMINATION 

 

Mapping the λQ binding site 

 

     In this study, β600-681 (B2-K) was proposed to be a potential binding region for 

λQ on RNAP.  In order to support this region as the λQ binding site, I suggest a 

couple of experiments to be performed in the future.   

     First, a protein-protein interaction assay, for example the immuno-precipitation 

assay, can confirm λQ binding to B2-K.  After we found β501-832 (B2) interaction 

with λQ through the yeast two-hybrid assay, B2 was truncated to further define the 

responsible binding region for λQ.  This attempt was unsuccessful probably due to the 

protein instability or folding problem of truncated peptides.  For this reason, an in vivo 

binding assay (the titration assay) was applied, which resulted in identifying B2-K 

interaction with λQ.  Since both the yeast two-hybrid assay and the titration assay are 

performed in vivo (a genetic approach), a biochemical experiment directly visualizing 

their interaction in vitro is recommended in order to add other solid evidence for the 

interaction between B2-K and λQ.   

     Second, RNAP mutants for λQ antitermination should be verified as binding or 

functional mutants.  Identifying RNAP mutants that weaken λQ binding would 

facilitate us mapping the λQ binding site.  Combining the previous study and this 

study, a total of twenty eight RNAP mutants on the β subunit have been isolated.  The 

surface mutants from the previous study were tested for λQ binding with the yeast 

two-hybrid assay, and the surface region including them was analyzed for λQ binding 
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and antitermination with the titration and the reporter assay in this study.  We 

concluded that the surface region is unlikely to be λQ binding site and the mutants are 

not binding mutants.  However, except the surface mutants, other RNAP mutants were 

not studied to clarify whether they are binding or functional mutants for λQ 

antitermination.  Although the internal mutants are apparently functional mutants, due 

to difficulty of λQ access, they should be defined through both a protein interaction 

assay and functional analysis.  For example, there are a number of significant mutants 

within B2 and β1058-1241 (B4) that were not analyzed for λQ binding (or function) in 

this study, and they need to be characterized in the future. 

 

Characterizing RNAP mutants for function  

 

     Most of the RNAP mutants isolated in this study are exposed or close to the main 

channel of RNAP, in the active site, near the bridge helix, and under the template 

DNA of RNA/DNA hybrid.  It is important to understand how they affect λQ 

antitermination.  Especially, four RNAP mutants, βR678C/P/G, βM681V:βM685L, 

βK1073G/N/M/T, and βR1106L, attract a great deal of attention since a structural 

study with yeast polII proposed these amino acids bind incoming NTP in the active 

site of RNAP (110).  As discussed, a hypothesis is proposed that λQ modification 

rearranges the configuration of the active site to facilitate NTP binding as the 

mechanism of λQ antitermination.  If this is the case, the four mutants might 

overcome their defect in substrate binding for efficient antitermination by high 

concentrations of NTPs.  However, it needs to be considered that these mutants 

displayed a reduced λQ antitermination in vivo where NTPs are believed to be 

abundant.  On the other hand, λQ antitermination might be even more reduced with 

these mutants by lower concentrations of NTPs.  In order to evaluate this hypothesis, 
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an in vitro experiment that can visualize the relationship between λQ antitermination 

and substrate concentration is required.   

     The in vitro transcription with βK1073G and WT RNAP in different concentrations 

of UTPs was performed in this study.  UTP concentration was validated as a 

determinant for antitermination in the absence of NusA and NusA suppressed 

antitermination more significantly than WT RNAP.  A saturating amount of λQ was 

necessary for this mutant to overcome the NusA-mediated suppression.  Inefficient 

substrate binding or utilization with β1073G was evidenced because the background 

readthrough was significantly enhanced by increasing UTP concentration in the 

absence of NusA and λQ (4-fold-enhanced background readthrough at 100 µM than at 

1 µM UTP with βK1073G compared to 2.5-fold with WT RNAP in the same 

condition).  For λQ antitermination, a low concentration of λQ increased 

antitermination only in high concentrations of UTP with βK1073G while it increased 

antitermination regardless of UTP concentrations with WT RNAP.  In addition, 

antitermination was less effective with this mutant even in a high concentration of λQ 

and UTP compared with WT RNAP.   

