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ABSTRACT 

RNA polymerase U is the eukaryotic enzyme that synthesizes mRNA. It is a 

cornplex enzyme that is highly regulated by many protein factors throughout 

transcription. RNA polymerase II comprises twelve subunits, each of which likely plays 

a specific role in the fiinction of the enzyme. The ninth subunit, RPB9, is involved in the 

initiation and elongation stages of transcription. In yeast, deietion of WB9 results in 

sensitivity to high and low ternperatures, as well as to the dmg 6-aza-uracil. RPB9- 

deficient strains exhibit an alteration in the selection of transcript start sites, with an 

upstream shift of the start site window. The RNA polymerase II isolated from RPB9-nul1 

strains is unable to recognize intrinsic pause sites during elongation. The polymerase 

molecules that do arrest cannot resume transcri bing upon stimulation by the elongation 

factor TFIIS. 

WB9 is a srnaII polypeptide, containing two zinc-binding regions (Zn 1 and 2112) 

connected by an intervening sequence (linker region). This study presents the results of a 

mutational analysis designed to assign the various hnctions of RPB9 to regions within 

the subunit. The Zn1 region was shown to be required for the start site selection activity 

of RPB9. When expressed in an RPB9-nul1 yeast strain, the Zn 1 region was found to be 

su%cient to restore start site selections to the wildtype pattern. Using a gel shifi assay 

and purified proteins, an RNA polymerase II binding region was located to a conserved 

sequence (D---DPTLPR) within the linker region. The elongation activity of RPB9 was 

ascribed to the Zn2 region. Conserved charged residues within Zn2 were essential for the 

ability of RPB9 to mediate the reactivation of RNA polymerase II upon stimulation by 



TFLIS. This region of Zn2 is analogous to a charged flexible loop within the zinc ribbon 

domain of TFIIS. These observations provide the basis for a preliminary mode1 of RPB9 

interactions with RNA polymerase II. 
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CHAPTER 1 INTRODUCTION 

1.1 General Overview 

DNA-dependent RNA polymerases catafyze the synthesis of RNA fiom a DNA 

template. These enzymes synthesize the RNA transcript in a 5' to 3' direction, catalyzing 

the formation of a phosphodiester bond between the 3' hydroxyl group of the nascent 

RNA chain and the a-phosphate group of the incoming nucleotide tri-phosphate. The 

resulting RNA transcripts are used as templates for protein synthesis, or as structural or 

catalytic RNA moieties in ribonucleoproteins. 

RNA polymerases are complex enzymes; they catalyze the synthesis of RNA in a 

highly conserved process while interacting with a wide range of regdatory proteins. 

Their catalytic role is known, but the specifics of how they accomplish RNA synthesis 

are not well understood. Furthermore, little is known about how the various transcription 

factors interact with RNA polymerase in order to directly influence the transcription 

reaction. The intricacy of the transcription process is underscored by the complexity of 

the bacteria1 and eukaryotic enzymes. Both classes of RNA polymerases comprise 

multiple subunits, and each subunit plays a distinct role in RNA polymerase fùnction. 

The mechanism of RNA synthesis iç highly conserved among al1 organisms, as 

indicated by sequence and structural homologies. Bacteriaf, eukaryotic and archael RNA 

polymerases are rnultisubunit molecules; the two largest subunits of each class of enzyme 



share stretches of conserved sequences (Allison et al, 1985); (Langer et al, 1995). In 

each case, these conserved subunits compose the catalytic core of the enzyme. Structural 

similarities have been revealed by the solution of the structures of bacterial and yeast 

RNA polymerases (Darst et al, 1989); (Darst et al, 199 1); (Schultz et al, 1993); (Jensen et 

al, 1998). The conservation of structural features implies that prokaryotes and eukaryotes 

have maintained a cornmon transcription mechanism through the preservation of the 

general protein architecture. 

The eukaryotic and archaebacterial RNA polymerases are more cornplex than 

their eubacterial counterparts. reflecting the greater complexity of the eukaryotic and 

archael transcription processes. The eubacterial enzymes are composed of 4 core 

subunits, while the eukaryotic and archael enzymes contain between 12 and 15 subunits 

(Thuriaux and Sentenac, 1992); (Langer et al, 1995). The eukaryotic enzymes are 

categorized as 1. II, or III, according to the various classes of genes that they transcribe 

(Young, 1 99 1 ). The yeast RNA polymerases are the best characterized of the eukaryotic 

enzymes, and serve as a mode1 for eukaryotic transcription systems. 

Although it is the RNA polymerase that synthesizes the RNA chain, there are 

numerous protein factors that associate with the polymerase to modulate its activity 

throughout transcription. The transcription process can be divided into the stages of 

initiation (Conaway and Conaway, 1993), elongation (Kane, 1994) and termination 

(Reines, 1994). A different group of proteins interacts with the polyrnerase to influence 

events at each stage. Specific factors locate the polymerase at the promoter, help select 



the transcript start site, direct the enzyme to  clear the promoter, stimulate the active 

polymerase to elongate through pause sites, and modulate termination of transcription. 

This study focuses primarily on yeast RNA polymerase II, and specifically its 

ninth subunit, RPB9. The enzyme is a complex molecule in which 12 subunits assemble 

to form a single unit that contains the transcriptional catalytic activity. This single 

catalytic unit must interact with the many proteins that moderate the different stages of  

transcription. Each of the subunits must contribute to the catalytic and regulatory 

functions o f  the enzyme through specific protein and DNA contacts. RNA polymerase II 

uses W B 9  to exert an influence on regulatory events in both initiation and elongation. 

RP89 has been shown to play a role in transcript start site selection (Hull et al, 1995); 

(FurterGraves et al, 1994); (Sun et al, 1996). It has also been demonstrated to rnediate 

the response between RNA polymerase II and the transcription elongation factor TFIIS 

(Awrey et al, 1997). TFIIS stimulates RNA polyrnerase Il t o  transcribe through 

sequences that cause the polymerase to stall. 

1.2 RNA Polymerase Subunit Architecture 

The E. coli RNA polymerase is the best characterized of the eubacterial RNA 

polyrnerases. It consists of four core subunits: P, P', and two copies of the a subunit. 

The P' subunit is the largest, and binds the DNA template (Nudler et al, 1996). It also 

contains the catalytic center of  the enzyme (Zaychikov et al, 1996). The second largest 

sübunit, p, makes contacts with the nascent transcript (Markovtsov et al, 1996), the DNA 

template (Nudler et al, 1996), and contains the nucleotide binding site (Grachev et al. 



1989). These two subunits share regions of homology with the two largest subunits in the 

eukaryotic enzymes. These regions are Iikely to contain residues that are critical for the 

basic transcription reaction. The a subunit is present as a dimer, and plays a role in 

assembling the enzyme. The structure of the N-terminal domain of this subunit has been 

solved by X-ray crystallography (Zhang and Darst, 1998). This region is sufficient for 

both subunit dimerization and assembly of the polymerase. The a subunit is also 

involved in seguence-specific binding to DNA (Ross et al, 1993); (Blatter et ai, 1 994). 

The eukaryotic RNA polymerases are more cornplex, and contain between 12 to 

1 5 subunits (Thuriaux and Sentenac, 1992). They can be divided into three classes, RNA 

polymerase 1, II and III (or A, B and C) (Roeder and Rutter, 1969), based on the class of 

gene each type transcribes (Young, 1991). Class 1 enzymes transcribe the large r R N q  

class II enzymes transcribe pre-mRNA and small nuclear RNA, and class III enzymes 

transcribe the srnall rRNA and tRNA. The majority of the mass of the eukaryotic RNA 

polymerases is contained within a core region that has homology to bacterial enzymes 

(Allison el al, 1985). The remaining subunits are either shared with other classes of 

eukaryotic RNA polymerases or are specific to each particular class of RNA polymerase 

(Sentenac et al, 1992). 

1.3 Yeast RNA Polymerase II Subunit Composition and Structure 

1.3.1 Cure Su bu nits 

Yeast RNA polymerase II possesses 12 subunits (RPB 1 through to RPB 12) 

(Sentenac rf al, 1992). The three largest subunits form the catalytic core of the enzyme, 



and have some homology with the E. coli RNA polymerase (Allison er al, 1985). RPB 1 

has eight regions of homology (A through H) shared with the P' subunit of the E. coli 

RNA polymerase. RPB2 possesses nine conserved stretches (A through 1) that are 

homologous to regions of the E. coli P subunit. These stretches of homology are also 

shared with the two largest subunits of RNA polymerases 1 and III, and likely form the 

basis of a conserved reaction center. RPB1 binds the DNA template (Horikoshi et al, 

1985); (Carroll and Stollar, 1983), and RPB2 contains the nucleotide-binding site (Riva et 

al, 1987). 

RPB3 has some limited sequence homology with the a subunit o f  E- coli RNA 

poly merase (Kolodziej and Young, 1 989), as well as with RPB 1 1, and two subunits 

common to RNA polymerases I and III (Woychik and Young, 1993). The RPB3 and 

W B  1 1 homologues fiom Saccharomycespombe form a heterodimer (Kirnura et al, 

1997): (Ishiguro et al, 1998); (Yasui et al, 1998) which is suggested to play a role in 

enzyme assembl y analogous to that of the a2 homodimer of E. coli RNA polyrnerase 

(Zhang and Darst, 1998). 

RPB 1 also possesses a carboxy terminus domain (CTD) that is essential for yeast 

viability (Nonet et al, 1987a). This domain is unique to class II polymerases, and is 

composed of multiple heptapeptide repeats of the consensus sequence YSPTSPS. It is 

glycosylated (Kelly et al, 1993) and undergoes phosphorylation prior to transcription 

elongation (Cadena and Dahmus, 1987); (Payne et al, 1989). The exact role of the CTD 

is not known, but it is involved in activation of  transcription initiation (Nonet et al, 



1987a) and in recruitment of transcnpt-processing machinery to the transcription 

complex (McCracken et al, 1997). 

1.3.2 Common Subunits 

There are five subunits that are common to al1 three classes of eukaryotic RNA 

polymerases: RPBS, RPB6, RPB8, RPB I O  and RPB 12. These common subunits are al1 

essential for viability and each is encoded by a single gene (Woychik ei al, 1990); (Carles 

et al, 199 1). Specific roles for these subunits are not known. 

1.3.3 RNA Polymerase 11 Unique Subunits 

There are four subunits that are specific to RNA polymerase II. Two of the 

subunits, RPB4 and RPB7, form a complex that dissociates fiom the enzyme (Edwards ef 

al, 1991). RPB4 is nonessential (Woychik and Young, 1989), but RPB7 is required for 

viability (McKune et al, 1993). Disruption of the RPBl gene results in an enzyme that is 

lacking both subunits. This implies that the RPB4RPB7 complex associates with the 

remainder of the polymerase via RPB4. The A4/7 enzyme is defective in promoter- 

specific initiation (Edwards et al, 1991). indicating that the RPB4/RPB7 complex is 

invol ved in promoter recognition and initiation. A recent structure of yeast RNA 

polymerase II containing the RPB4/RPB7 heterodimer demonstrates that the 4/7 complex 

alters the size of the active site clefl (Jensen et al, 1998). This result indicates that 4/7 

may play a role in the ciosing of the clefi afier binding of the DNA template. 

WB9 and RPB 1 1 are also unique to RNA polymerase II. although both have 

some homology with subunits of RNA polymerases 1 and III  (Nogi et al, 1993); 

(Christophe Caries, persona1 communication); (Woychi k and Young, 1 993). As 



mentioned above, W B  1 1 forms a heterodimer with RPB3 that is analogous to the az 

dimer of E coi; polymerase, and is likely involved in enzyme assembly (Zhang and 

Darst, 2998). RPB9 plays a role in both initiation and elongation. Several in vivo and iri 

virro studies have demonstrated that WB9 is invotved in transcript start site seleetion 

(Furter-Graves et al, 1994); (Hull et ai, 1995); (Sun el al, 1996). RPB9 also affects the 

ability of the polymerase to  recognize pause sites within a template and to respond to 

TFIIS to transcribe through those pause sites (Awrey et al, 1997). A more detailed 

description of WB9 is given later in the text. 

1.3.4 RNA Poîjmerase II Structure 

A three-dimensional structure o f  yeast A4/7 RNA polymerase II has been solved 

to 16 A (Darst et al, 199 1). The enzyme possesses a 25 A cleft that forms the "palm" of a 

hand-like structure. The clefl is surrounded by protrusions similar to  a " thumb and 

"fingers". One mode1 proposes that the DNA template occupies this cleft. held in place 

by the "thumb" projection. Similar structures are seen with two  other multi-subunit RNA 

polymerases whose structures have been solved. Both E. coii RNA polymerase (Darst et 

ai. 1989) and yeast RNA polymerase 1 (Schultz et al. 1990) (solved to 23 A and 30 

respectively) dispIay the hand-like configuration. The RPB9 homologue o f  RNA 

polymerase 1, subunit A1 2, has been localized to the floor of the cleft using 

immunolocalization and electron microscopy techniques (Patrick Schultz, personal 

communication). The  conservation o f  the potymerase structural features suggests that 

these characteristics are essential for RNA polymerase firnction. lt is possible that the 

homologous regions o f  the core subunits form the architecture of  this conserved structure. 



1.4 Transcription Initiation and Start Site Selection 

Eukaryotic transcription initiation requires many transcription factors to direct the 

polymerase to the promoter and regulate the transcription of specific genas. Eukaryotic 

RNA polymerases are unable to recognize and bind to the promoter by themselves, unlike 

prokaryotic polymerases that cm directly recognize promoter elements through their 

associated sigma subunit. Thus, initiation by eukaryotic RNA polymerase requires a set 

of general transcription factors that bind to the promoter and recruit the polymerase to 

form a pre-initiation complex capable of initiating transcription (Conaway and Conaway, 

1 993). Regulat ion of eukaryotic transcription initiation is governed by speci fic 

transcription factors that bind to DNA elements at certain promoters to activate or repress 

transcription of specific classes of genes. A summary of the events involved in 

transcription initiation by RNA polymerase II will be given here, with particular focus on 

the factors that determined the site from which transcription begins. 

The majority of eukaryotic class II promoters require the minimal elements of a 

TATA sequence and an initiator site for basal level transcription by RNA polymerase II 

(reviewed in (Struhl, 1989) and (Guarente, 1987)). The TATA element is defined by the 

consensus sequence TATA& and is located upstream of the transcript start site. The 

initiator sequence identifies the location where synthesis of the transcript will begin, and 

is located immediately adjacent to the transcript stcirt site. Several distinct initiator 

consensus sequences have been identified in eukaryotes. In mammalian promoters the 

initiator site is located 25 to 30 bases downstream of the TATA element. However, in 



yeast, the spacing between the two elements can be between 40 and 120 bases, and 

several initiator sites may be utilized within a single promoter. 

In addition to the basal elements, many eukaryotic promoters contain DNA 

sequences that bind specific regulatory proteins. In higher eukaryotes, sequences that are 

required for increased transcription are tenned enhancer elements and can be located 

upstream or downstream of the basal promoter elements (Guarente, 1987). In yeast, UAS 

(Upstrearn Activator Sequences) elements that bind transcriptional activators are located 

100 to 1 500 bases upstream of the initiator site. The transcriptional activator proteins 

that bind to these sequences increase transcription fevels of the genes in which they are 

Iocated by enhancing the rate of transcription initiation or stabilizing the formation of the 

pre-initiation complex- In addition to DNA elements that lead to activation of 

transcription, some promoters contain upstrearn repressor sequences (URS) that bind 

negative regulator proteins. Binding of repressor proteins at these LJRS sites leads to a 

decrease in transcription of particular genes. 

Five general transcription factors have been identified that are required for 

transcription by RNA polymerase II fiom a basal class II promoter in v i im:  TBP, TFEIB. 

TFIIE, TFIIF and TFIIH (Sayre et al, 1992). These factors assemble with RNA 

polymerase II at the promoter to form a pre-initiation complex that enables polymerase to 

initiate transcription. 

The first event required for assembly of the complex i s  the binding of TBP (Tata 

Binding Protein) to the consensus TATA sequence. h vivo, TBP, together with at least 

seven TAFs (TPB associated factors), forms the multi-subunit transcription factor TFIID 



(Zhou et al, 1992). In vitro, TBP alone, rather than the complete TFIID complex, is 

suficient to begin the formation of the pre-initiation complex (Kambadur et al, 1990). 

Once TBP is positioned at the promoter, TFIIB is incorporated into the complex. 