     Complicating this interpretation is a report that a low concentration of NTP 

hindered 82Q modification at the initiation site and the antitermination efficiency can 

be affected by both binding affinity and functional modulation (35, personal 

communication with Hatoum, A.)  Although we provided a piece of evidence of 

inefficient substrate metabolism as enzymatic defect with βK1073G in this study, it 

needs to be clarified whether the reduced antitermination is due to λQ binding or the 

substrate binding with this mutant.  For this reason, an in vitro analysis separating the 

stage of initiation/early elongation and elongation/termination is required.   

     A previous study with 82Q developed the methodology using a specifically 

designed template DNA (35).  The template DNA is retrievable with a magnetic bead, 
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and its sequence corresponding to the initiation and early elongation stage where λQ 

modifies RNAP is deprived of one nucleotide, enabling a pause for RNAP in the 

occurrence of the nucleotide, therefore different conditions can be applied before and 

after λQ modification.  The advantage of this system is that a high concentration of 

NTP and λQ in the initiation/early elongation stage would ensure λQ modification of 

RNAP in order to visualize the effect of NTP concentration in the elongation and 

termination.  Especially, termination can be visualized by modulating the 

concentration of UTP targeting the U-rich segment of the intrinsic terminator.   

     In addition, the RNAP mutants provided by this study can be analyzed with 82Q 

since λQ and 82Q are functionally conserved and 82Q antitermination was 

characterized as NusA-dependent protection of the RNA transcription and antipausing 

in the previous study (35).  Therefore, it would be interesting to study whether the 

RNAP mutants display the same characteristics with λQ as with 82Q in the future.    



141 

REFERENCES 

 

1.  Ishihama, A. (2000). Functional modulation of Escherichia coli RNA polymerase. 

Annu. Rev. Microbiol. 54, 499-518. 

2.  Storz, G. (2002). An expanding universe of noncoding RNAs. Science 296, 1260-

1263. 

3.  Grundy, F. J., and Henkin, T. M. (2004). Regulation of gene expression by 

effectors that bind to RNA. Curr. Opin. Microbiol. 7, 126-131. 

4.  Burrows, P. C, Severinow, K., Buck, M., and Wigneshweraraj, S. R. (2004). 

Reorganisation of an RNA polymerase-promoter DNA complex for DNA melting. 

EMBO J. 23, 4253-4263. 

5.  Sweetser, D., Nonet, M., and Young, R. A. (1987). Prokaryotic and eukaryotic 

RNA polymerase have homologous core subunits. Proc. Natl. Acad. Sci. USA 84, 

1192-1196. 

6.  Ebright, R. H. (2000). Structural similarities between bacterial RNA polymerase 

and eukaryotic RNA polymerase II. J. Mol. Biol. 304, 687-698. 

7.  Borukhov, S., Lee, J., and Laptenko, O. (2005). Bacterial transcription elongation 

factors: new insights into molecular mechanism of action. Mol. Microbiol. 55, 

1315-1324. 

8.  Borukhov, S., and Nudler, E. (2003). RNA polymerase holoenzyme: structure, 

function and biological implications. Curr. Opin. Microbiol. 6, 93-100. 

9.  Darst, S. A. (2001). Bacterial RNA polymerase. Curr. Opin. Struct. Biol. 11, 155-

162. 

10.  Werner, F. (2007). Structure and fuction of archaeal RNA polymerases. Mol. 

Microbiol. 65, 1395-1404. 

11.  Murakami, K. S., and Darst, S. A. (2003). Bacterial RNA polymerases: the whole 



 

142 

story. Curr. Opin. Struct Biol. 13, 31-39. 

12.  Gross, C. A., Chan, C., Dombroski, A., Gruber, T., Sharp, M., Tupy, J., and 

Young, B. (1998). The functional and regulatory roles of sigma factors in 

transcription. Cold Spring Harb. Symp. Quant. Biol. LXIII, Cold Spring Harbor 

Laboratory Press 

13.  Gross C. A., Lonetto M. A., and Losick, R. (1992). Sigma factors. In control of 

transcription edited by Yamamoto, K. and McKnight, S. Cold Spring Harbor. 

Cold Spring Harbor Laboratory Press 129-176. 

14.  Lonetto, M., Gribskov, M., and Gross, C. A. (1992). The σ70 family: sequence 

conservation and evolutionary relationships. J. Bacteriol. 174, 3843-3849.   

15.  Hirata, A., Klein, B. J., and Murakami, K. S. (2008). The X-ray crystal structure 

of RNA polymerase from Archaea. Nature 451, 851-4.  

16.  Zhang, G., Campbell, E. A., Minakhin, L., Richter, C., Severinov, K., and Darst, 

S. A. (1999). Crystal structure of Thermus aquaticus core RNA polymerase at 3.3 

Å Resolution. Cell 98, 811-824. 

17.  Landick, R. (2001). RNA polymerase clamps down. Cell 105, 567-570. 

18.  Cramer, P. (2002). Multisubunit RNA polymerases. Curr. Opin. Struct. Biol. 12, 

89-97.  

19.  Vassylyev, D. G., Vassylyeva, M. N., Perederina, A., Tahirov, T. H., and 

Artsimovitch, I. (2007). Structural basis for transcription elongation by bacterial 

RNA polymerase. Nature 448, 163-168. 

20.  Vassylyev, D. G., Vassylyeva, M. N., Perederina, A., Tahirov, T. H., and 

Artsimovitch, I. (2007). Structural basis for transcription elongation by bacterial 

RNA polymerase. Nature 448, 157-162. 

21.  Korzheva, N., Mustaev, A., Kozlov, M., Malhotra, A., Nikiforov, V., Goldfarb, 

A., and Darst, S. A. (2000). A structural model of transcription elongation. 



 

143 

Science 289, 619-625. 

22.  Trinh, V., Langelier, M.-F., Archambault, J., and Coulombe, B. (2006) Structural 

perspective on mutations affecting the function of multisubunit RNA 

polymerases. Microbiol. Mol. Biol. Rev. 70, 12-36. 

23.  Keene, R. G. and Luse, D. S. (1999). Initially transcribed sequences strongly 

affect the extent of abortive initiation by RNA polymeraseII. J. Biol. Chem. 274, 

11526-11534. 

24.  Nudler, E., Avetissova, E., Markovtsov, V., and Goldfarb, A. (1996). 

Transcription processivity: protein-DNA interactions holding together the 

elongation complex. Science 273, 202-203. 

25.  Nickels, B. E., and Hochschild, A. (2004). Regulation of RNA polymerase 

through the secondary channel. Cell 118, 281-284. 

26.  Paul, B. J., Berkmen, M. B., and Gourse, R. L. (2005). DksA potentiates direct 

activation of amino acid promoters by ppGpp. Proc. Natl. Acad. Sci. USA. 102, 

7823-7828. 

27.  Rutherford, S. T., Lemke, J. J., Vrentas, C. E., Gaal, T., Ross, W., and Gourse, R. 

L. (2007). Effects of DksA GreA, and GreB on transcription initiation: insights 

into the mechanisms of factors that bind in the secondary channel of RNA 

polymerase. J. Mol. Biol. 366, 1243-1257.  

28.  Opalka, N., Chlenov, M., Chacon, P., Rice, J. W., Wriggers, W., and Darst, S. A. 

(2003). Structure and function of the transcription elongation factor GreB bound 

to bacterial RNA polymerase. Cell 114, 335-345. 

29.  Kulish, D., Lee, J., Lomakin, I., Nowicka, B., Das, A., Darst, S. A., Normet, K., 

and Borukhov, S. (2000). The functional role of basic patch, a structural element 

of Escherichia coli transcript cleavage factors GreA and GreB. J. Biol. Chem. 

275, 12789-12798. 



 

144 

30.  Koulich, D., Nikiforov, V., and Borukhov, S. (1998). Distinct functions of N- and 

C-terminal domains of GreA, an Escherichia coli transcript cleavage factor. J. 

Mol. Biol. 276, 379-389. 

31.  Doulich, D., Orlova, M., Malhotra, A., Sali, A., Darst, S. A., and Borukhov, S. 

(1997). Domain organization of Escherichia coli transcript cleavage factors GreA 

and GreB. J. Biol. Chem. 272, 7201-7210. 

32.  Kuznedelov, K., Korzheva, N., Mustaev, A., and Severinov, K. (2002). Structure-

based analysis of RNA polymerase function: the largest subunit’s rudder 

contributes critically to elongation complex stability and is not involved in the 

maintenance of RNA-DNA hybrid length. EMBO J. 21, 1369-1378.  

33.  Borukhov, S. and Nudler, E. (2007). RNA polymerase: the vehicle of 

transcription. Trends Microbiol. 16, 126-134.  

34.  Epshtein, V., Cardinale, C. J., Ruckenstein, A. E., Borukhov, S., and Nudler, E. 

(2007). An allosteric path to transcription termination. Mol. Cell 28, 991-1001. 

35.  Shankar, S., Hatoum, A., and Roberts, J. W. (2007). A transcription antiterminator 

constructs a NusA-dependent shield to the emerging transcript. Mol. Cell 27, 914-

927. 