TFIiB is a monomeric factor (Ha et al, 199 1); (Pinto et al, 1992), which once it is located 

at the promoter, recruits RNA polymerase II and TFIJF (Buratowski et al, 1989). TFIIB 

zcts as a bridge between TBP and RNA polymerase through interactions with both 

proteins as well as the DNA (Tschochner et al, 1992); (Buratowski and Zhou, 1993); 

(Malik et al, 1993). TFllF helps stabilize the binding of the polymerase at the promoter. 

TFIIF has been identified as a heterodimeric factor in mammalian systems (Burton et al, 

1988), and a heterotrimeric factor in yeast (Henry et al, 1992). 

After the incorporation of RNA polymerase-II., the factors TFIIE and TFIIH 

assemble to complete the pre-initiation complex. TFIIE is a heterodimer (Sayre ei al, 

1992). and TFIM is multimeric factor with associated ATPase and kinase activities 

((Flores et al, 1992); (Svejstmp el al, 1994); (Schaeffer et al, 1993)). isolation of a free 

holoenzyme cornplex containing RNA polymerase II, transcription factors TFIIB, TFIlF 

and TFIIH. and several associated factors termed SRBs, indicates that at least part of the 

pre-initiation complex may assemble prior to binding at the promoter (Koleske er al, 

1 992). 

The formation of the pre-initiation complex at the promoter precedes transcript 

synthesis. Transcription initiation is dependent on ATP hydrolysis (Sawadogo and 

Roeder, 1984); (Cai and Luse, 1987) and phosphorylation of the CTD tail of RPB 1 

(Cadena and Dahmus, 1987); (Payne et al, 1989), and has a requirement for nucleotide 



substrates. Aithough the position of the TATA element determines where the pre- 

initiation complex will assemble, it does not influence the exact nart site of transcription 

(Eisenmann et al, 1989). Transcript synthesis begins at an initiator site. As mentioned 

above, in yeast the start site for transcription occurs within a window located 

approximately 40 to 120 bases downstream of the TATA element, and can begin at 

several different initiator sites within the same promoter. This results in a set of 

transcripts with heterologous 5' ends produced from a single promoter. 

Protein components within the pre-initiation complex determine precisely w hich 

initiator sites will be used and the fiequency of use for each site. TFIIB and RNA 

polymerase 11 are the primary factors that direçtly influence the selection of transcript 

start sites. Replacement of Saccharomyces cerevisfae TFIIB and RNA polymerase II in 

an i , i  vitro transcription system with SchÏzosaccharomyces pombe homologues switches 

the start site selection to reflect apombe-like transcript pattern (Li et al, 1994). TFIIB 

(SUA7) and RPB 1 (SUAS) define the downstream boundary of transcription start sites, 

as mutations in either protein result in a downstream shift of start site preferences 

(Hekmatpanah and Young, 199 1 ); (Pinto et al, 1992); (Berroteran et al, 1994). RPB9 is 

responsible for defining the upstream limit of the start site window; disruptions of the 

RPR9 (SW) gene result in an upstream shift of transcript start sites (Furter-Graves et al. 

1994); (Hull et al, 1995); (Sun et al, 1996). WB9 mutants suppress start site effects of 

TFIIB mutants (Sun et al, 1996), indicating there is a hnctional interaction between the 

two proteins within the pre-initiation complex. 



Two additional protein factors, TGFl and SSU72, indirectly influence transcript 

start sites. TGFl is the largest subunit of yeast TFIE, and like RPB9, is a suppressor of 

start site mutants of TFIIB (Sun and Hampsey, 1995). SSU72 is a protein of unknown 

function that was identified through a genetic screen for factors that influence 

transcription start site. Mutations in this protein enhance the downstream shifk in 

transcript start sites caused by TFIIB mutants (Sun and Hampsey, 1996). TGF 1 and 

SSU72 do not affect start site selection in the presence of wildtype TFIIB, indicating that 

these proteins exert their influence on transcript start site preferences via an interaction 

with TFIIB. 

1.5 Transcription Elongation 

Once the RNA polymerase has initiated RNA synthesis and cleared the promoter 

region, the polyrnerase moves into the elongation phase of transcription. The active 

transcription unit is referred to as the ternary complex, which comprises the RNA 

polymerase, the engaged template D N 4  and the nascent RNA chain (Kerppola and 

Kane, 199 1). Elongation is a processive event in which the productivity of a ternary 

complex is measured as its ability to produce a tùll-length transcript. Although the exact 

mechanism of chain elongation is not known, several models have been proposed to 

describe the process by which RNA polymerase traveis along the template. As is the case 

with initiation, this stage of transcription is regulated both by sequences within the DNA 

template and by protein factors. 



Several models have been proposed to describe the mechanism by which RNA 

pot y merase transverses the DNA ternplate (reviewed in (Chamberlin, 1 995)). One model 

describes the movement o f  polymerase along the template as rnonotonic, with the 

footprint of the polymerase on the template maintained at a unifonn size as the 

polymerase progresses. The opened region of  the template protected by the polymerase 

is terrned the transcription bubble, and within this region a 12 basepair DNA:RNA hybrid 

is formed between the nascent RNA c h a h  and the melted (Yager and von Hippel, 199 1). 

Factors that influence the stability of  the hybrid. such as RNA hairpins in the transcript or 

dA:rU rich regions in the hybrid, affect the productivity o f  the temary complex. 

A second model favours a discontinuous mode of elongation, with the movement 

of the polymerase along the template described as an "inchworm" motion (Chamberlin, 

1995). The region o f  the template protected by the RNA polymerase varies as the front 

and rear edges of  the polymerase move fonvard altemately along the DNA. This model 

proposes that the polymerase have two DNA binding sites to  maintain processivity as the 

enzyme moves d o m  the template. An RNA binding site on the polymerase secures the 

nascent transcript in the temary complex. with only the last 3 bases of the transcript 

involved in a short hybrid duplex with the DNA template (Rice er al, 199 1). 

Biochemical studies suggest that elongation may occur through a combination of 

rnonotonic and discontinuous rnechanisms. The conversion between the two modes 

occurs in response to  particular attenuating sequences within the template (Nudler et a/. 

1994). Ternary complexes progress along an engaged template with the front edge of the 

polymerase and the catalytic site advancing monotonically until particular sequences are 



encountered in the template. These regulatory sequences cause the transcribing 

polymerase to conven to the inchworm mode of elongation. The front edge of the 

polymerase stalls while the catalytic site continues to advance with addition of each 

nucleotide. The fiont edge of the polymerase may then advance on the template by 7 to 

10 nucleotides in a single step. 

The attenuating sequences within the template DNA affect the overall rate of 

elongation by causing the temary complex to pause or arrest. In either case, the 

polymerase maintains contacts with the template and transcript, keeping the ternary 

complex intact (Kerrpola and Kane, 1991). A paused temary complex halts at an 

attenuating sequence, but can then resume transcribing without additional protein factors. 

Release fiom the paused conformation may be due to the build up of interna1 strain due to 

discontinuous elongation by the polymerase (Nudler et al, 1994). The conversion back to 

the active conformation appears to be time dependent (Gu and Reines, 1995). 

Sequences in the DNA template can also induce the temary complex to arrest. An 

arrested complex is one in which the polymerase has halted and cannot spontaneously 

revert to an elongating form (Reines et al, 1989). This elongation incompetent state may 

be due to some sort of conformational rearrangement of the polymerase in the arrested 

complex. The newly synthesized 3' end of the RNA appears to be relocated in the 

arrested complex (Markovtsov et al, 1996); (Nudler et al, 1997). Photoreactive 

nucieotides incorporated at the 3' end of the transcript crosslink to different regions of the 

polymerase depending on whether the temary complex is in an arrested or etongating 

state. Arrested ternary complexes are extremely stable (Chamberlin, 1995); conversion 



of an arrested complex to an elongating one requires the activity of elongation 

transcription factors. 

General transcription factors interact with the elongating RNA polyrnerase to 

influence the rate of elongation. There are two classes of transcription factors that act on 

RNA polymerase II. The first class includes the factors TFIIF, ELL, and elongin (Bengal 

el al, 199 1 ); (Shilatifard et al, 1 996); (Bradsher el al, 1993). These factors increase the 

productivity of the polymerase by binding to the ternary complex to prevent or minirnize 

the formation of paused complexes. They also increase the rate of conversion of 

polymerase fiom a paused state to an elongating state. 

The second class of RNA polymerase II transcription elongation factors includes 

TFIIS. The analogous bacterial factors GreA and GreB act on the E. c d i  polymerase. 

These factors induce arrested ternary complexes to resume elongation. They do so by 

stimulating the polymerase to cleave the transcript at the 3' end (Reines, 1992); 

(Borukhov et a/, 1993). The length of the cleaved products varies, and is dependent on 

the sequence at which the polymerase has arrested (Izban and Luse, 1993); (Borukhov et 

al, 1993);( Nudler et al, 1994). Cleavage occurs in such a way that the polymerase 

maintains the correct register between transcript and template. allowing the polymerase to 

continue elongating. 

1.6 Transcription Elongation Factor TF I IS  

The eukaryotic transcription elongation factor TFIIS stimulates RNA polymerase 

II  to cleave the 3' end of nascent transcripts. This cleavage activity allows the polymerase 



to transcribe through sites that nonnally induce elongation arrest. TFIIS homologues 

have been identified in species ranging tiorn yeast to man. The protein is composed of 

three protease-resistance domains (1, II and III) (Morin et al, 1996); stmctures have been 

soived for two of these domains (Olmsted et al, 1998); (Morin et al, 1996);(Qian et al, 

1993); (Qian el al, 1993). Regions of THIS that are involved in binding to RNA 

poiymerase II (Awrey et al, 1998) and induction of the cleavage response have been 

identified (Jeon er al, 1994). 

The N-terminal domain of THIS consists of approximately 100 residues, and may 

be important in the regulation of TFIIS activity. This dornain is homologous to the N- 

terminal region of the largest subunit of the transcription elongation factor elongin (Aso 

el QI, 1996). Both TFIIS and elongin A associate with the  RNA polymerase 11 

holoenzyme via this domain (Pan et al, 1997). Also. sites within this region are 

phosphorylated ir i  vivo (Horikoshi et al, 1985). Despite the conservation of Domain 1 

arnong elongation factors, it is not required for the transcriptional activation of RNA 

polymerase by yeast TFIIS (Nakanishi et al, 1992); Wakanishi et al, 1995). 

The remaining two regions are highly conserved amongst al1 TFIIS homologues, 

and both are required for the transcriptional activity of TFIIS. An NMR structure has 

been solved for the Domain 11 of yeast TFIIS, which comprises the central 110 amino 

acids of the protein (Morin et al, 1996). This domain forms a three-helix bundle that is 

stabilized by a centra1 hydrophobie core. The region of TFIIS that is responsible for 

binding to RNA polymerase 11 has been mapped to residues on the third helix of the 



bundle (Awrey et al. 1998). This interaction occurs via conserved regions of the largest 

subunit of RNA polymerase II (Wu et al, 1996). 

The structure of Domain III fiom human and yeam TFnS has also been solved by 

NMR techniques (Qian et al, 1993); (Qian et al, 1993); (Olmsted et al, 1998). This 

domain has a conserved zinc-chelating motif, -CX2CX24CX2C-, and forms a three- 

stranded anti-parallel P-sheet with the four cysteines coordinating the zinc ion. The loop 

connecting the first and second strands of the sheet is highly flexible and contains 

conserved charged residues. These charged residues are essential for the transcriptional 

activity of TFnS (Jeon et al, 1994). This structure was the first to depict this particular 

zinc-chelating fold, which has been termed the zinc ribbon. The -CX2CXnCX2C- motif 

is common in eukaryotic transcription-associated proteins; transcription factors TFIIB 

and THE,  as well as RNA polymerase II subunits RPB 1, RPB2, RPB9 and RPB 12 al1 

contain this motif The structures of this motif fiom TFIIB (Zhu et al, 1996) and the C- 

terminus of RPB9 (Wang ef al, 1998) have since been solved, and both also adopt the 

zinc ribbon fold. 

Although TFIIS binds to RNA polymerase II through interactions with RPB 1. it 

has a fùnctional interaction with RPB9 that is essential for the ability of TFIIS to 

stimulate elongation readthrough and transcript cleavage (Awrey et al, 1997). RNA 

polymerase II lacking RPB9 does not respond to TFlIS in in vitro readthrough and 

cleavage assays. In addition, yeast strains that are deficient for either TFIIS (Hubert et al, 

1983) or RPB9 (David Jansma, persona1 communication) are sensitive to the dnig 6- 

azauracil, providing evidence for a fùnctional interaction between the two in vivo. 



1.7 RNA Polymerase II Subunit RPB9 

The ninth subunit o f  RNA polymerase II, RPB9, is a small protein of 

approximately 14 kDa in size. The majority of  the protein is composed o f  two zinc- 

binding regions, which are defined by the -CX2CX&X2C- motif. The C-terminal zinc 

domain has a high degree of hornology (30% identity) with the zinc ribbon domain fiom 

THIS (Kaine et al, 1994). The subunit is highly conserved, and homologues have been 

cloned fiom yeast (Woychik et al, 1991), archaebacteria (Langer and Zillig, 1993); 

(Kaine et al, 1994), Drosophila (Harrison et al, 1992). plants (Hull et al, 1995) and 

humans (Acker et al. 1993). In addition, analogous subunits have been identified as 

components of  the eukaryotic RNA polymerases 1 and HI (Nogi et al, 1993); (Christophe 

Carles, personal communication). The high degree of  conservation of this subunit is 

underlined by the ability of  the human homologue to partially substitute for yeast subunit 

itl vivo (McKune el al, 1995). However, the fbnctional conservation is not universal; 

Drosophila RPB9 is not functional in the yeast transcription system (Hull et al, 1995). 

The conservation of this subunit indicates that its role in transcription is critical. 

Mutations that result in disruption of RPB9 in Drosuphilu are lethal (Harrison et al, 

1 994). Flies that are homozygous for an intempted 5 gene do not survive beyond 

the late larval stage. Survival rates of  heterozygous flies are low, and are highly 

dependent on temperature. Deletion o f  RPB9 in yeast is not lethal, but results in slow 

growth at optimal temperature, as well as cold- and temperature-sensitive phenotypes 

(Woychik et ai, 1991). In addition, these yeast strains exhibit sensitivity to  the dnig 6- 



azauracil (David Jansma, personal communication). This dmg lowers the cellular pool of 

GTP, and is thought to hamper the process of transcription elongation (Exinger and 

Lacroute, 1 992). 

Several studies have demonstrated that WB9 is involved in the initiation of 

transcription. In particular, RPB9 helps to select the transcript start sites (Furter-Graves 

et al, 1994); (Hull et al, 1995); (Sun et al, 1996). Deletion or disruption of WB9 in yeast 

leads to an upstream shift in the start site preferences at the majority of promoters both in 

vivo and irt vitro (Furter-Graves et al, 1994); (Hull et al, 1995). This shift changes the 

pattern of the normal start site usage such that the upstream sites are used at higher 

frequency than downstream sites. In addition, mew sites located farther upstream than the 

normal start sites may be used. RPB9 determines the spart of particular start sites to be 

used through an interaction with TFIIB (Sun et al, 1996). Mutations in RPB9 suppress 

the downstream shifi in transcript start site caused by mutations in TFIIB. Addition of 

wildtype RPB9 to each of these systems restores wildtype start site preferences. 

RPB9 also plays a role in transcription elongation and response to the 

transcription factor TFIIS (Awrey et al, 1997). This subunit affects the ability of the 

pol y merase to recognize attenuating sequences in the DN A. RNA pol ymerase 11 puri fied 

fiom W B 9  nuIl yeast strains recognizes intrinsic pause sites with much lower frequency 

than wildtype RNA polymerase II in in vitro elongation assays. Furthermore, this A 9  

enzyme is unable to respond to stimulation by TFIIS in assays measuring either transcript 

cleavage or reactivation of elongation at arrest sites. Again, each of these activities is 

restored by the addition of recombinant RPB9 to the transcriptional assays. 