36.  Busby, S., and Ebright, R. H. (1994). Promoter structure, promoter, recognition, 

and transcription activation in prokaryotes. Cell 79, 743-746. 

37.  Meibom, K. L., Kallipolitis, B. H., Ebright, R. H., and Valentin-Hansen, P. 

(2000). Identification of the subunit of cAMP receptor protein (CRP) that 

functionally interacts with CytR in CRP-CytR-mediated transcription repression. 

J. Biol. Chem. 275, 11951-11956.  

38.  Kainz, M., and Gourse, R. L. (1998). The C-terminal domain of the alpha subunit 

of Escherichia coli RNA polymerase is required for efficient Rho-dependent 

transcription termination. J. Mol. Biol. 284, 1379-1390. 



 

145 

39.  Mah, T.-F., Kuznedelov, K., Mushegian, A., Severinov, K., and Greenblatt, J. 

(2000). The α subunit of E. coli RNA polymerase activates RNA binding by 

NusA. Genes Dev. 14, 2664-2675. 

40.  Paget, M. SB., and Helmann, J. D. (2003). The σ70 family of sigma factors. 

Genome Biol. 4, 203. 

41.  Browning, D. F., and Busby, S. J. W. (2004). The regulation of bacterial 

transcription initiation. Nat. Rev. Microbiol. 2, 1-9. 

42.  Wosten, M. M. S. M. (1998). Eubacterial sigma-factors. FEMS Microbiol. Rev. 

22, 127-150. 

43.  Zenkin, N., and Severinov, K. (2004). The role of RNA polymerase σ subunit in 

promoter-independent initiation of transcription. Proc. Natl. Acad. Sci. USA 101, 

4396-4400. 

44.  Wilson, C., and Dombroski, A. J. (1997). Region 1 of sigma70 is required for 

efficient isomerization and initiation of transcription by Escherichia coli RNA 

polymerase. J. Mol. Biol. 267, 60-74. 

45.  Mekler, V., Kortkhonija, E., Mukhopadhyay, J., Knight, J., Revyakin, A., 

Kapanidis, A. N., Niu, W., Ebright, Y. W., Levy, R., and Ebright, R. H. (2002). 

Structural organization of bacterial RNA polymerase holoenzyme and the RNA 

polymerase-promoter open complex. Cell 108, 599-614. 

46.  Barne, K. A., Brown, J. A., Busby, S. J. W., and Minchin, S. D. (1997). Region 

2.5 of the Escherichia coli RNA polymerase σ70 subunit is responsible for the 

recognition of the ‘extended -10’ motif at promoters. EMBO J. 16, 4034-4040. 

47.  Minakhin, L., Bhagat, S., Brunning, A., Campbell, E. A., Darst, S. A., Ebright, R. 

H., and Severinov, K. (2001). Bacterial RNA polymerase subunit omega and 

eukaryotic RNA polymerase subunit RPB6 are sequence, structural, and 

functional homologs and promote RNA polymerase assembly. Proc. Natl. Acad. 



 

146 

Sci. USA 98, 892-897. 

48.  Vrentas, C. E., Gaal, T., Ross, W., Ebright, R. H., and Gourse, R. L. (2005). 

Response of RNA polymerase to ppGpp: requirement for the omega subunit and 

relief of this requirement by DksA. Genes Dev. 19, 2378-2387.  

49.  Murakami, K. S., Masuda, S., Campbell, E. A., Muzzin, O. and Darst, S. A. 

(2002). Structural basis of transcription initiation: an RNA polymerase 

holoenzyme-DNA complex. Science 296, 1285-1290.  

50.  Tomsic, M., Tsujikawa, L., Panaghie, G., Wang, Y., Azok, J., and deHaseth, P. L. 

(2001). Different roles for basic and aromatic amino acids in conserved region 2 

of Escherichia coli σ70 in the nucleation and maintenance of the single-stranded 

DNA bubble in open RNA polymerase-promoter complexes. J. Biol. Chem. 276, 

31891-31896. 

51.  Chatterji, D., and Ojha, A. K. (2001). Revisiting the stringent response, ppGppp 

and starvation signaling. Curr. Opin. Microbiol. 4, 160-165. 

52.  Barker, M. M., Gaal, T., Josaitis, C. A., and Gourse, R. L. (2001). Mechanism of 

regulation of transcription initiation by ppGpp. I. Effects of ppGpp on 

transcription initiation in vivo and in vitro. J. Mol. Biol. 305, 673-688. 