The two zinc-binding regions of RPB9 conform to the -CX2CX,,CX2C- motif that 

is conserved in many eukaryotic transcription proteins. This motif fiom both TFIIS 

(Qian et al, 1993) and TFIIB (Zhu et al, 1996) has been shown to adopt the zinc ribbon 

fold. The C-terminal region of RPB9 has sequence similarity to the zinc ribbon domain 

of TFIIS, and thus it is likely that it also possesses the ribbon conformation. The NMR 

structure of the C-terminal zinc-binding region of WB9 fiom Themococcus celer (Wang 

et al, 1998) reveais that this domain does assume the nbbon fold. This RPB9 domain is a 

four-stranded antiparallel P-sheet, with the additionai Strand being contributed by 

residues that are N-terminal to the first pair of conserved cysteines. There is a flexible 

loop Iocated between the second and third strands of the sheet that is analogous to the 

loop in the TFIIS domain. This region contains charged residues that are essential for 

TFIIS activity (Jeon et al, 1994), and are conserved in many of the RPB9 homologues 

(Kaine el ai, 1994). This region is likely to play an important part in the hc t ion  of 

1.8 Summary of This Research 

RPB9 is an important component of the transcription initiation and elongation 

machinery. This subunit is involved in selecting transcript start sites as well as 

responding to activation by THIS at arrest sites. The mechanisms by which RPB9 

accomplishes these activities are not known. In addition, the subunit is composed mainly 

of two zinc-binding regions, one of which adopts a zinc ribbon fold. This study attempts 

to ascribe the fûnctions of RPB9 to the regions within the protein. The research 



presented here is a mutational analysis of the RPB9 subunit of RNA polymerase Il  Born 

Saccharomyces cereviszae. In vivo start site and growth phenotype assays and in vitro 

elongation assays are used to define roles for the regions of RPB9. Areas of the protein 

required for accurate start site selection and for the response of RNA polymerase II to 

TFIIS are identified. A gel mobiiity shifl assay was developed to identify the residues of 

RPB9 involved in protein-protein contacts with the remainder of the polyrnerase. 



CHAPTER 2 MATERIALS AND METHODS 

2.1 Materials 

2. I .  I P u M c d o n  of ~ l d y p e  and A9 RNA Polymerase II 

Wiidtype and RPB9-deficient RNA polyrnerase iI were purified fiom baker's 

yeast and the WY9 yeast strain, respectively, using a combination of ion exchange and 

i mmunomn ity chromatography. They were purified using the protocols described in 

(Edwards et al, 1990) and (Awrey et al, 1997): The final purified protein preparations 

had a protein concentration of between 0.4 and 1.2 milligrams per millilitre as determined 

by the Biorad protein assay piorad),  and were stored at -70°C in 10 rnM Tris-HCI pH 

7.9,40 mM ammonium sulphate, 100/o (v/v) glycerol, 2.5 m M  DTT, 100 pM EDTA, and 

10 pM ZnC12. 

2.1.2 Purification of TFIIS 

Recombinant wildtype yeast TFIIS was obtained fiom Dr. Don Awrey. It was 

purified as a 6-histidine-tagged fusion protein fiom E. col] using a combination of ion 

exchange and metal afinity chromatography as described in (Awrey el al, 1997). The 

final purified protein used in this study was concentrated to between 1 and 3 milligrams 

per milliliter and stored at -70°C in 20 mM HEPES pH 7.5, 50 m M  NaCI, 10 mM DTT, 

10% (v/v) glycerol, 10 pM ZnCl2, 1 mM benzamidine, and 1rnM PMSF. 



2.1.3 Cioning of RPB9 Mutants 

The individual open reading fiames for the various W B 9  mutants were generated 

using PCR amplification. The original Hin dIIl fiagment was used as the template for 

each reaction (Woychik et al, 1 99 1 ). Each coding region, including wildtype, was 

generated with a 5' Bam HI site immediately upstream of the start codon and 3 ' Eco RI 

site immediately downstream of the stop codon. Mutants were constructed fiom two 

fragments in the following manner. One fiagment was generated containing the required 

mutation through the use of the appropriate mutagenic oligonucleotide primers. The 

second fiagment was generated to contain the remaining wildtype sequence. The two 

fragments were gel punfied, phosphorylated with polynucleotide kinase (New England 

Biolabs), and ligated using T4 DNA ligase (New England Biolabs). A second round of 

PCR amplification was done on the ligated product to produce a complete RPB9 coding 

region containing the speciftc mutation with the necessary restriction site at either end. 

These fiagments were digested with the Barn HI and Eco Ri restriction endonucleases 

(New England Biolabs) and inserted into the pGEX-2TK vector (Pharmacia), which 

encodes the heart myosine kinase (HMK) recognition sequence directly upstream of the 

Barn HI restriction site. E. coli DHSa cells were transformed with the resulting plasmids 

and individual colonies were isolated. Plasmid DNA was recovered using a smali-scale 

plasrnid isolation protocol (Sambrook et al, 1989) and sequenced to confirm the 

incorporation of each particular mutation. Sequencing was done according to 

manufacturer's directions using the T7 Sequenase kit (Pharmacia). These pGEX-2TK 

RPB9 constructs were then used to express the various GST-RPB9 fiision proteins in E 



coli. They were also used to ampli@ the mutated WB9 coding regions for use in 

construction of the RPBI yeast expression plasmids. 

2.1.4 Erpression and &rification of GST-RPB9 Fusion Roieins 

The E. coli strain HB 1 O1 was transformed with each of the pGEX-2TK RPB9 

plasmids for expression of the GST-RPB9 mutant proteins. The fiision proteins were 

expressed and purified using glutathione-affinity chromatography as described in (Awrey 

et al, 1997). HI3 101 cells containing the pGEX-2TK RPB9 plasmids were grown to kO0 

of 0.5 at 37OC. The GST-RPB9 protein expression was induced at 30°C by the addition 

of 0.5 mM IPTG. The cells were harvested 3 hours pst-induction by centnfùgation, 

resuspended in 50 mM HEPES pH7.5, 10Y0 (w/v) sucrose, 100 mh4 NaCI, 10 mM DTT, 

1 mM bentamidine, and 1 mM PMSF, fiozen, thawed, and then lysed by sonication at 

4°C. Al1 subsequent steps were performed at 4°C. The lysate was clarified by 

centrifbgation at 55 000 X g for 30 minutes in a Beckman SW28 rotor. The supernatant 

was flowed through a DE52 column (2.5 X 2 cm; Whatman) and loaded directly ont0 a 

glutathione-4B-Sepharose column (2.5 X 3 cm; Pharmacia) previously equilibrated with 

Buffer A (10 mM sodium phosphate, 1.8 mM potassium phosphate, 2.7 mM KCI, 140 

mM NaCI, 10 rnM DTT, 1 m M  benzamidine, and 1 mM PMSF). The glutathione column 

was washed with 10 cotumn volumes of Buffer A foliowed by 5 column volumes of Tris 

buffer (50 mM Tris pH 8.0, 10 m M  DTT, 1 mM benzamidine, and 1 m M  PMSF). The 

GST-RPB9 fùsion protein was eluted fiom the colurnn with Tris buffer containing 10 m M  

glutathione. The purified protein was dialyzed against 5 mM HEPES pH 7.5, 100 mM 

NaCI, 10% (v/v) glycerol, 10 mM DTT, and 10 pM ZnClz and stored fiozen at -70°C. 



The final preparation for each fusion protein had a protein concentration of between 0.15 

and 1.5 milligrams per millilitre as determined by the Biorad protein assay (Biorad). 

2. I. 5 Yeast Strains 

The RPB9-deficient strain used to purify pol 11 A9 for the in v i m  assays was the 

WY9 strain, obtained tiom Dr. Nancy Woychik. The yeast strains used in the in vivo 

assays were constructed and provided by David Jansma. The wildtype strain used was 

YF222 I ,  the ARPB9 strain used was YF2230, the ATFIIS strain used was YF2222, and 

the ARPB9/ATFIIS strain used was YF2234. WY9: U4 T a  ura3-52 his36200 lezrt-3 

leu2-112 lys2S201 ade2-l RP8961::HIS3; YF2221: M A  Ta ura3-52 his3-ll his3-IS 

le1r2-3 lezr2-112 ade2-i card-100ssdld2 trpl::hisG-m3-hisG; YF2222: M T a  ura3- 

52 his3-l l his3-15 leu2-3 leu2-1 12 ade2-l can/ -1 00 ssd ld2  trpl- / ppr2::hisG-(/RA 3- 

hisG; YF2230: U4 Ta zrra3-52 his3-l l his3-15 lezr2-3 letid-1 12 ade2-l can/ -1 00 ssdl- 

6 2  ~pl::hisG-URA3-hisG RPB9::HISJ; YF2234: U4 Ta ura3-52 his34 l his3-15 Ieu2-3 

le1t2-112 ude2-I canl-100 ssdld2 trpl-I ppr2::hisG-URA3-hisG RPB9::HIS3. 

2.1.6 Yeast Erpression Plasmid 

The yeast expression plasmid pRS3 1 4RPB9 containing the RPB9 open readins 

tiame plus approximately 500 basepairs upstream and 2200 basepairs downstream was 

obtained from Dr. Rolf Furter (Furter-Graves et a!, 1994). This piasmid was adapted by 

the insertion of a Bum HI restriction site immediately upstream of the start codon, and an 

Eco RI restriction site immediately downstream of the stop codon, creating the plasmid 

pRS3 14RPB9BE. These sites were inserted using the Quikchange protocol and Pjr I 

DNA polymerase (Stratagene). Incorporation of these restriction sites allowed for the  



insertion of each of the previously constmcted pb9 open reading fiames into 

pRS3 14RPB9BE. The resulting plasmids containing each of the mutant rpb9 alleles 

under control of the endogenous W B 9  promoter were transformed into the various yeast 

strains to determine their affects on growth phenotype and initiation start site selection 

preferences. 

2.2 Methods 

2.2.1 Radiolabeling of GST-WB9 Fusion hoteins 

The wildtype and mutant RPB9 proteins were expressed as GST-RPB9 lùsion 

proteins containing the HMK recognition sequence located between the GST and RPB9 

regions. This allowed for phosphorylation of the fusion proteins for use in a gel mobility 

shift assay. GST-RPB9 fiision proteins were phosphorylated using 100 units of HMK 

(Sigma) per nanomole of fùsion protein. Prior to addition to the phosphorylation 

reaction, the appropriate amount of HMK was pre-incubated in 40 rnM DTT for 10 

minutes at room temperature. The pre-treated HMK was incubated with GST-RPB9, 50 

plvl ATP and 0.15 pM y - 3 2 ~ - ~ T P  in 20 mM HEPES, 50 mM NaCl and 10 mM MgClz for 

1 hour at room temperature. The reaction mixture was then dialyzed against 5 mM 

HEPES, 50 m M  NaCI, 10 mM DTT, and IO% (v/v) glycerol to remove the 

unincorporated radiolabel- The final solution containing the radiolabeled-RPB9 was 

separated on an SDS polyacrylamide gel and the total counts per lane were quantified by 

phosphorimager. The percentage of total counts attached to the GST-RPB9 fùsion 



protein was calculateci in order to determine the specific activity of each radiolabeled 

GST-RPB9 construct. 

2.2.2 Birtding Assay between GST-WB9 and pof II A9 

A gel mobility shifi assay was used to identify and characterize an interaction 

between GST-RPB9 and pol U A9. To determine if the GST-RPB9 fiision proteins could 

assemble with pol iI A9, each of the 3 2 ~ - ~ ~ ~ - ~ ~ ~ 9  constnicts were incubated with pol II 

A9 and then resolved by non-denaturing gel electrophoresis. 1 picomole of 3 2 ~ -  

radiolabeled GST-RPB9 (or the various mutants) was incubated with 0.03 to 5.0 

picomoIes of pol II A9 in 60 mM Tris pH 8.0, 10 mM ammonium sulphate, 5 mM 

magnesium acetate, 4 mM spermidine, 1.5 mM DTT, 10% (v/v) glycerol and 300 @ml 

BSA. The reactions were rnixed on ice in a total volume of 15 pl, then incubated for 15 

minutes at room temperature. The complexed GST-RPB9 and pol II A9 were resolved on 

a non-denaturing 5% polyacrylamide gel by electrophoresing at 200 volts for 1.5 to 2 

hours at 4°C. The amount of complexed radiolabeled GST-RPB9 was quantified with a 

phosphorimager (Molecular Dynamics). 

The binding of  radiolabeled GST-RPB9 to pol II A 9  was tested for reversibility by 

cornpetition for binding with unlabeled (cold) GST-RPB9. 1 picomole of 3 2 ~ - ~ ~ ~ - ~ ~ ~ 9  

was pre-rnixed with 1 to 10 picomoles o f  cold GST-RPB9 pnor to the addition o f  0.5 

picomoles of pol II A9 in the binding reaction described above. The reactions were 

i ncu bated, electrophoresed, and quantified as described above. 



2.2.3 T r a d p t  Elongatian Reaclrhrorrgk Assay 

The transcript elongation assay was performed using the conditions described in 

(Christie et al, 1994). Briefly, purified RNA polymerase II is allowed to transcribe on a 

3'-dC-tailed template containing a portion of the human histone H3.3 gene. This 

ternplate contains the pause sites TII, TIb, and TIa, which causes a percentage of the 

polymerase molecuies to d l ,  producing a tmncated transcript. Addition of TFnS cari 

stimulate some of the paused polymerase molecules to read through the pause sites and 

transcribe to the end of the template. In this study, 0.17 picomoles of wildtype pol II or 

0.1 7 picomoles of pol II A9, alone or in the presence of either 0.83. 17, or 50 picomoles 

of each of the GST-RPB9 fiision proteins, we. assembied on the tailed template. The 

transcripts were pulse-labeled at the 5' end using 0.8 rnM unlabeled UTP, ATP and GTP 

and a limiting amount of a - ' 2 ~ - ~ ~ ~  for 75 seconds in a total volume of 10 pl. The 

transcript pulse-labeling was then chased for an additional 75 seconds by diIuting the 

reaction 10-fold with reaction buffer containing O. 1 mM non-radioactive CTP. This 

allowed the polymerase to transcribe to one of the intrinsic pause sites within the 

template, or to the end of the template to produce Ml-length transcript. The reaction 

volume was divided in half, and 0.43 picomoles of TFIIS were added to one half of t he 

reaction. Both the aliquots of the reaction were incubated for 10 minutes, and then 

stopped. Al1 of the reactions were camed out at 30°C. The transcripts within the reaction 

mixtures were precipitated with ethanol and then resolved by electrophoresis in a 6% 

polyacrylarnide, 8.3 M urea, TBE gel. The total counts incorporated into the transcripts 

paused at the Tla site and the hll-length transcripts were quantified for each reaction by 



phosphorimager. The percentage of transcripts paused at the TIa site was calcuIated fiom 

the total transcripts that reached either the TIa site or the end of the template (runoff 

transcripts), using the formula %TIa = (TIa counts/CTIa counts + runoff counts))* 100%. 

2.2.4 Transcrïpt Cleavuge Assay 

The transcript cleavage assay is similar to the readthrough assay, but it is designed 

to examine the ability of RNA polymerase II to cleave the nascent transcript when stalled 

at a transcription pause site. Paused polymerase complexes stalled on the 3'-tailed 

human H3.3 template were generated as for the readthrough assay. Free nucleotides were 

removed fiom the reaction by the purification of the ternary complexes through a spin 

column. TFlIS was then incubated with the paused polymerase, stimulating the wildtype 

polymerase to cleave the 3 ' end of the transcript. For this study, these reactions were 

perforrned as described in (Christie et al, 1994). 1.3 picomoles of wildtype or A 9  pol II 

were assembled on the tailed H3.3 template as for the readthrough assay described above. 

After a 90 second chase, the reactions were spun successively through two pre- 

equilibrated Bio-gel30 spin columns (Biorad). The resulting purified ternary complexes 

were split into six aliquots for equilibration with the various GST-RPB9 constmcts. The 

equivalent of 0.21 picomoles of pol II A9 fiom the original reaction was mixed with 1.05, 

2 1 or 63 picomoles of each of the GST-WB9 constructs and incubated for 5 minutes at 

30°C. 1 .O5 picomoles of TFlIS were added to each reaction, and the incubation was 

continued at 30°C. Samples were taken at O, 1, 5 and 10 minutes afier the addition of 

TFIIS. Nucleotides were added back to the remainder of each reaction and incubated for 

an additional 10 minutes at 30°C. The reactions were stopped and the RNA products 



were resolved as for the readthrough assay. The transcripts were visualized by exposing 

the gels to autoradiographic film. 

2 - 2 5  Growth Phenotype Assays 

The RPB9-deficient yeast strain has specific altered growth characteristics. This 

strain grows slowly, even at the growth optimum of 30°C. As well, it is sensitive to high 

and low temperature extremes, and to the drug 6-azauracil. Expression of wildtype RPB9 

can correct these defects. Transforming the various yeast strains with the RPB9 yeast 

expression plasmids tested the ability of each of the RP89 constructs to complement 

growth phenotypes. The yeast strains YF2222, YF2230, and YF2234 were transformed 

with each of the pRS3 14RPB9BE constructs, or with pRS3 14 as a negative control. 