53.  Schneider, D. A., Gaal, T., and Gourse, R. L. (2002). NTP-sensing by rRNA 

promoters in Escherichia coli is direct. Proc. Natl. Acad. Sci. USA 99, 8602-

8607. 

54.  Babu, M. M., and Teichmann, S. A. (2003). Evolution of transcription factors and 

the gene regulatory network in Escherichia coli K-12. Nucleic Acids Res. 31, 

1234-1244. 

55.  Stock, A. M., Robinson, V. L., and Goudreau, P. N. (2000). Two-component 

signal transduction. Annu. Rev. Biochem. 69, 183-215.  

56.   Straney, D. C., and Crothers, D. M. (1987). Comparison of the open complexes 



 

147 

formed by RNA polymerase at the Escherichia coli lac UV5 promoter. J. Mol. 

Biol. 193, 279-292. 

57.  Vo, N. V., Hsu, L. M., Kane, C. M., and Chamberlin, M. J. (2003). In vitro 

studies of transcript initiation by Escherichia coli RNA polymerase. 3. Influences 

of individual DNA elements within the promoter recognition region on abortive 

initiation and promoter escape. Biochemistry 42, 3798-3811. 

58.  Kapanidis, A. N., Margeat, E., Ho, S. O., Kortkhonjia, E., Weiss, S., and Ebright, 

R. H. (2006). Inithial transcription by RNA polymerase proceeds through a DNA-

scrunching mechanism. Science 314, 1144-1147.  

59.  Revyakin, A., Liu, C., Ebright, R. H., and Strick, T. R. (2006). Abortive initiation 

and productive initiation by RNA polymerase involve DNA scrunching. Science 

314, 1139-1143. 

60.  Tchernaenko, V., Halvorson, H. R., Kashlev, M., and Lutter, L. C. (2008). DNA 

bubble formation in transcription initiation. Biochemistry 47, 1871-1884.  

61.  Toulokhonov, I., Zhang, J., Palangat, M., and Landick, R. (2007). A central role 

of the RNA polymerase trigger loop in active-site rearrangement during 

transcriptional pausing. Mol. Cell 27, 406-419. 

62.  Herbert, K. M., Porta, A. L., Wong, B. J., Mooney, R. A., Neuman, K. C., 

Landick, R., and Block, S. M. (2006). Sequence-resolved detection of pausing by 

single RNA polymerase molecules. Cell 125, 1083-1094. 

63.  Artsimovitch, I., and Landick, R. (2000). Pausing by bacterial RNA polymerase is 

mediated by mechanistically distinct classes of signals. Proc. Natl. Acad. Sci. 

USA 97, 7090-7095.  

64.  Marr, M. T., and Roberts, J. W. (2000). Function of transcription cleavage factors 

GreA and GreB at a regulatory pause site. Mol. Cell 6, 1275-1285. 

65.  Vassylyeva, M. N., Svetlov, V., Dearborn, A. D., Klyuyev, S., and Artsimovitch, 



 

148 

I. (2007). The carboxy-terminal coiled-coil of the RNA polymerase β’-subunit is 

the main binding site for Gre factors. EMBO R. 8, 1038-1043. 

66.  Koulich, D., Orlova, M., Malhotra, A., Sali, A., Darst, S. A., and Borukhov, S. 

(1997). Domain organization of Escherichia coli transcript cleavage factors GreA 

and GreB. J. Biol. Chem. 272, 7201-7210. 

67.  Opalka, N., Chlenov, M., Chacon, P., Rice, W. J., Wriggers, W., and Darst, S. A. 

(2003). Structure and function of the transcription elongation factor GreB bound 

to bacterial RNA polymerase. Cell 114, 335-345.  

68.  Park, J. S., Marr, M. T., and Roberts, J. W. (2002). E. coli transcription repair 

coupling factor (Mfd protein) rescues arrested complexes by promoting forward 

translocation. Cell 109, 757-767. 

69.  Roberts, J. W., and Park, J. S. (2004). Mfd, the bacterial transcription repair 

coupling factor: translocation, repair and termination. Curr. Opin. Microbiol. 7, 

120-125. 

70.  Weisberg, R. A., and Gottesman, M. E. (1999). Processive antitermination. J. 

Bacteriol. 181, 359-367.  

71.  Prasch, S., Schwarz, S., Eisenmann, A., Wöhrl, B. M., Schweimer, K., and Rösch, 

P. (2006). Interaction of the intrinsically unstructured phage λ N protein with 

Escherichia coli NusA. Biochemistry 45, 4542-4549.  