YF2221 was transformed with pRS3 14 to serves as a wildtype control. To test for 

complementation of cold and temperature sensitivity, transformed yeast strains were 

grown on solid synthetic complete yeast medium lacking tryptophan. Suspensions 

containing approximately 10000, 2000, 400 and 80 cells were spotted onto plates and 

grown at lZ°C, 30°C, or 37°C for 2 to 6 days. To rneasure ability to correct sensitivity to 

6-azauracil, the transformed strains were grown on solid synt hetic complete yeast 

medium lacking tryptophan and uracil, and containing 50 pglrnl6-azauracil. Suspensions 

containing approximately 10000, 2000, 400 and 80 cells were spotted ont0 plates and 

grown at 30°C for 3 to 8 days. Each mutant çonstruct was compared to wildtype RPB9 

with respect to ability to restore growth characteristics. 



2.2.6 Rimer Eitension Assay 

Primer extension assays were performed to measure transcription start site usage 

in the various yeast strains. The ADHl gene was used as the indicator gene as ADH 1 

expression differs significantly between wildtype and A9 yeast strains with respect to 

start site usage (Hull et al, 1995). Yeast strains YF2221, YF2222, YF2230 and YF2234 

were grown in YP liquid medium with 2% glucose. YF2230 transformed with each of 

the pRS3 14RPB9BE constnicts was grown in synthetic complete liquid medium lacking 

tryptophan. Ail cultures were grown at 30°C to an opticd density at 600 nm between 0.2 

and 1 .O. For each o f  the yeast strains to  be analyzed, 5 X 10' ceils were harvested and 

total RNA was isolated using the RNeasy protocol (Qiagen). The primer used for these 

experi ments, 5'-AGAAGATAAC ACCTTTTTGAG-3 ' (Dalton Chemicals), anneals to 

nucleotides 37 to 17 in the ADHl gene. The primer was radiolabeled at the 5' end by 

phosphorylating with polynucleotide kinase (New England Biolabs) and y - 3 2 ~ - ~ ~ ~ .  For 

each primer extension reaction, 15 pg of  total RNA from the appropriate yeast strain was 

anneated with 0.4 picornoles of the 5' radiolabeled primer for 45 minutes at 52OC. 

Reverse transcription fiom the annealed primer was done with MMLV reverse 

transcriptase (Gibco BRL) according to manufacturer's instructions. The reverse 

transcripts were collected by ethanol precipitation and run on a 6% polyacrylamide, 8.3 

M urea, TBE gel at 2000 volts for 2 to 3 hours. The reverse transcripts were visualized by 

exposing the gels to autoradiographic film and phosphor screens. 



CHAPTER 3 RESULTS 

3.1 Rationale for the Design o f  RPB9 Mutants 

3.2.2 Rationale 

The goal of this study is to assign the known fiinctions of the RNA polymerase II 

subunit RPB9 to particular regions, and if possible, to particular residues of the subunit. 

RPB9 contributes significantly to RNA polymerase II function at the initiation and 

elongation phases of transcription. Deletion of RPB9 results in ahered start site selection 

during transcription initiation both in vivo and in vitro (Furter-Graves et al, 1994); (Hull 

et al, 1995); (Sun et al, 1996). In addition, the RPB9-deficient polymerase is 

dysfbnctional in particular assays that masure pause-site recognition and response to 

transcription factor THIS in vitro (Awrey et al, 1997). Although RPB9 is not essentiai in 

yeast, loss of RPB9 fùnction results in temperature- and cold-sensitive phenotypes 

(Woychik et ai, 199 1); (Sun et al, 1996). Our aim was to design a set of mutants that 

wouid allow for the assignment of specific fiinctions to the various regions of RPB9. 

We wished to put the fiinctions of WB9 into the context of the RP89 structure. 

At the start of the study the structure of WB9 was not known. However, sequence 

analysis revealed that RPB9 is composed of three distinct regions (Figure 1). W B 9  

contains two zinc-binding regions as characterized by the -CX2CX,,CX2C- motif, located 

at either end of the protein (termed Znl and Zn2, respectively). Comecting the two zinc- 





binding domains is a conserved stretch of six amino acids that is highly conserved among 

eukaryotic RPB9 homologues (termed the linker region) (Kaine et al, 1 994); (Hull et ai? 

1995). We surmised that each of the known functions of RPB9 could be ascribed to one 

or more of these regions of RPB9. This hypothesis formed the basis of the mutagenesis 

study. 

We set out to isolate each of the functions of RPB9 by individually targeting each 

of the defined regions for mutagenesis. In particular, we wished to mutate amino acids 

thought to play a fiinctional, rather than a structural role. Since we did not have direct 

structural information, we had to rely on sequence similarities among RPB9 homologues 

as wetl as between the WB9 zinc-binding regions and other zinc-chelating domains. The 

structural homology between Zn 1, 2112, and domains from other proteins that contain the 

same zinc-chelating motif alloweâ us to define which residues were likely not to be 

involved in maintaining the structure of these domains. The assignment of stmctural 

residues within the linker region was more dificult, and was more dependent on 

homology among RPB9 homologues. 

The linker region connecting the two zinc-binding domains had no obvious 

domain structure. However, as mentioned above, a stretch of six amino acids with the 

sequence DPTLPR is conserved among eukaryotic homologues. This region is also 

flanked by conserved charged residues. Although it was not apparent as to whether these 

residues are important in a structural or îùnctional sense, their conservation implies that 

they are critical residues. 



As well as the homology shared between RPB9 proteins, the Zn2 region of RPB9 

has considerable homology (30% identity) with the zinc ribbon domain of TFIIS (Figure 

2). The zinc-binding motif -CX2CX,,CX2C- has been shown to fom a zinc nbbon fold in 

other transcription-related proteins (Qian et al, 1993a); (Zhu et al, 1996). Thus, it 

seemed extremely Iikely that the C-terminal zinc-binding region of RPB9 forms a zinc 

ribbon fold similar to that of TFIIS. The arrangement of hydrophobic and charged 

residues in the N-terminal zinc-binding domain of RPB9 is similar to that of ïTIIS and 

the C-terminal domain of RPB9. Due to the prevaience of this motif in transcription- 

related proteins, and its propensity to form the zinc ribbon conformation, we postulated 

that this zinc-binding N-terminal domain of RPB9 also forms a zinc ribbon fold. Mutants 

were therefore designed on the assumption that the two zinc-binding regions of RPB9 

adopted the zinc ribbon structure. 

The TFUS zinc ribbon domain forms a three-stranded antiparallel P-sheet with the 

conserved cysteines coordinating a ~ n ' ~  ion. The first and second strands of the sheet are 

connected by an extended flexible loop (Figure 3). Charged residues within this loop 

have been shown to be essential for TFIIS activity (Jeon et al, 1994), and are conserved 

in RPB9. A recent NMR structure of the C-terminal domain of RPB9 fiom 

Thermococa~s celer demonstrates that the Zn2 region of RPB9 does indeed form a zinc 

ribbon fold with an extended loop similar to that of TFIIS (Wang et al, 1998). 

3.1.2 Design of RPB9 Mutants 

We set out to allocate specific firnctions to the three defined regions of WB9 

usi ng mutagenesis. We designed mutations that would independently target each of the 
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Figure 2. Homology of the Zn2 Region of RPB9 to the Zinc Ribbon Region of TFIIS. The amino acid 
sequence from the Zn2 region of RPB9 from S. cerevisiae is aligned with the sequence of the homologous 
zinc ribbon region of TFllS from S. cerevisiae. Fourteen of the forty-six residues from the TFllS sequence 
are identical in the RPB9 sequence. The two sets of paired cysteine residues that dcfine the zinc chelating 
domain are enclosed within the solid boxes. The residues that correspond to the charged loop of the TFIIS 
zinc ribbon are contained within the dashed box. A perpendicuiar line indicates an identical residue, two dots 
indicate a highly conserved ûmino acid substitution, and a single dot indicates a moderately conserved amino 
acid substitution. 



Figure 3. Mode1 of Zn Ribbon Domain from the Transcription Factor 
TFIIS. A ribbon diagram depicting the Zn ribbon dornain from human TRIS 
was generated from the PDB coordinates using the program Ribbons. The 
domain forms a three-stranded P-sheet that coordinates a ~ n + ~  ion. It con- 
tains a flexible loop with charged residues that are required for TRIS 
function. The three strands are labeled (pl, 82, P3), as are the N- and C -  ter- 
mini of the domain. The ~ n + ~  ion is indicated with the arrow, and the flexible 
loop Iocated between the first and second strands is highlighted in black. 



three regions. The mutations included tnincations, deletions, and amino acid 

substitutions (refer to Table 1)- 

The first question that w e  wished to address was whether the two Zn binding 

motifs play independent roles in the function of the subunit. Therefore, we designed two 

tmncation mutants such that each encompassed one of the zinc-binding regions and pan 

of the linker region. 

We also sought to disnipt the fùnction of each region while maintaining the 

overall architecture of the protein. To this end, we constructeci six deletion mutants, two 

in each of the three regions o f  the subunit. Large deletions comprising either most of  the 

region between the pairs of  cysteines in Zn 1 OF Zn2, or  the majority o f  the Iinker region, 

were made. With the deletions in the Zn regions, the intent was to keep the zinc 

coordination centers intact but to  remove the remainder of  the domain. With the large 

deletion in the  ïinker region, the two Zn binding regions were lefi unaltered but most of 

the connector region was eliminated. These were fairly extensive deletions, so we 

designed smaller deletions that would be potentially less disruptive. These smaller 

deletions removed only the putative flexible loop regions in Zn1 or  Zn2, or the conserved 

stretch in the linker region (Figure 1). In most cases, the deleted amino acids were 

replaced with either three o r  four Ala residues in order to  prevent disniption of the overall 

domain structure. 

Finally, we wished to ascribe fùnctions to individual residues within each of the 

three regions. Thus the remaining mutants possess single or double arnino acid changes 

involving conserved residues from each of the domains. In particular, the charged 



Table I. List of Truncation, Deletion and Point Mutants within the 
Three Regions of RPB9 

Region of RPB9 Mutation 
Zn 1 1 -47 

~12-27'  
~1 6-237 
RSA, F6A 
R 8 q  D9A 
R17A 
Et8A 
D19A 
K20A 
E21A 
R30A 
Y34A 

Linker 

 h he deleted region was replaced with three Ala residues. 
 he deleted region was replaced with four Ala residues. 



residues in the two putative loops and the conserveci Iinker sequence were targeted. NI 

amino acid changes were substituted with alanine. 

The set of RPB9 mutants described above were subcloned, expressed and purified 

for irl vitro and in vivo analyses designed to characterize the different fùnctions o f  RPB9. 

The following sections contain descriptions of those assays and the results obtained fiom 

them. 

3.2 Protein Expression and Purification 

3.2.1 Puriicatiort of RNA Poiynterase II A9 

In order to perfonn in vitro analyses with the various RPB9 mutant proteins, we 

required a source of  the RPB9-deficient RNA polymerase ri. The RNA polymerase 11 A9 

was purified fiom the RPB9-deficient S. cerevisiae strain, WY9, as described in the 

Methods section, using imrnunoafhity chromatography techniques ( Awrey et al, 1 997). 

The resulting enzyme preparation yielded a purified pol II that contained al1 of  the 

subunits with the exception o f  WB9 (Figure 4). When compared to wildtype pol II, the 

pol II A 9  enzyme had a comparable maximal rate of elongation and similar temperature 

sensitivity in non-specific elongation assays (Rod Weilbaecher, personal 

communication). However, the pol II A9 enzyme demonstrated a two- to three-fold 

higher specific activity than the wildtype enzyme in promoter-independent assays. Pol II 

A9 was also less efficient at recognizing pause sites within a template, and was unable to 

respond to stimulation by TFIIS (Awrey et al, 1997). This difference between the 

wildtype and A9 enzymes in responding to TFIIS was utilized in two of the in vitro 



Figure 4. Purifkation of RNA Polymerase 11 M. A Coomassie stained 
SDS-PAGE gel is displayed that contains purifieci wildtype (pol II) and 
RPB9-deficient ( p l  II Ag) RNA polymerase II isolated from S. cerevisiae, 
recombinant yeast RPB9 (rRB9), and recombinant yeast TFIIS (rTFIIS) iso- 
lated from E. coli. The content of each lane is indicated, with molecular 
weight standards in the leftmost lane. Apparent molecular weights of the 
standards are given (in kilodaltons). The position of each of the twelve pol iI 
subunits is indicated on the nght. Details of purification are provided in the 
Materials and Methods section. 



assays used to characterize the WB9 mutants. These assays are described in foilowing 

sections. 

3.2.2 Expression of RPB9 Mutants for in v i î m  Analyses 

In order to anaiyze the fiinction of RPB9 in vitro, we deveioped a system to 

express and puri@ the yeast RNA polymerase subunit. Our initial attempts to puri@ 

recombinant histidine-tagged RPB9 tiom Escherichia coli resuited in the production of 

highly aggregated protein (Awrey et al, 1997). Therefore, to maintain the solubility of 

the subunit, WB9 constructs were purified as GST fùsion proteins. This approach 

allowed for the straightforward and rapid purification of highly soluble GST-RPB9 

proteins. Results fiom dynamic light scattering experiments indicated that the fbsion 

proteins were mono-dispersed dimers at a concentration of 3 milligrams per millilitre 

(data not shown). 

Cells expressing the various GST-RPB9 fusion proteins were lysed and 

ciarified with a high-speed spin (refer to Methods section). Clarified lysates were passed 

over a DE52 column, and then loaded directiy ont0 a glutathione-sepharose column. The 

GST fùsion proteins were eluted with glutathione. The hinge region that connects GST 

and RPB9 in the fùsion proteins proved to be very susceptible to digestion by endogenous 

proteases. Therefore, the eluates often contained a combinat ion of both GST-RPB9 

fùsion and GST alone (Figure 5). In the final eluate, the GST-RPB9 fùsion and GST 

together contributed 90-95% of the total protein. 5 to 35% of the GST constructs 

contained in the final fiaction were GST alone. The free RPB9 iiberated by the 

proteolysis was washed off the glutathione-sepharose column, and was not contained in 



Figure S. Purifkation of GST-WB9 Fusion ProteinS. A Coomassie 
stained SDS-PAGE gel is displayed that shows protein fractions from each 
step of a typical purification of a recombinant GST-RPB9 fusion protein. 
The content of each lane is indicated, with molecular weight standards in the 
leftmost lane. Apparent molecular weights of the standards are given (in 
kilodaltons). The position of the GST-RPB9 fusion protein is indicated, as 
well as that for GST alone. Details are provided in the Materials and Meth- 
ods section. (Glutathione 4B = Glutathione 4B Sepharose). 



the final protein tiaction. Typical yields were between 1 and 5 milligrams of purified 

fusion protein per litre of culture. 

Initially, fiision proteins were subjected to proteotytic digestion to liberate the 

RPB9 constmcts. Removal of the GST domain caused the RPB9 proteins to aggregate. 

Thus, to maintain the RPB9 constmcts as soluble protein in subsequent experiments, the 

GST-RPB9 fusion proteins were not cleaved. In this work, dl in vitro assays with the 

various RPB9 constnicts were performed with GST-WB9 fusion proteins. 

3.2.2 Preparaîion of Yetrst Sirairu Cunîaining the Vorious RP89 Alleles 

To perform the in vivo analysis on the vanous foms of RPB9, each of the mutant 

alleles were subcloned into a low-copy yeast expression plasmid under control of the 

RPR9 promoter. The RPB9-deficient yeast strain YF2230 was transformed with each of 

the rpb9 alleles and grown on selective complete medium to maintain the expression 

plasmid. The plasmids with the rp69 alleles were also transformed into the TFIIS 

knockout strai n YF2222, and the RPB9/TFIIS double knockout strain YF2234. The 

transformed yeast strains were used in assays measuring growth phenotype 

complernentation and transcription initiation start site selection. The assays and results 

are described in later sections. 