72.  Steiner, T., Kaiser, J. T., Marinkovic, S., Huber, R., and Wahl, M. C. (2002). 

Crystal structures of transcription factor NusG in light of its nucleic acid- and 

protein-binding activities. EMBO J. 21, 4641-4653. 

73.  Mah, T.-F., Li, J., Davidson, A. R., and Greenblatt, J. (1999). Functional 

importance of regions in Escherichia coli elongation factor NusA that interact 

with RNA polymerase, the bacteriophage λ N protein and RNA. Mol. Microbiol. 

34, 523-537.  



 

149 

74.  Shin, D. H., Henry, H. N., Jancarik, J., Yokota, H., Kim, R., and Kim, S.-H. 

(2003). Crystal structure of NusA from Thermotoga Maritima and functional 

implication of the N-terminal domain. Biochemisty 42, 13429-13437. 

75.  Yarnell, W. S., and Roberts, J. W. (1999). Mechanism of intrinsic transcription 

termination and antitermination. Science 284, 611-615. 

76.  Toulokhonov, I., and Landick, R. (2004). The flap domain is reqired for pause 

RNA hairpin inhibition of catalysis by RNA polymerase and can modulate 

intrinsic termination. Mol. Cell 12, 1125-1136. 

77.  Skordalakes, E., and Berger, J. M. (2003). Structure of the Rho transcription 

terminator: mechanism of mRNA recognition and helicase loading. Cell 114, 

135-146. 

78.  kainz, M. and Gourse, R. L. (1998). The C-terminal domain of the alpha subunit 

of Escherichia coli RNA polymerase is required for efficient Rho-dependent 

transcription termination. J. Mol. Biol. 284, 1379-1390. 

79.  Gusarov, I. And Nudler, E. (2001). Control of intrinsic transcription termination 

by N and NusA: the basic mechanism. Cell 107, 437-449. 

80.  Cheeran, A., Suganthan, R. B., Swapna, G., Bandey, I., Achary, M. S., 

Nagarajaram, H. A., and Sen, R. (2005). Escherichia coi RNA polymerase 

mutations located near the upstream edge of an RNA:DNA hybrid and the 

beginning of the RNA-exit channel are defective for transcription antitermination 

by the N protein from lambdoid phage H-19B. J. Mol. Biol. 352, 28-43. 

81.  Watnick, R. S., and Gottesman, M. E. (1999). Binding of transcription termination 

protein Nun to nascent RNA and template DNA. Science 286, 2337-2339. 

82.  Barik, S. and Das, A. (1990). An analysis of the role of host factors in 

transcription antitermination in vitro by the Q protein of coliphage lambda. Mol. 

Gen. Genet. 222, 152-156. 



 

150 

83.  Lee, F., and Yanofsky, C. (1977). Transcription termination at the trp operon 

attenuators of Escherichia coli and Salmonella typhimurium: RNA secondary 

structure and regulation of termination. Proc. Natl. Acad. Sci. USA. 74, 4365-

4369. 

84.  Santangelo, T. J. and Roberts, J. W. (2004). Forward translocation is the natural 

pathway of RNA release at an intrinsic terminator. Mol. Cell 14, 117-126. 

85.  Zhou, Y., Navaroli, D. M., Enuameh, M. S., and Martin, C. T. (2007). 

Dissociation of halted T7 RNA polymerase elongation complexes proceeds via a 

forward-translocation mechanism. Proc. Natl. Acad. Sci. USA. 104, 10352-

10357.  

86.  Park, J. S. and Roberts, J. W. (2006). Role of DNA bubble rewinding in 

enzymatic transcription termination. Proc. Natl. Acad. Sci. USA. 103, 4870-4875. 

87.  Toulokhonov, I. And Landick, R. (2003). The flap domain is required for pause 

RNA hairpin inhibition of catalysis by RNA polymerase and can modulate 

intrinsic termination. Mol. Cell 12, 1125-1136. 

88.  Larson, M. H., Greenleaf, W. J., Landick, R., and Block, S. M. (2008). Applied 

force reveals mechanistic and energetic details of transcription termination. Cell 

132, 971-982. 

89.  Gusarov, I. and Nudler, E. (1999). The mechanism of intrinsic transcription 

termination. Mol. Cell 3, 495-504. 

90.  Komissarova, N., Becker, J., Solter, S., Kireeva, M., and Kashlev, M. (2002). 

Shortening of RNA:DNA hybrid in the elongation complex of RNA polymerase 

is a prerequisite for transcription termination. Mol. Cell 10, 1151-1162. 

91.  Datta, K. and von Hippel, P. H. (2008). Direct spectroscopic study of 

reconstituted transcription complexes reveals that intrinsic termination is driven 

primarily by thermodynamic destabilization of the nucleic acid framework. J. 



 

151 

Biol. Chem. 283, 3537-3549. 

92.  Toulokhonov, I., Artsimovitch, I., and Landick, R. (2001).  Allosteric control of 

RNA polymerase by a site that contacts nascent RNA hairpins. Science 292, 730-

733. 

93.  Epshtein, V., Cardinale, C. J., Ruckenstein, A. E., Borukhov, S., and Nudler, E. 

(2007). An allosteric path to transcription termination. Mol. Cell 28, 991-1001. 

94.  Dodd, I. B., Shearwin, K. E., and Egan, J. B. (2005). Revisited gene regulation in 

bacteriophage λ. Curr. Opin. Gen. Dev. 15, 145-152. 

95.  Gottesman, M. E., and Weisberg, R. A. (2004). Little lambda, who made thee. 

Microbiol. Mol. Biol. Rev. 68, 796-813. 

96.  Oppenheim, A. B., Kobiler, O., Stavans, J., Court, D. L., and Adhya, S. (2005). 

Switches in bacteriophage lambda development. Annu. Rev. Genet. 39, 409-429. 

97.  Kobiler, O., Rokney, A., Friedman, N., Court, D. L., Stavans, J., and Oppenheim, 

A. B. (2005). Quantitative kinetic analysis of the bacteriophage lambda genetic 

network. Proc. Natl. Acad. Sci. USA 102, 4470-4475.  

98.  Mason, S. W. and Greenblatt, J. (1991). Assembly of transcription elongation 

complexes containing the N protein of phage lambda and the Escherichia coli 

elongation factors NusA, NusB, NusG, and S10. Genes Dev. 5, 1504-1512.  

99.  DeVito, J., and Das, A. (1994). Control of transcription processivity in phage 

lambda: Nus factors strengthen the termination-resistant state of RNA polymerase 

induced by N antiterminatior. Proc. Natl. Acad. Sci. USA 91, 8660-8664. 

100.  Al-Herran, S., and Ashraf, W. (2001). The immunological dissection of the 

Escherichia coli molecular chaperone DnaJ. FEMS Microbiol. Lett. 196, 19-23. 

101.  Banecki, B., Liberek, K., Wall, D., Wawrzynow, A., Georgopoulos, C., Bertoli, 

E., Tanfani, F., and Zylicz, M. (1996). Structure-function analysis of the zinc 

finger region of the DnaJ molecular chaperone. J. Biol. Chem. 271, 14840-14848. 



 

152 

102.  Guo, J., and Roberts, J. W. (2004). DNA binding regions of Q proteins of phages 

lambda and phi80. J. Bacteriol. 186, 3599-3608. 

103.  Roberts, J. W., Yarnell, W., Bartlett, E., Guo, J., Marr, M., Ko, D. C. Sun, H., 

Roberts, C. W. (1998). Antitermination by bacteriophage lambda Q protein. Cold 

Spring Harb. Symp. Quant. Biol. 63, 319-325. 

104.  Marr, M. T., Datwyler, S. A., Meares, C. F., and Roberts, J. W. (2001). 

Restructuring of an RNA polymerase holoenzyme elongation complex by 

lambdoid phage Q proteins. Proc. Natl. Acad. Sci. USA 98, 8972-8978. 

105.  Ko, D. C., Marr, M. T., Guo, J., and Roberts, J. W. (1998). A surface of 

Escherichia coli sigma 70 required for promoter function and antitermination by 

phage lambda Q protein. Genes Dev. 12, 3276-3285. 

106.  Santangelo. T. J., Mooney, R. A., Landick, R., and Roberts, J. W. (2003). RNA 

polymerase mutations that impair conversion to a termination-resistant complex 

by Q antiterminator proteins. Genes Dev. 17, 1281-1292. 

107.  Yarnell, W. S., and Roberts, J. W. (1992). The phage lambda gene Q 

transcription antiterminator binds DNA in the late gene promoter as it modifies 

RNA polymerase. Cell 69, 1181-1189. 