3.3 Reconstitution of RPB9 with RNA Polymerasc II A9 

3.3. I Developmenr of a Gel MobiIig Shrr Assay between GST-RPB9 and Pol ii A9 

Addition of GST-RPB9 to ira vitro elongation assays corrects the inability of pol II 

A9  to respond to TFIIS (Awrey et al, 1997). Also, GST-RPB9 restores correct initiation 



start site preferences when added to nuclear extracts prepared fiom RPB9 nuIl yeast 

strains (Hull et ai, 1995). The mechanisrn of WB9 action is not known. WB9 may bind 

to pol II A9 to form an intact, fùlly tiinctional enzyme. Alternatively, RPB9 may interact 

with pol II A9 in a transient manner, temporarily restoring fùnction to transcription 

complexes. We wished to determine whether GST-RPB9 assembles with the polymerase 

or acts in a transient fashion. We deveioped a gel mobility shifi assay to measure the 

reconstitution of the GST-WB9 constructs with pol II A9. The GST fiision constmcts 

contain a heart myosine kinase (HMK) recognition sequence, allowing for 3 2 ~ -  

radiolabeling of the GST-RPB9 fùsion proteins. A gel mobility shift assay using purified 

pol Il A 9  and radiolabeled GST-RPB9 fùsion proteins demonstrated that GST-RPB9 was 

assembling with pol II A9 to form an intact enzyme. 

A titration of pol II A9 with radiolabeled wildtype GST-RPB9 

demonstrated that the two proteins form a stable complex (Figure 6). The interaction was 

found to be saturatable and stoichiometric. 1 pmol of GST-RPB9 was incubated with 

increasing amounts of pol 11 A9 and the reactions were resolved by non-denaturing gel 

eIectrophoresis. The free GST-RPB9 migrated as a diffise band toward the anode. As 

the concentration of pol II A 9  increased, two complexes appeared (Figure 6A). The 

signals from the upper and lower complexes were combined to quanti6 the total amount 

of complexed GST-RPB9 (Figure 68). The binding of GST-RPB9 to pol11 A9 saturated 

at a molar ratio of approximately 1 : 1 for GST-RPB9: pol 11 A9. An equilibrium 

dissociation constant was calculated to be 22 nM. 



Figure 6. Binding Assay with GST-RPB9 and RNA Polymerase II A9. 
A. An autoradiogram of a gel mobility shift assay between radiolabeled 
GST-RPB9 and increasing amounts of RNA polymerase II A9 ( p l  II A9) is 
shown. The upper and lower complexes are indicated, as are the positions of 
the weli and unbound GST-RPB9. Ail lanes contain 1.0 pmol of GST- 
RPB9. Lanes 1 through 10 contain the foilowing amounts of polymerase: 0, 
0.03, 0.1, 0.2, 0.3, 0.5, 0.7, 1.0, 3.0, and 5.0 pmol, respectively. Details of 
the assay are given in the Material and Methods section. B. The total 
amount of bound GST-WB9 in the combined upper and lower complexes 
for each concentration of polymerase was plotted from data quantified using 
the phosphorimager. The error bars represent the standard deviation calcu- 
lated from the averaging of three experiments. 



We had expected to see a single complex forrn between GST-RPB9 and pol II A9, 

which would contain a single GST-RPB9 rnolecule and a single poi II A9 molecule. 

However, two mmplexes were observed in the gel mobility shift assay. We used a 

combination of  western blotting directed against RPB1 and autoradiography o f  a gel 

mobility shift assay to identify the cornponents of the upper and lower complexes (Figure 

7). Both complexes contain pol II A9 (Figure 7A) and radiolabeled GST-WB9 (Figure 

7B), and are distinct from either fkee pol II A9 or  fiee GST-RPB9. However, the exact 

nature of the two complexes is not known. GST-RPB9 is a dimer in solution @irr el al, 

1994) and RNA polymerase is also known to dimerize in solution at low salt 

concentrations @arst et al, 1991). The lower complex is stufied only slightly above the 

free pot II Ag; it is likely that it contains a pol II A 9  molecule bound to a single GST- 

RPB9 dimer. The upper complex may contain a dimer o f  polymerase with one or both 

polymerase molecules binding to a GST-RPB9 dimer. It is also possible that it may 

contain two polymerase molecules that are bound to the two RPB9 molecules within the 

same GST-RPB9 dimer. Our results do not differentiate between these two possibilities, 

they merely confirm that both GST-RPB9 and pol II A9 are components of both 

complexes. 

The results of a competition assay using unlabeled GST-RPB9 (Figure 8) 

detennined that the binding interaction was reversible. Encreasing amounts of unlabeled 

fusion protein were included in binding reactions containing constant amounts of 

radiolabeled GST-WB9 and pol II A9. At higher levels of  cold GST-RPB9, the amount 



Figure 7. Identification of Components of Upper and Lower Complex- 
es in Binding Assay. A gel mobiiity shift assay was perfomed between 
radiolabeled GST-RPB9 and pol II A9, and then transferred to a nitrocellu- 
lose membrane. The membrane was probed with an antibody directed 
against the largest subunit of pol ï I  Ag. The Western (shown in A) was 
developed with aikaiine phosphatase conjugated secondary antibody. After 
development of the Western, the blot was exposed to film (shown in B). 
Lane 1 contains 0.5 pmol pol II A9; lanes 2 through 7 contain 1 pmol radio- 
labeled GST-RPB9 and 0,0.2,0.3,0.5,0.7, and 1 .O pmol of pol 11 Ag, 
respectively. 
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Figure 8. Cornpetition for Bindiag to RNA Polymerase II N with Unla- 
belled GST-RPB9. A. A gel mobility shifk assay was performed with 1 .O 
pmol of radiolabeled GST-RPB9 and 0.5 pmol of pol II A9. Increasing 
amounts of unlabelled (cold) GST-RPB9 were added in lanes 1 through 6: 0, 
1.0,2.0, 3.0,5.0, and 10.0 pmol, respectively. Lane 7 contains 1.0 pmol of 
radiolabeled GST-RPB9 and 1 .O pmol of wildtype RNA polymerase LI. 
B. The amount of bound radiolabeled (hot) GST-WB9 in the combined 
upper and lower complexes in each lane was quantified using a 
phosphorimager, and plotted against the amount of unlabelled GST-RPB9 
used in the cornpetition assay. 



of radiolabeled GST-RPB9 in the shified complexes was significantly reduced. These 

results demonstrate that the radiolabeled and unlabeled GST-WB9 are competing for the 

same binding site on the polymerase, rather than binding in a nonspecific and irreversible 

manner. 

To fùrther investigate the reversibility of the interaction between RPB9 and RNA 

polymerase II, a binding reaction was perforrned using wildtype pol iI. Radiolabeled 

GST-RPB9 was incubated with an equimolar amount of wildtype pol II that contains 

endogenous RPB9. Binding of GST-RPB9 to wildtype pol U was observed, although 

complete exchange of endogenous RPB9 and radiolabeled GST-RPB9 did not occur 

(compare lanes 1 and 7 in Figure 8A). This result indicates that there is exchange 

between the endogenous RPB9 and the GST-RPB9 added to the reaction. As well, the 

incompIete binding of GST-RPB9 indicates that GST-RPB9 is likely replacing 

endogenous RPB9 at a specific binding site, rather than binding indiscriminately to the 

surface of the polymerase. 

3.3.2 Sinding of RPB9 to RNA Poiymerase II is not Mediated ïïcrough Znl or Zn2 

The purpose of this study was to assign hnction to the various regions of RPB9. 

The binding experiments described above demonstrated that wildtype GST-RPB9 

assembles with pol II A9  to fonn a stable cornplex. Therefore, we used this binding assay 

to identify regions of RPB9 that are involved in mediating the interaction with pol 11 A9. 

Each of the GST-RPB9 mutants was tested in the gel mobility shift assay. Binding 

results for all GST-WB9 constructs were tabulated and estimates of equilibrium binding 

constants for fùsion proteins that demonstrated binding were calculated (Table 3). 



In order to determine if either of the zinc-binding domains could independently 

bind to pol II A9, w e  Brst tested the two truncated mutants, GST-RPB9ia and GST- 

RPB955-t 12. NO detectable binding to pol iI A9 was observed for either mutant in this 

binding assay (Figure 3). This result indicates that neither zinc-binding region is able to 

bind independently to  p l  II Ag. 

The remaining mutants within the Zn binding regions were assayed to confirm 

that they would not influence binding of  GST-RPB9 to p l  II A9. Indeed, mutations 

within Zn1 and Zn2 were found not to affect binding, with three exceptions. Binding 

assays with the large and small deletion mutants tiom Zn1 (GST-RPB9&12-27 and GST- 

RPB9A16-U, respectively) demonstrated that these mutants are not capable of binding to 

pol II 69. Similarly, no binding was seen with the large deletion in Zn2 (GST- RPB9so. 

It is probable that these mutations disrupt the global structure of the protein rather 

than specifically perturb the polymerase-binding interface. Binding to pol 11 A9  was 

observed for al1 o f  the substitution mutants fiom the Zn1 region (Figure 10). Likewise, 

the remaining mutants fiom the Zn2 region were al1 able to rassemble with pol II 69, 

including the small deletion mutant, GST-RPB9M9-95. Therefore, mutations in either Zn 1 

or Zn2 did not disrupt binding of GST-RPB9 to poi II A9, with the exception of three 

deletion mutants. These proteins appear to have been significantly affected in t e m s  of 

overall activity, as will be described later. 
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Figure 9. Binding Assay with GST-RPB9 Truncation Mutants. Gel mobility shift assays using GST-RPB9 
t~ncation mutants are shown. AI1 lanes contain 1 pmol of the relevant radiolabeled GST-RPB9 fusion protein. 
Lanes I to 9 and I l  to 19 contain O,  0.1,0.2,0.3,0.5,0.7, 1.0,3.0, or 5.0 pmol of pl 11 Ag, respectively. Lane 10 
contains 0.5 pmol of pol II A9. 
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GST-RPBS,,, Figure 10. Binding Assay with Rep~esentative 
Mutants fmm the Znl, Linker, a d  Zn2 Regions 
of WB9. Gel mobility shift assays performed with 
three different GST-RPB9 mutants are shown. Al1 
lanes contain 1 pmol of radiolabeled GST-RPB9 
fusion protein. Lanes 1 to 8 and lanes 14 to 2 1 con- 
tain the following amounts of pol II A9: 0.0.1,0.2, 

free GST-RPBS,,, 

0.3,0.5,0.7, 1.0, and 2.0. Lanes 9 to 13 contain O, 
0.2,O.S, 0.7, and 1 .O pmol of pol II A9, respectively. 
Details of the binding assay for each specific GST- 
RPB9 mutant are summarizcd in Table 2. 



3.3.3 Comerved Chaqes in the Linka Region Metüaie Binding of RPB9 to RNA 

Poiymerase II 

We have identified specific residues within the linker region that are essential for 

the interaction of GST-RPB9 with pol U A9. The charged residues in the conserved 

DPTLPR motif appear to be critical for binding of the subunit to the polymerase. Neither 

of the deletion mutants, G S T - R P B ~ ~ W O  and GST-RPB~ss-~o exhibited binding to pol 11 

Ag. In addition, the single amino acid substitution mutants, GST-RPB~MIA, GST- 

RPB9w5A, and GST-RPB~M~A were unable to assemble with the polymerase (Figure 10). 

These constmcts contain mutations of conserved charges either immediately N-terminal 

to, or within, the conserved stretch of arnino aeids in the linker region. The other mutants 

from the linker region, GST-RPB9Es4~ and GST-WB9D72~, did bind to pol Ii A9 in this 

reconstitution assay. Thus, it appears that certain conserved charges within the linker, 

especially those within the  conserved stretch of residues 65 to 70, are required for 

binding of GST-RPB9 to pol iI A9 in this assay. 

3.4 Response to TFIIS-Induced Stimulation of Pause Site Readthrough 

3.4.1 GST-WB9 Ratores Pol 11 A9 Response to TFIIS in Readhrough Assay 

Attenuating sequences within the DNA template cause elongating temary 

complexes to pause or arrest. The transcription factor TFIIS is able to stimulate RNA 

polymerase II to continue transcribing through such sequences while maintaining the 

correct register between template and transcript. The human H3.3 template, which 



contains characterized pause sites, has been employed in elongation assays to measure 

the ability of RNA polymerase II to respond to TFIIS. 

We performed an in vitro readthrough assay that uses a 3' tailed template to 

measure the ability of RNA polymerase II to respond to stimulation by TFIIS (Christie el 

al, 1994). This ternplate consisted of a portion of the human histone H3.3 template, 

which contains the intrinsic pause sites Tla, Tlb, and TII. The non-coding strand of the 

template had a 3' single-stranded extension added to enable the polymerase to initiate 

transcription without the requirement for the general transcription factors. A limiting 

amount of radiolabeied CTP was added to pulse-label the S'end of the transcript (refer to 

Methods). The elongating polymerase was allowed to transcribe either to one of the 

attenuating sequences or to the end of the template. The resulting transcripts were 

resolved and visualized by denaturing gel eiectrophoresis followed by phosphorimage 

analysis. The degree of pausing by the polymerase was expressed as the percentage of 

transcripts arrested at the T 1 a site out of the total transcripts to reach either the T 1 a site or 

the end of the template. 

We had previously tested the RPB9-deficient polymerase in the readthrough assay 

(Awrey et al, 1997). Pol II A 9  that had arrested at the T la  site was not stimutated to 

transcribe through pause sites by TFIIS. That is, the same proportion of A9 polymerase 

molecules remained stalled at the Tla  site in the presence or absence of a five-fold molar 

excess of TFIIS (Figure 1 1 ). In contrast, the wildtype pol II significantly responded to 

the addition of TFIIS. The percentage of Tla truncated transcripts changed from 48% in 

the absence of TFIIS to 17% upon the addition of TFIIS. Addition of a five-fold molar 
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Figure 11. Readthrough Assay with Wildtype and A9 RNA Polymerase 
II. Readthrough assays were perfomed on the histone H3.3 template with 
either pol II or p l  II Ag. Assays using p l  II A9 were perfomed either with 
or without a five-fold molar excess of GST-RPB9. Reactions were incu- 
bated for 10 minutes postchase either in the presence or absence of the 
transcription factor TFLIS. Details of the reaction are given in the Materials 
and Methods section. Lanes 1 through 6 in part A correspond to bars 1 
through 6 in part B. A. An autoradiogram of transcripts separated on a 
denaturing gel is displayed. The position of the runoff transcript is 
indicated, as are those for the transcripts paused at the Tl a and Tl b pause 
sites. B. This graph represents the percentage of transcripts that remain 
paused at the Tla pause site. The perceotage is calculated from all tran- 
scripts that reach either Tla or the end of the template. Transcript levels 
were quantified on a phosphorimager. 



excess of GST-WB9 to the assay completely restored the ability of pol II A9 to respond 

to TFLIS; the majority of the complexes paused at the Tla were able to transcribe through 

the pause site to produce fùll-length transcript. 

3.4.1 Mutations in Zn1 did not Affect Readthrough Response to TFIIS 

We used the readthrough assay to identie the region of RPB9 that is required to 

mediate the fiinctional interaction between pol II and TFIIS. Each of the GST-RPB9 

mutants was tested for the ability to restore polymerase response to stimulation by TFIIS. 

The mutants were assayed at a five, one hundred, and three hundred-fold molar excess 

over pol iI A9 (Table 3). We found that the Zn 1 and Zn2 regions were not able to effect 

this response as independent domains. The two truncation mutants, GST-RPB9147 and 

GST-RPB95s,1 12, were unable to restore p l  II A9 response to TFIIS, even at a three 

hundred: one ratio over pol iI A9. This is not surprising, since neither of these mutants 

assembled with pol U A9 in the binding assay. 

The Zn1 region was found not to be involved in mediating the readthrough 

response to TFTTS, even in the context of the entire subunit. The majority of the 

mutations within the Zn 1 region had no affect on the ability of GST-RPB9 to restore 

response to THIS in this assay, with the exception of the two deletions in this region 

(mutants GST-RPB9a12-27 and GST- RPB9A1&U) which completely abolished activity. 

Again, it is assumed that these mutations significantly disrupted RPB9. Al1 of the Zn 1 

substitution mutants were able to restore wildtype activity at a five-fold molar excess 

(Figure 12). Thus, residues within Zn1 are not responsible for mediating the response of 

pol II A9 to TFIIS. 



3.6.3 Linker Region Mutants Tkat Wen Deficient for Binding can Resîore 

Readlhrough Response a! High Concentrations 

Although the Iinker region is important for binding of RPB9 to pol II A9, it does 

not appear to be directly involved in the stimulation of pol II in response to TFIIS. 

Mutations within this region affected restoration of readthrough response only to the 

extent that they affected binding. The mutations in this region that did not affect binding 

also did not affect the restoration of the readthrough response to TFIIS. GST-RPB9E54A 

and G S T - R P B ~ ~ A  wuld bind to pol LI Ag; both mutants were able to restore response to 

TFIIS at a five-fold molar excess (Table 3). The single amino acid substitution mutants 

from this region that did not recombine with pd II A9 (GST-RPB9D6iA, GST-RPB9wsA, 

and GST-RPB9R70A) were not able to restore response to TFIIS at a 5: 1 ratio of fusion 

protein: pol II A 9  (Figure 12). However, these mutants restored activity at higher levels 

offhion protein (at a 100: 1 ratio). Thus, it seems that single amino acid changes that 

disrupted binding activity did not abolish the ability to restore readthrough activity. At 

high levels of fusion protein, which may allow interaction between the GST-RPB9 

mutants and pol II A9, readthrough activity is intact. Neither of the two deletion mutants 

Fiom the linker region could restore readthrough response to TFIIS, even at a 300: 1 ratio 

of GST-RPB9 hsion: pol 11 A9. 

3.4.4 The Attative Flexible Loup in Zta2 is Required for Readhrough Response 

The Zn2 region of WB9 has homology to the zinc ribbon domain of TFIIS 

(Figure 2). We found that charged residues within this domain that correspond to the 



mola r excess: 
GST-RPBg 5 5 100 100 300 300 5 5 100 100 300 300 5 5 100100300300 
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- runoff 

- Tla 
-T lb  

Figure 12. Readthrough A m y  with A9 RNA Polymerase II and Representative Mutants from the Znl, 
Linker, and Zn2 Regions of RPB9. Readthrough assays performed with pol11 A9 and a mutant GST-RPB9 
fusion protein from each of the three regions of RPB9 are shown. The assay was performed with a five-, hundred-, 
or three hundred-fold molar excess of fusion protein over polymerase, and was done in either the presence or 
absence of rive-fold molar excess of TFIIS. Details for each mutant are summarized in Table 2. 



flexible loop of THIS (Table 2) were required to  mediate the stimulation of p o l n  in the 

readt hrough assay. 

Table 2. Seauence of Flexible LOOD fmm Zinc Ribbon Domain 

TFnS (285) QTRSADE (291) 
RPB9 (89) QQRRKDT (95) 

Residues R9 1, R92, K93 and D94 of  RPB9 were essential for restoration of the 

readthrough response to TFIIS (Table 3). GST-RPB9 mutants from the Zn2 region were 

able to  reassemble with pol II A9 in the binding assay. However, the mutant with the 

deletion of the charged loop, GST-RPB9m9-~5, and mutants with substitutions of the 

charged residues within the loop did not restore the ability of pol II A9 to respond to 

TFIIS, even at a 3 00: 1 ratio over pol II A 9  (Figure 12). These data suggest that the 

flexible loop of Zn2 within RPB9 is responsible for mediating the response of RNA 

polymerase II to TFIIS. Two of the three charged residues in the analogous loops are 

identical between yeast W B 9  and TFIIS. In fact, the analogous charged loop within 

TFIIS was found to be essential for TFIIS to stimulate readthrough by RNA polymerase 

II (Jeon et al, 1994); (Awrey et al, 1998). Thus, our results indicate that the analogous 

regions of RPB9 and TFIIS are acting on pol II to effect a stimulation of  pause site 

readt hrough. 



3.5 Response to TFIIS-Inducd Tnnscnpt Cluvage 

3.5.1 GST-RH39 M o r e s  Pol II A9  Rwpanse to TFIIS in Transcnpf Cieavage Assay 

TFIIS reactivates stalled RNA polymerase II that has arrested at a pause site. 

THIS achieves this effeçt by inducing the polymerase to cleave the nascent transcript at 

the 3' end prior to transcribing through a pause site (Reines, 1992). This process appears 

to be at leasî a two-step procedure, resulting in the release of two short RNA oligomers 

when performed in the absence of nucleotide substrates (Reines et al, 1992); (Awrey el 

al, 1997). Only the first cieavage event is required for resumption of transcription (Gu et 

a/, 1993)' but TFUS mutants that can only stimulate the first cleavage event cannot 

activate polymerase readthrough activity (Awrey et a!, 1998). The cleavage event occurs 

in a rnanner that allows the polymerase to keep the transcript within the correct frame 

with respect to the DNA template. The polymerase then continues elongating through the 

attenuating sequence. This effect of TFIIS on pol 11 can be measured in an assay simi lar 

to the previously described readthrough assay. 

We employed a transcript cleavage assay that was based on the readthrough assay 

performed on the 3 ' extended H3.3 template (Christie et al, 1994). Paused temary 

complexes were generated and pulse-labeled as for the readthrough assay, but then were 

purified away fiom fiee nucleotides prior to the addition of an excess of TFIIS to a 

portion of the reaction. M e r  cleavage of the transcript, the ability of the poIymerase to 

transcribe through the pause site was measured by the addition of nucleotides back to the 

reaction. The resulting transcripts generated in the presence and absence of TFIIS were 

compared by denaturi ng gel electrophoresis and p hosp horimager anal ysis. Transcripts 



truncated at T 1 a site were shortened afler incubation with TFIIS to produce the C 1 and 

C2 cfeavage products (Awrey et al, 1997). 

We found that pol U A9, which does not respond to TFIIS in the readthrough 

assay, was capable of cleaving back to produce the first cleavage product (C 1) upon 

addition of TFIIS, but could not produce the second cleavage product (C2). Addition of a 

five-fold molar excess of GST-RPB9 to the reaction restored the ability of pol II A 9  to 

produce both cleavage produas (Figure 13) as well as the ability to produce fùll-length 

transcnpt upon the addition of nucleotides. 

We tested each of the GST-RPB9 constmcts for the ability to restore cleavage 

activity to the A9 polymerase. As pol II A9  q n  respond to TFUS stimulation by 

producing Cl in the absence of GST-RPB9, we looked for the ability of the fusion 

proteins to dimulate pol 11 A9 to produce C2 in the presence of TFIIS. Thus, when 

refemng to the ability of particular W B 9  mutants to restore cieavage activity, we are 

refemng to the restoration of the second cleavage event. 

3.5.2 Mutants in îhe Zn2 and Linkm Regions Restore Transcnpt CIewage at the Same 

Leveis as for Readhrough 

We found that Zn1 and the linker regions of RPB9 do not play a direct role in 

stimulating pol II to cleave the transcnpt in response to TFIIS. Moreover, the ability of  

GST-RPB9 to restore transcript cleavage activity in response to stimulation by TFIIS 

appears to be prerequisite to its ability to restore readthrough response. The results 

obtained from testing each of the GST-WB9 mutants in the cleavage assay are similar to 

those obtained with the readthrough assay (Figure 14). For mutants fiom either the Zn 1 





region or the Iinker region, polymerase cleavage activity was restored at the sarne levels 

of Eùsion protein that restored polymerase readthrough activity (Table 3). Those mutants 

that could induce pol II A9 to readthrough at a five-fold molar excess also restored 

wildtype cleavage patterns at a 5: 1 ratio of  fusion: pol 11 Ag. The binding-deficient 

mutants that required a 100: i ratio of fbsion: pol II A9 to restore readthrough activity 

restored cleavage also at a ratio of 100: 1. The deletion mutants fkom these regions that 

were not able to restore readthrough activity could not induce pol U A9 to produce the 

second cleavage product. Thus, results for the cleavage assay directly correlate with 

results fiom the readthrough for mutants in either Zn1 or the linker region. 

3.5.3 Mutants from Zn2 that could not StiltUIlute Readthrough cun Induce Cleavuge ut 

Higk Concentrutions 

The ability to  influence RNA polymerase II to respond to readthrough stimulation 

by TFIIS has been localized to the Zn2 region of RPB9. This activity appears to be 

dependent on the ability of RPB9 to stimulate the polymerase to cleave the transcript in 

response to TFIIS. Our results indicate that cleavage can occur in the absence of 

readthrough response (Table 3 and Figure 14). Mutations that abolish the ability of 

RPB9 to mediate stimulation of readthrough do not completely eliminate its ability to 

induce pol II to cleave the nascent transcript to produce C2 upon addition of TFIIS. 

AIthough no stimulation of readthrough was seen for mutants within the flexible loop of 

Zn2, even at high concentrations of fùsion protein, cleavage activity was restored at sorne 

level for al1 mutants in Zn2 For the small deletion mutant and the substitution mutants 

from the Zn2 region of RPB9 that were unabie to restore readthrough response to TFIIS, 



molar excess of fusion 5 
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Figure 14. Transcript Cleavage Assay with A9 RNA Polymerase II and RepnsenWve Mutants from the 
Znl, Linker, and Zn2 Regions of RPB9. Cleavage assays perfonned with polI1 A9 and a mutant GST-RPB9 
fusion protein from each of the three regions of RPB9 are shown. The assays were perfonned witb a five-, or hun- 
dred-fold molar excess of fusion protein over polymerase, and were done in the presence of five-fold molar excess 
of TFIIS. Samples were taken at O, 1,5, or 10 minutes after the time of addition of TFIIS, as indicated. After 10 
minutes, nucleotides were added back to reactions, which were then incubated for an additional 10 minutes (lanes 
labeled nt). Details for each mutant are summarized in Table 2. 



Table 3. Summary of in vitro Analyses of Mutant GST-RPB9 Fusion 
Proteias 

Fusion Protein p in di ne' Readthroueh Cleavaee 
GST-WB9 22 + + ++  
GST-WB9 1 -47 - - - 

GST-RPB9Ai 2-27 - - - 

GST-RPB91i 6-23 - - - 
GST-RPB9 R ~ A  F ~ A  38 + + + +  
GST-RPB9RsA D ~ A  12 + + ++  
GST-RPB9R17A 33 + + + +  
GST-RPB9ElsA 25 ++ + +  
GST-RPB9Di 9~ 18 ++ ++ 
GST-RPB9K20A 15 + + ++ 
GST-RPB9E2 10 ++ ++  
GST-R.PB9R30A 13 ++ ++  
GST-RPB9yua 5 ++  + +  
GST-RPB9U6-70 - - - 

GST-RPB9A65-70 - - - 
GST-RPB9EssA 15 ++  + +  
GST-RPB9rn - + + 
GST-RPB9M5A - + + 
GST-RPB9R70A - + + 
GST-RPB9D,2A 1 O + + ++  
GST-RPB955-1 12 - - - 

GST-RPB9K77n 8 + + ++  
GST-RPB9A80-io - - 

- 
(+) 

GST-RPB9A89-95 5 + 
GST-RPB9R91A 26 - + 
GST-RPB9R92A 20 - + 
GST-RPB9K93A 1 O 5  - + 
GST-WB9D94A 12 - + 

+ + Wildtype pol II activity was restored at a 5: 1 ratio of fùsion: pol 11 A9. 
+ Wildtype pol II activity was restored at a 100: 1 ratio of fùsion: pol II A9. 
(+) Wildtype pol II activity was restored at a 300: 1 ratio of  fûsion: pol II A9. 
- Wildtype pol II activity was not restored, even at a 300: 1 ratio of fusion: pol II A9. 
' ~ n  estimate of the equilibrium dissociation constant is given in units of nM. 



no restoration of cleavage activity was seen at a five-fold molar excess. However, 

restoration of cleavage ability in response to TFnS was observed at a hundred-fold molar 

excess. The large delet ion mutant from Zn2, GST-RPB~L~~O-IO 1, did not demonstrate 

binding to pol II 69, nor any ability to restore readthrough response to TFIIS. Yet pol II 

A9 was able to cleave the transcript to the second cleavage product at a 300: Z molar 

excess of this mutant. 

These results impl y that the readthrough response occurs via transcript cleavage 

to produce the second cleavage product. In this study, mutants that are able to induce a 

readthrough response are always associated with an ability to induce polymerase to 

cleave back to C2 at the same level of fûsion protein. The reverse is not true. 

Stimulation of polymerase to cleave at high levels of fùsion protein does not always 

correlate with a stimulation of readthrough ability even at higher levels of hsion protein 

than could induce cleavage. Similar results were seen in a mutational study of TFIIS 

(Awrey et al, 1998). Certain mutants within the Zn ribbon domain of TFIIS could 

stimulate pol 11 to cleave the transcript to produce C2 but could not induce stimulation of 

readthrough. However, no mutants in this region could stimulate readthrough without a 

stimulation of cleavage at the same or lower levels of TFIIS. 



3.6 Complcmcntation of Growth Phtnotypt in vivo 

3.6.1 W B 9  Corrects Sensitiviîy of the A9 S k n  to High m d  Low Temperaîures and 6 

uzuuracil 

In addition to the fiinctions of RPB9 that couid be measured with in vitro assays, 

certain in vivo roles for WB9 were known. The A9 yeast strain is sensitive to both low 

and high temperature extremes, and grows more slowly than the wildtype strain, even at 

the optimal growth temperature (Woychik et al, 1991). The genotype of the strain used 

here is different fiom that of previously characterized A9 strains. Thus, we confirmed the 

growth phenotypes for the A 9  strain used in this study (Figure 15). Transformation of the 

A9 yeast strain with a low copy plasmid carrying the RPB9 gene under the control of its 

endogenous promoter firlly restored normal growth characteristics. 

Yeast strains deficient for TFnS have been shown to be sensitive to the drug 6- 

azauracil (Hubert et al, 1983). This phenotype is thought to reflect a defect in 

transcription elongation (Exinger and Lacroute, 1992). Since RPB9 is required for the 

fbnctional interaction between RNA polymerase iI and THIS, we tested the A9  strain 

used in this study for its ability to use 6-azauracil as its only uracil source. The A 9  strain 

grew more slowly on medium containing 6-azauracil than the wildtype strain. 

Transformation of the A 9  yeast strain with the W B 9  gene on a low copy plasmid fùlly 

complemented the 6-azauracil sensitivity (Figure 15). 

3.6.2 The Majon'ty of W B 9  Mutant Alleles are Able to Corydement Growth Defects 

We used these growth characteristics to assay each of the rpb9 alleles for their 

ability to restore normal growth. The A 9  strain was transforrned with the tow copy 



Figure 15. Complementation of Phenotype by Various RPB9 Mutants. 
The A9 a ~ d  AIIS yeast strains were transfonned with either the parent plas- 
mid (pRS3 14) or a denvative plasrnid containing one of the various RPB9 
mutant alleles under the RPB9 endogenous promoter. Details pertaining to 
plasmid construction and growth conditions are described in Materials and 
Methods. Transformed cells were spotted on either selective medium and 
grown at the indicated temperatures (120C, 300C and 37OC) or selective 
medium containing 6-aza-uracil and grown at 30°C (6-au). Phenotypic 
detaiis for each RPB9 mutant are shown in Table 4. 



plasmid pRS3 14 carrying each of the p69 mutant alleles. The majority of the rpb9 

alleles were able to restore wildtype growth characteristics (Table 4), with the following 

exceptions. 

The Zn 1 domain was not able to act independently in phenotype 

complementation, since the tmncation mutant RPB9147 did not correct the growth defects 

(Figure 15). This allele contains the N-terminal zinc-binding domain and part of the 

linker region. As well, the two deletion mutations within the Zn1 region @PB9~1~-~7and 

RPBgA16_=) did not restore wildtype characteristics. It seems that RPB9 requires both Zn 

binding regions to restore growth phenotype, and that minor mutations that were 

sufficient to aboiish activity in the in vitro assays, including the binding assay, had no 

effect on growth phenotype complementation. 

The large deletion mutation in the Iinker region, RPB9a6-70, was able to partially, 

but not fully, complement the growth defects of the knockout strain. This mutant has both 

Zn regions, but the intervening sequence is almost compietely removed. Thus, although 

this construct has two intact Zn regions, their spatial arrangement may be dismpted. 

It should also be noted that the t h  growth defects of temperature sensitivity, 

cold sensitivity and 6-azauracil sensitivity appear to be linked. Every mutant that 

complemented one of the growth defects complemented al1 three to the same extent; no 

mutant was able to compIement only one or two of the growth defects. Therefore, the 

same effect of deletion of RPB9 seems to be influencing al1 three phenotypic 

characteristics. 



The growth complementation assay w& replicated in a RPB9lTFIIS double 

knockout strain (data not shown), and the trends were the same as those obtained for the 

A 9  strain. Wildtype RPB9 could partially correct the slow growth phenotype of the 

double knockout. Mutants that did not restore growth phenotype in the A9 strain also did 

not partially correct growth defects in the A9/AIIS strain. The remaining mutants were 

able to correct growth defects to the same extent as RPB9. 

The TFIIS deletion strain (AIIS) is also sensitive to 6-azauracil. This strain was 

transformed with each of the RPB9 alleles to determine if any of the RPB9 mutations 

could suppress the dmg sensitivity caused by the deletion of THIS. No effect was seen 

with any of the RPB9 alleles in the AIIS strain (Figure 15). 