108.  Nickels, B. E., Roberts, C. W., Sun, H., Roberts J. W., and Hochschild, A. 

(2002). The σ70 subunit of RNA polymerase is contacted by the λQ antiterminator 

during early elongation. Mol. Cell 10, 611-622. 

109.  Ulge, U. (2003). Searching for the binding site for φ82 Q protein on Escherichia 

coli RNA polymerase. Senior Thesis. Cornell Univ. 

110.  Kettenberger, H., Armache, K.-J., and Cramer, P. (2004). Complete RNA 

polymerase II elongation complex structure and its interactions with NTP and 

TFIIS. Mol. Cell 16, 955-965. 

111.  Cheeran, A., Kolli, N. R., and Sen, R. (2007). The site of action of the 



 

153 

antiterminator protein N from the lambdoid phage H-19B. J. Biol. Chem. 282, 

30997-31007. 

112.  Guo, J. (1999). Study of the λQ functional domain. Cornell University, Ithaca, 

NY 

113.  Simons, R. W., Houman, F., and Kleckner, N. (1987). Improved single and 

multicopy lac-based cloning vectors for protein and operon fusions. Gene 53, 85-

96. 

114.  Guzman, L. M., Belin, D., Carson, M. J., and Beckwith, J. (1995). Tight 

regulation, modulation, and high-level expression by vectors containing the 

arabinose PBAD promoter. J. Bacteriol. 177, 4121-4130. 

115.   Cramer, P., Bushnell, D. A., and Kornberg, R. D. (2001). Structural basis of 

transcription: RNA polymerase II at 2.8 angstrom resolution. Science 292, 1863-

1876. 

116.  Brueckner, F., and Cramer, P. (2008). Structural basis of transcription inhibition 

by alpha-amanitin and implications for RNA polymerase II. Nat. Struct. Mol. 

Biol. Epub. Ahead of print.  

117.  Temiakov, D., Zenkin, N., Vassylyeva, M. N., Perederina, A., Tahirov, T. H., 

Kashkina, E., Savkina, M., Zorov, S., Nikiforov, V., Igarashi, N., Matsugaki, N., 

Wakatsuki, S., Severinov, K., and Vassylyev, D. G. (2005). Structural basis of 

transciption inhibition by antibiotic streptolydigin. Mol. Cell 19, 655-666. 

118.  Svetlov, V., Belogurov, G. A. Shabrova, E., Vassylyev, D. G., and Artsimovitch, 

I. (2007). Allosteric control of the RNA polymerase by the elongation factor 

RfaH. Nucleic Acids Res. 35, 5694-5705.  

119.  Yang, X. J. and Roberts, J. W. (1989). Gene Q antiterminator proteins of 

Escherichia coli phages 82 and λ suppress pausing by RNA polymerase at a ρ-

dependent terminator and at other sites. Proc. Natl. Acad. Sci. USA 86, 5301-



 

154 

5305. 

120.  Tuske, S., Sarafianos, S. G., Wang, X., Hudson, b., Sineva, E., Mukhopadhyay, 

J., Birktoft, J. J., Leroy, O., Ismail, S., Clark, A. D., Jr., Dharia, C., Napoli, A., 

Laptenko, O., Lee, J. Borukhov, S., Ebright, R. H., and Arnold, E. (2005). 

Inhibition of bacterial RNA polymerase by streptolydigin: stabilization of a 

straight-bridge-helix active-center conformation. Cell 122, 541-552. 

121.  Cardinale, C. J., Washburn, R. S., Tadigotla, V. R., Brown, L. M., Gottesman, 

M. E., and Nudler, E. (2008). Termination factor Rho and its cofactors NusA and 

NusG silence foreign DNA in E. coli. Science 320, 935-938. 

122.  Bartlett, E. (1998). Characterization of the functional interaction between the 

bateriophage lambda Q antiterminator and late gene promoter DNA. Cornell 

University, Ithaca, NY.  

123.  Zhang, Y., and Hanna, M. M. (1995). Expression and functional chracterization 

of Escherichia coli NusA and lambda Q as glutathione S-transferase fusion 

proteins. Protein Expr. Purif. 6, 625-631. 

124.  Ring, B. Z. and Roberts, J. W. (1994). Function of a nontranscribed DNA strand 

site in transcription elongation. Cell 78, 317-324. 

125.  Ring, B. Z., Yarnell, W. S., and Roberts, J. W. (1996). Function of E. coli RNA 

polymerase σ factor-σ70 in promoter-proximal pausing. Cell 86, 485-493. 

 