3.7 Correction of Initiation Start Site Selection in vivo 

3.7.1 Expression of RPB9 Corrects A k e d  Starî Site References in A9 and A9/A TFIIS 

Yeast Strains 

Yeast strains deficient for RPB9 have been shown to exhibit altered preferences 

for start sites of transcription initiation (Furter-Graves et al, 1994); (Hull et al, 1995); 

(Sun et ai, 1996). The effects of deleting RPB9 have been measured on a variety of 

different transcripts; the majority of those analyzed demonstrate an upstream shifi of the 

5' end of the transcript. In this study the ADHI gene, which shows a distinctive 

difference in transcript start site between the wildtype and A9 strains, was used to analyze 

the effect of the various RPB9 alleles on initiation start site preferences. In addition, a 

TFIIS knockout strain, and a RPB9/TFIIS double knockout strain were analyzed to 



determine the effect of TFnS on initiation start site. Primer extension analysis was 

performed on RNA iîolated from the different yeast strains using a primer directed 

against the 3 ' end of the ADHl gene. 

The start site selection of the wildtype strain was compared to three deletion 

strains: the A9, AIIS, and A 9 / M S  strains. The RNA for this primer extension analysis 

was prepared fiom these strains afier they were grown in a rich medium. The pattern of 

reverse transcripts between the wiidtype and the A9 strains is easily discernibie; the 

reverse transcripts prepared fiom the A 9  strain are longer and indicate an increase in 

ADH 1 transcripts that start upstrearn of the -37 position (Figure 16). The deletion of 

transcription factor TFIIS appears to have no ihfluence on stait site selection, even in 

conjunction with the deletion of RPB9. The A H S  strain has a reverse transcript pattern 

identical to that o f  the wildtype strain, and the result for the A9/A11S double knockout is 

identical to that of the A9 strain. 

3. Z 2 The Zn1 Region is Sufficientfor Correction of Altered Sturî Site References 

In analyzing the effect o f  the various RPB9 mutations on selection of 

transcript start site, RNA was prepared from strains grown in a selective medium. The 

results from this primer extension anatysis are not as distinctive as the ones fiom the 

previous analysis (Figure 17). The pattern of reverse transcripts fiom the wildtype strain 

includes some of the longer species, indicating an increased usage o f  the stan sites 

upstream of  -3 7 in the ADHl gene under these growth conditions. As with phenotype 

complementation, the 



Figure 16- Primer Extensions of the ADHl Transcript from Wildtype 
and Deletion Strains of S. cerevkiae. Totai RNA was isolated from 
wildtype, Ag, LUIS, and A9IAIIS yeast strains. In order to map the transcnpt 
start site primer extensions were performed using a primer directed against 
the ADH 1 transcnpt. An autoradiogram of the reverse transcripts is shown. 
The leftmost lane contains DNA standards, with the sizes of the standards 
indicated (in bases) to the left of the figure. The size references indicaied on 
the right of the figure refer to the number of bases upstream from the ATG 
codon in the transcript. Refer to the Materials and Methods section for 
experimental details. 



majority of rpb9 alleles were able to restore wildtype characteristics in this assay (Table 

4). 

Two striking results are those obtained with the Zn1 truncation and deletion 

mutants. Although the RPB9 147 allele did not restore wildtype activity in any other assay 

including phenotype complernentation, it was able to correct the alteration of start site 

selection (Figure 17). Similarly, the small deletion fiom the Zn 1 region corrected start 

site preferences, but not any other activity of WB9. Together these results indicate that 

the Zn 1 region is suficient for restoration of start site preferences, but the putative 

flexible loop within Zn 1 is not required for this restoration. 

In contrast, the RPB9a6-70 mutation, which was able to partially complement 

growth defects, could not correct the altered start site selection. This mutant has an 

unaltered Zn 1 domain, but has a deleted linker region. This suggests that it is not only 

the presence of the Zn 1 region, but that the orientation or accessibility of Zn 1 in the 

context of the subunit is important. 

These in vivo assays have been able to detect mutations that act independently in 

growth phenotype and initiation start site selection. We conclude that these two defects 

of the A9 yeast strain are due to different effects of loss of WB9 and are not directly 

Iinked. 



Figure 17. Primer Extension of the ADHl Transcript from a Yeast 
Strain Carrying the Tmncated Zn1 Nele of RPB9. Primer extensions 
directed against the ADHl transcript were performed using total RNA pre- 
pared from the A9 yeast strain carrying either pRS3 14 or a derative plasmid 
containing one of the various RPB9 mutant deles. Shown here is an autora- 
diograrn displaying the reverse transcripts, separated on a denaturing gel, 
frorn the A9 strains transformecl with the plasmid alone (Ag), the plasrnid 
encoding wildtype RPB9, or the Zn 1 truncated WB9 allele (RPBg,,). 
Primer extension results for each of the RPB9 mutants are presented in 
Table 4. 



Table 4. Summary of in vivo Analyses of RPB9 Mutant Alleles 

RPB9 Phenoty pe Start Site Selection via 
Mutant Comdementation Primer Extension 
W B 9  ++ + +  
RPB9 i -47 - + +  
WB9.m-27 - - 
W B 9 1  i 6-23 

- ++  
RPB9 R5A. F6A ++  ++ 
~ B ~ R S A .  OSA + +  ++  
W B ~ R  1 7 ~  + +  + +  
W B ~ E  1 8~ + +  ++  
W B ~ D ~ ~ A  + +  + +  
~ B ~ K ~ o A  + +  + +  
R P B ~ ~ I A  ++ + +  
R P B ~ R ~ o A  ++  ++  
m B 9 ~ 3 4 ~  ND ND 
w B 9 ~ 6 - 7 0  + - 

WB9.365-70 ++ ++ 
w B 9 ~ 3 4 ~  f +  ++ 
R P B ~ ~ I A  ++ ++ 
Rf'B9~tjj~ + +  + +  
~ B ~ R ~ o A  ++ ++  
R p B 9 ~ 7 2 ~  + +  + +  
WB%-1 12 ND ND 
R p B 9 ~ 7 7 ~  + +  ++ 
RPB9.m- 10 l + +  ++  
RPB9.389-95 ++  ++  
m B 9 ~ 9  l A ++  ++  
~ B ~ R ~ s A  ++  + +  
w B 9 ~ 9 3 ~  ++  + +  
w B 9 ~ 9 4 ~  + +  ++  

+ + Allele completely restores wildtype characteristics. 
+ AlIele partialiy restores wildtype characteristics. 
- AIIele does not restore wildtype characteristics. 
ND Experiment was not perforrned. 



3.8 Summary 

The results presented here represent a mutational analysis characteriring RPB9, a 

subunit of yeast RNA polymerase II. Twenty-seven mutants were designed, subcloned 

and analyzed in five different assays for their ability t o  restore RPB9 activity to  pol 11 A9. 

The first assay performed was a reconstitution assay measunng the reassembly of 

RPB9 with pol U A9. As no assay existed, we developed a gel mobility shift assay to 

masure  the affinity o f  GST-RPB9 for pol Ii A9. The interaction was shown to be 

saturatable, stoichiometnc, and reversible. A conserved stretch of  arnino acids in the 

linker region of RPB9 was shown to be necessary for binding between RPB9 and pol II. 

However, these assays were done with GST-WB9 fûsion proteins, and this should be 

considered when interpreting the results. 

The next two assays performed rneasured the ability o f  RPB9 to mediate a 

response between pol II and TFUS during elongation. The flexible loop in the Zn2 region 

was found to be required for both readthrough and tirIl cleavage activity of RPB9. Zn2 is 

the region of RPB9 that is homologous to the Zn ribbon of TFIIS. The analogous loop in 

TFIIS is known to be required for elongation stimulation of pol II. The results for these 

assays indicate that readthrough activity is dependent on the ability of polymerase to 

completely cleave the nascent transcript back to the C2 produa. This finding agrees with 

studies done on TFIIS. 

The mutant alleles o f  rpb9 were transformed into appropriate yeast grains for the 

final two assays. Complementation of growth at temperature extremes and the ability to 



restore growth on 6-azauracil was measured. The Zn 1 tnincsltion mutant could not 

correct growth phenotypes, implying that perhaps the linker o r  Zn2 regions of RPB9 are 

also required. The large deletion mutant fkom the linker region contains both Zn 

dornains, but with very little intervening sequence. This mutant was able to partially 

correct growth phenotype. 

Correction of start site preference was also measured. The tnincation mutant 

containing Zn1 was able to  correct start site selection. The implication is that only Zn1 is 

involved in start site selection. However, the two deletion mutants in the linker region 

both contain an intact Zn1 domain. The large deletion did not restore start site 

preference, although the small deletion was able to restore wildtype preferences. This 

suggests that perhaps it is the orientation o r  accessibility o f  Zn 1 in the context of the 

subunit thot is important. 

Altogether, we have performed an extensive charactenzation of the RNA 

polymerase 11 subunit RPB9. It has provided insight into how RPB9 lùnctions within the 

RNA polymerase II enzyme. We have demonstrated that recombinant RPB9 reassembles 

with RNA polymerase II A9 to fonn an intact enzyme. In addition, we have identified 

residues required both for reassembly with RNA polymerase II and for response to 

elongation stimulation by TFIIS. With this study we have also provided evidence that the 

three growth defects of  the A 9  yeast strain are linked, but the altered start site selection is 

independent of the growth defects. The Zn 1 domain can correct the start site preference, 

but the putative loop within this domain is not required. In all, this study has fùrthered 

our understanding o f  how RPB9 fùnctions in transcription. 



CHAPTER 4 DISCUSSION 

4.1 General Discussion 

We initiated this study in order to define the transcriptional role of the RNA 

polymerase II subunit RPB9. We specifically wished to put the various fùnctions of 

RPB9 into a structural context. To this end, we developed a set of mutants of RPB9 to 

test which regions of WB9 were required in certain fiinctional assays. The design of 

mutants was based, in part, on the assumption that the two zinc-binding regions of RPB9 

were likely to adopt the zinc 6bb0n fold. NMR studies on archaebacterïal WB9 have 

subsequently demonstrated that this is the case for the second zinc-bindingdomain 

(Wang et al, 1998). In particular, we targeted conserved regions within the two zinc 

regions that we predicted to be analogous to the charged flexible loop of TFIIS (Qian et 

al, 1993a). As welI, we targeted the conserved DPTLPR sequence located in the region 

that connects the two zinc regions of RPB9. 

Through characterization of the mutants in our study, we have identified and 

isoiated regions of RPB9 that are responsible for particular fùnctions of the RNA 

polymerase II subunit. We have been able to assign the fûnctions of polymerse binding, 

elongation response to TFIIS, and initiation start site selection to unique regions within 

RPB9. These activities have been attributed to the linker region, dornain Zn2,  and 

domain Zn 1, respectively. 



We have identified the residues involved in protein-protein interactions with RNA 

polymerase II. The conserved linker sequence DPTPLR was found to be essential for 

assembly of RPB9 with the polymerase in our binding assay. Specifically, the two 

charged residues and a third charge located N-terminally to this sequence were found to 

be important. However, in order to maintain the solubility of RPB9, the binding assays 

were performed with GST fùsion proteins- The fact that the fùsion proteins contain an 

extra 28 kDa region attached to the N-terminus of RPB9 must be taken into account when 

interpreting the results. 

The second zinc-binding region was found to be involved in mediating the 

elongation response of RNA polymerase II to TFIIS. The residues that compose the 

flexibIe loop analogous to that of THIS were required to restore response to TFIIS in 

vitro. We targeted the charged residues in this sequence and demonstrated that these 

residues were necessary for arrested polymerase molecules to resume elongating in 

response to stimulation by THIS. This result is similar to those obtained for TFIIS; 

charged residues within the flexible loop were essential for TFIIS stimulation of 

polymerase (Jeon et al, 1994). Thus, the zinc ribbon dornain shared by these two proteins 

appears to be an elongation stimulation domain, and both are required to influence 

arrested polymerase molecules to continue transcribing. 

The first zinc-binding domain was able to restore correct start site preferences as 

an independent domain. In contrast to the elongation activity of Zn2, correction of start 

site selection by Zn1 was found not to be dependent on the flexible loop. Despite the 

ability to restore wildtype start site selection, Zn1 could not independently correct growth 



phenotype. These results demonstrate that growth phenotypes induced by deletion of 

WB9 are not directly due to an upstream shift of transcript start site. 

These results and their significance to RPB9 fiinction will be analyzed in detail in 

the following discussion sections. In addition, 1 will present a mode1 of the mechanism 

by which RPB9 mediates RNA polymerase II activity d u h g  transcription. 

4.2 RNA Polymerase II Binding Region 

We had previously demonstrated that recombinant RPB9 or GST-RPB9 could 

restore wildtype RNA polymerase activity in eiongation assays (Awrey et al, 1997). In 

vitro experiments measuring start site selection also demonstrated that GST-RPB9 could 

restore wildtype preferences to the A9 RNA polymerase (Hull et al, 1995). We 

developed a gel mobility shift assay to determine how the recombinant subunit restores 

these transcriptional activities. We wished to determine if GST-RPB9 assembles with 

poI II A9 in a stable manner to form a fùnctional, intact enzyme, as opposed to acting on 

pol II A9 in a transient manner. Using radiolabeled GST-RPB9, we demonstrated that 

GST-RPB9 does form a stable interaction with poI II A9. We detected a stable binary 

complex of GST-RPB9 and RNA polymerase 11 A9; the complex forms a high afinity 

interaction, with an estimated equilibrium dissociation constant of 22 nM. 

Our mutational study has identified the region of RPB9 involved in binding to the 

A 9  RNA polymerase. The conserved sequence DPTLPR in the linker region is required 

for binding to pol II A9. The two charged residues in this sequence, and a third charged 

residue N-terminal to this sequence, were found to be essential. The deletion mutant 



A65-70 and the point mutants D61& D65A and R70A did not exhibit binding in our gel 

mobility shift assay. Thus it appears, at least in the context of this assay, that this region 

is responsible for the interaction between RPB9 and pol II A9. 

The residues that we have identified as important for the interaction between 

RPB9 and pol II A9 are conserved only among eukaryotic RPB9 homologues (Kaine et 

al, 1994); (Hull et al, 1995). The homologous subunits that have been identified fiom 

archebacteria and eukaryotic RNA polymerase 1 do not contain the D-DPTLPR 

sequence. However, the archaebacterial subunits do contain a conserved sequence in the 

Iinker region that is composed of conserved aliphatic and charged residues (TVIK--K-K) 

(Kaine et al, 1994). This sequence rnay represent the RNA polymerase binding region 

within the archae subunits. These patterns of sequence conservation suggest that the 

region of RNA polymerases involved in binding to their respective RPB9 homologous 

subunits is conserved within a class of RNA polymerase, but not between polymerase 

classes. Yeast RPB9 likely interacts with a region of the polymerase that is highly 

conserved between eukaryotic RNA polymerase U homologues, but is not contained 

within RNA polymerase 1 or archaebacterial polymerases. In accordance with this idea, 

human RPB9 could partially complement growth defects in A 9  yeast strains, and could 

fùl l y restore wildtype start site preferences in a yeast in vitro assay (McKune et al, 1 995). 

Although the conserved charge D6 1 and the conserved sequence DPTLPR are 

essential for the binding of GST-RPB9 to pol 11 A9 in vitro, they may form the central 

part of a larger binding face on RPB9 rather than defining the entire interface. It is 

important to note that the binding assay was performed with GST-RPB9 fùsion proteins, 



rather than WB9 alone. GST is a 28 kDa protein that forms a dimer in solution. The 

fusion of this larger globular protein to the 15 kDa RPB9 may have some steric effect on 

the assembly of the subunit with pol II Ag. The GST-WB9 fùsion is still able to restore 

activity in vitro (Hull et al, 1995); (Awrey el al, 1997) as well as bind to the polymerase 

with high afinity (Kd = 22 nM). Thus, the addition of GST does not significantly affect 

the activity of wildtype RPB9. However, if GST were partially blocking a iarger binding 

surface, the effects of mutations within the remaining binding face may have greater 

influence on a GST-RPB9 constnict than they would on RPB9 alone. Consistent with 

this idea, mutations that disrupted binding of GST-RPB9 tiisions in vitro did not affect 

activity of RPB9 in vivo. The binding mutants were able to fùlly restore wildtype growth 

characteristics and start site preferences when transformed into a A9 yeast strain. 

Another factor that rnay contribute to the differences between the in vitro and in 

vivo effects of the binding mutants is the enzyme assembiy process. The W B 9  

constnicts were expressed in yeast under the endogenous RPB9 promoter and would 

therefore have been expressed and incorporated into the polymerase as it was assembled 

from the various subunits. In contrast, binding assays with GST-RPB9 invoived the 

association of the subunit with an already formed pol II A9 cornplex. It is conceivable 

that RPB9 may be involved in extensive protein-protein contacts with the other subunits. 

The residues identified in our binding assay may be central to, but not entirely 

responsible for, the incorporation of WB9 into RNA polyrnerase II. Therefore, 

mutations that significantly destabilize the interaction between GST-RPB9 and the pre- 



formed enzyme do not have as extrerne an effect on RPB9 that is incorporated into pol II 

as it assembles. 

The ability of RPB9 to restore activity to the A9 polymerase appears to depend on 

its ability to assembly with the polymerase. Results obtained with the in vitro elongation 

assays demonstrate that mutants that could not- bind to pol 11 A9 were not able to restore 

readthrough and cleavage responses to TFIIS at wildtype levels. However, these mutants 

did restore elongation activities at 100-fold molar excess. The ability of the binding 

mutants to restore activity at extremely high levels may be due to a limited ability to bind 

pol II A9 at very high concentrations. It is possible that these mutants have a very low 

afinity for the polymerase that we could not detect in Our binding assay. Altematively, 

RPB9 may have a limited ability to influence polymerase in a transient manner. This 

type of transient interaction may be relevant only at high concentrations of RPB9. In 

either event, these data suggest that pnor assembly with the polymerase is important for 

W B 9  to restore activities at wildtype levels of the subunit. 

4.3 Role of RPB9 in Elongation 

The A 9  polymerase is defective for certain transcription elongation activities 

(Awrey et a/, 1997). Without RPB9, RNA polymerase II is less efficient at recognizing 

pause sites within the template. The A 9  pol II molecules that do recognize and arrest at 

intrinsic pause sites are unable to readthrough and resume transcribing in response to 

stimulation by T F I I S .  The arrested A9 enzyme demonstrates an ability to cleave the 

nascent transcript to produce a primary cleavage product (C 1) when incubated with 



TFIIS. However, the A9 enzyme cannot perforrn the subsequent cleavage event to 

produce a second cleavage product (C2). GST-RPB9 can restore these activities when 

added to in vitro elongation assays. We used these characteristics of A9 RNA 

polymerase II to identify the region of RPB9 that is involved in mediating the elongation 

response of RNA polymerase II to TFIIS. 

R P B 9  contains two zinc-binding domains that we predict adopt the zinc ribbon 

confornation. The second of these domains (Zn2) possesses 30% identity with the zinc 

t-ibbon domain of TFIIS. We found that this domain of RPB9 is responsible for 

activating pol II to respond to TFUS stimulation in transcript readthrough and cleavage 

assays. Specifically, we found that the putative flexible loop of the zinc ribbon is 

required to restore these elongation activities to pol II A9. Mutations that deleted the 

charged loop of the Zn2 region (QQRRKDT), or rernoved each of the charges within the 

loop (R R K, or D), resulted in RPB9 constmcts that were unable to induce pol II A 9  to 

respond to TFnS stimulation at wildtype levels. At very high concentrations (one 

hundred-fold molar excess) these mutants induced pol II A9 to cleave the transcript to 

produce C2 in the presence of TFIIS. However, these mutants did not restore the 

readthrough activity of pol II A9  in response to TFIIS, even with a three hundred-fold 

molar excess. 

In addition to sequence similarity, the Zn2 domain of RPB9 and the zinc ribbon 

domain of THIS share a fùnctional similarity. The elongation stimulation activity of 

TFIIS is also dependent on its zinc ribbon domain, and particularly the charges within the 

flexible loop (QTRSADE). Mutation of the aspartic acid and glutamic acid residues 



within the loop completely abolished the ability of T m S  to stimulate the readthrough 

and cleavage activities of RNA polymerase II. As well, only positively charged residues 

could substitute for the arginine residue (Jeon et al, 1994). Thus, this domain is 

functionally analogous in RPB9 and TFIIS, and represents an elongation stimulatory 

domain in the two proteins. 

The conserved zinc ribbon dornains of RPB9 and TRIS are both necessary to 

stimulate the readthrough and cleavage activities of arrested RNA polymerase LI. Both 

domains are required for the readthrough activity of the polymerase; mutation of the zinc 

ribbon of either protein eliminated elongation stimulation of arrested polymerase 

molecules (Jeon et al, 1 994); (Awrey et al, 1 998); (this study). However, they differ in 

their effects on transcript cleavage. The transcript cleavage activity is contained within 

the polymerase, but is dependent on TFIIS for stimulation (Reines et a/, 1992). Mutation 

of critical residues in the zinc ribbon of TFIIS completely abrogated stimulation of 

cleavage (Jeon et al, 1994); (Awrey et al, 1998). In contrast, deletion of WB9 does not 

completely abolish polymerase cleavage activity. Pol II A9 can cleave the transcript to 

produce C 1 in response to TFIIS stimulation but is unable to produce C2 (Awrey et al, 

1997). Furthemore, experirnents in our laboratory designed to interchange the zinc 

regions of the two proteins were not successfûl, indicating that each zinc ribbon domain 

possesses unique fùnctional characteristics (Chris Koth, persona1 communication). 

Therefore, the conserved zinc ribbon domains in W B 9  and TRIS are both required to 

hlly stimulate RNA polymerase II to overcome transcript arrest. The two dornains act in 

a concerted manner to influence the activity of arrested RNA polymerase II complexes. 



We found that the readthrough activity of RNA polymerase iI correlates with the 

ability of the polymerase to produce the second cleavage producf C2. The A 9  

polymerase can produce C 1, but not C2, in response to stimuration by TFIIS. 

Furthermore, arrested pol Iï A9 cannot read through intrinsic pause sites in response to 

TFIIS. Addition of GST-RPB9 restores both of these activities to the polymerase (Awrey 

et ai, 1997). We observed that the mutants in the Zn2 region of RPB9 were defective for 

restoring both readthrough and cleavage activities. However, at high levels these mutants 

could restore the ability of the polymerase to produce the C2 product. This partial 

restoration of cleavage activity did not lead to restoration of readthrough activity in the 

course of this experiment. In addition, we didhot observe any RPB9 mutants that were 

able to restore the readthrough activity of polymerase without also restoring the ability to 

cleave to C2- Thus, cleavage to C2 can occur in the absence of readthrough activity, but 

readthrough activity always correlates with the capability to cleave to CS. These results 

imply that the ability to cleave to produce the C2 product is a prerequisite for readthrough 

activity. However, it should be noted that these cleavage experiments were performed in 

the  absence of nucleotides. In the presence of nucleotides, the polymerase may retain the 

ability to produce C2, but the actual cleavage event may not occur. 

Mutational studies performed on yeast TFnS confirm our finding that a stalled 

ternary complex must be capable of producing C2 if it is to read through the pause site 

and resume transcribing (Awrey el al, 1998). Mutations in TFllS that disrupted 

stimulation of cleavage to C2, but left the ability to stimulate cleavage to C 1, also 

disrupted stimulation of polymerase readthrough activity. Moreover, the stimulation of 



readthrough activity correlatecl highly with the stimulation of the polymerase to produce 

the C2 product. 

Our cleavage results seem to conflict with transcriptional studies performed with 

mammalian TFIIS. RNA and DNA mapping experiments demonstrated definit ive1 y that 

when arrested ternary complexes were stimuiated by TFIIS, only one cleavage event was 

required prior to activation of the polymerase to resume transcription (Gu et al, 1993). 

However, these experiments were performed in the presence of nucleotides, allowing for 

polymerase to resume transcribing as soon as it became translocation competent. As with 

our results, two cleavage products were observed in this study when TRIS was added to 

arrested ternary complexes in the absence of nvcleotides. Therefore, our results are 

consistent with the results of this study, as we measured the ability to produce C2 in the 

absence of nucleotides. 

A two-step model has been proposed to reconcile these two lines of apparently 

contradictory evidence (Awrey et al, 1998). The model States that TFIIS acts on the 

translocation-incompetent (arrested) temary complex to induce cleavage to C 1 . 

Subsequent to Cl cleavage, TFUS induces the ternary complex to switch to a 

translocation-competent conformation. In the presence of nucleotides, the polymerase 

can proceed through the pause site, and continue transcribing. In the absence of 

nucleotides, the polymerase is now paused, but not arrested. It responds to the lack of 

nucleotides by tùrther cleaving the transcript to produce C2. 

This model is consistent with the observation that in the absence of nucleotides, 

TFIIS activates both arrested and paused ternary complexes to cieave the 3' end of the 



transcript. Oligonucleotides of either 7-14 or 2 bases in length are released, respectively 

(Reines et ai, 1992); (Izban and Luse, 1993). In the mammalian TFIIS study described 

above, the first cleavage product observed was shortened by 6 to 9 nucleotides; the 

second cleavage product was shortened by an additional two nucleotides (Gu er al, 1993). 

Thus, these results confonn to the mechanism proposed by the model, that TFlIS induces 

polymerase to switch out of the arrested state after the initial cleavage event, and that the 

second cleavage event is a reaction to the lack of nucleotide substrates. 

This model also agrees with Our transcript cleavage and readthrough data. We 

propose that the second step involving the switching of RNA polymerase 6om a 

translocation-incompetent to a translocation-competent form is a dependent on RPB9. 

This transformation is represented by the ability of the polymerase to cleave the transcript 

to C2 in the absence of nucleotides. We found that this activity requires the charged 

residues of the Zn2 loop of RPB9. We contend that readthrough activity is dependent on 

the ability to produce C2, although not necessarily dependent on the actual occurrence of 

the second cleavage event. M e r  TFiIS has activated a re-positioning of the polymerase 

active site with respect to the 3'end of the transcript, RPB9 acts in concert with TFIIS to 

effect a second rearrangement that results in the ability to resume transcribing. Only in 

the absence of nucleotides does cleavage to C2 occur. This reaction is dependent on the 

conserved zinc ribbon domains of both TFIIS and RPB9. 



4.4 Role of RPB9 in Initiation 

RPB9 plays a role in the selection of start site usage during transcription 

initiation. Deletion of RPB9 results in an upstream shift in the preference of RNA 

polymerase II for particuhr start sites at most promoters (Furter-Graves et al, 1994); 

(Hull et al, 1995); (Sun et al, 1996). We transformed the A 9  yeast strain with the mutant 

rpb9 constmcts in order to assess the effects of the various mutations on the seledon of 

transcript start sites. We found that most of the mutations in RPB9 did not affect the 

ability of the subunit to influence start site preferences; the majority of mutants tested in 

our study restored wildtype start site patterns. 

Interestingly, our study indicates that the Zn1 domain of RPB9 is suficient to 

restore wildtype start site preferences. The tmncation mutant that comprises the Zn1 

region of RPB9 was able to comect start site preferences as an independent domain. We 

predict that this region of RPB9 adopts a zinc ribbon fold, as it contains the consewed 

cysteine pattern that typifies the zinc ribbon motif. The large deletion within Zn1, A 12- 

27, removed the majority of the region between the two pairs of cysteines residues 

without affect ing expression levels of the su bunit (Stephen Orlicky, persona1 

communication). This mutation constitutes deletion of two of the P-strands and the 

flexible loop region within the zinc ribbon domain- The large Zn1 deletion within the 

context of hll-length RPBI dismpted the ability of Zn1 to restore correct start site usage. 

Together, these two results imply that the Zn1 domain is responsible for the contribution 

of RPB9 to initiation start site selection. 



We also found that this activity does not involve the charged residues within the 

predicted flexible loop. Each of the single amino acid substitution mutants within the 

within the loop did restore wildtype start site usage. As well, the 616-23 mutant, which 

has the entire predicted flexible loop removed, restored wildtype preferences. These 

results imply that the ability to influence start site selection does not require the flexible 

loop of Znl. This is in direct contrast with the elongation domain of RPB9, Zn2 The 

activity of Zn2, and the analogous domain of TmS, is dependent on the charges within 

the flexible loop of the zinc ribbon (Jeon et al, 1 994); (this study). 

The resuIts obtained with our in vitro elongation assays demonstrated that 

assernbly with t h e  polymerase was an important factor for the ability of RPB9 constnicts 

to restore activities to RNA polymerase [I. We have demonstrated that the Zn1 

tmncation mutant did not assemble with pol LI A9 in Our in vitro binding assay, but was 

able to restore correct start site selection in vivo. This result is not unique; many of the 

mutants that did not bind to pol II A9 in vitro did fiilly restore both start site preferences 

and growth characteristics in vivo. As mentioned previously, it is conceivable that the 

polymerase-binding surface of RPB9 consists of more than just the conserved D--- 

DPTLPR sequence. If the Zn1 mutant is in fact assembling with the polymerase, then 

part of this surface must be contained within the first zinc-binding domain of RPB9. 

Alternatively, the Zn 1 domain could be influencing transcript start site usage through a 

transient interaction with the pre-initiation complex. 

In contrast with the above results, the large deletion mutant within the linker 

region, A36-70, did not restore wildtype start site preferences. This mutant contains 



intact Zn1 and Zn2 regions, but 34 amino acids tiom the linker region have been 

removed, resulting in the juxtaposition of  the two zinc-binding dornains. Although this 

RPB9 constnict has a fiinctional Zn1 region, having an immediately adjacent Zn2 domain 

must inhibit the fùnction of  Zn1 in start site selection. Stenc interference by Zn2 would 

affect the activity of this mutant, whether Zn1 was acting via assembly with polymerase, 

or via a transient means. 

Our results regarding the requirement for Zn1 in start site selection conflict with 

the analysis of experiments involving the sni73-I mutant of RPB9 (Sun et al, 1 996). The 

sm73-I mutation is a point mutation at codon 107, resulting in an early stop codon and 

loss of the final 16 residues of RPB9. This mutant suppresses the cold-sensitive 

phenotype and the altered start site selection defect imparted by the sua7-l mutation of 

TFIIB. As this mutation occurs at the residue immediately following the final cysteine o f  

Zn2, it is extremely likely that Zn2 is not folded. The authors interpret the results to 

indicate that Zn2 is necessary for start site selection, but is not required for correction of 

growth phenotype. However, the growth assays are presented in the context of  the triple 

nra7-1 ssrt72-l ssu73-I triple mutant. It is possible that the unfolding of Zn2 destabilizes 

RPB9, and the ssu73-I mutant is not stably expressed. In this case, the results would be 

the same as those expected for the rp69 nuIl mutant. We interpret the ssu73-l results to 

irnpl y that the deletion of  RPB9 suppresses the ma7-J cold growth phenotype and stan 

site selection defect in the presence of  the sm72-l mutation. Our results suggest that 

stable expression of Znl would relieve the suppression of  the stan site defect but not the 

cold growth phenotype. 



4.5 Growth Phenotype Correction 

In addition to altered transcript start site patterns, the A9 yeast strains exhibit slow 

growth at optimal temperature, with an increased sensitivity to high and low 

temperatures, and a Iower tolerance for the dmg 6-azauracil (Woychik et ai, 1991); 

(David Jansma, personal communication). We used the A9  yeast strain to assess the 

abil ity of each of the mutant rpb9 aileles to restore wildtype growth characteristics under 

each of the various growth conditions. As with start site selection, we found that the 

majority of the rpb9 alleles in our study were able to correct growth defects. 

We observed that the growth charactetistics appear to be linked. None of the 

mutants tested in this study were able to separate the various phenotypes. Any mutant 

that complemented one of the growth characteristics was able to complement al1 of them 

to the same extent. Consequently, it appears that a single effect of the deletion of W B 9  

causes yeast cells to grow more slowly, become more sensitive to temperature extremes, 

and be less resistant to the effects of 6-azauracil. 

In contras with start site selection, expression of the Zn1 domain alone was not 

suficient to correct growth defects. Neither the Zn 1 truncation mutant, nor the A 16-23 

deletion mutant restored wildtype growth characteristics despite their ability to correct 

start site usage. Together these results indicate that the residues in the flexible loop of 

Zn 1 are required for complementation of growth phenotype, but an intact Zn 1 domain is 

not suficient for this complementation. As well, the effect of RPB9 deletion that causes 

the growth defects is not the same one that is responsible for the alteration in start site 



preferences. We have demonstrated that the temperature and drug sensitivities are 

separable fiom the start site selection defects of the A9 yeast strains. 

Deletion of the linker region of RPB9 resulted in partial restoration of wildtype 

growth characteristics. The deletion mutant, A36-70, possesses complete but jwctaposed 

Zn 1 and Zn2 regions. The pimial complementation by this mutant implies that it may 

contain some, but not dl of the regions of RPB9 required for correction of growth 

defects. Part of the deleted linker region may be required in addition to the two zinc 

regions. A second interpretation is that only the two zinc regions are required, but 

deletion of the linker region has resulted in an alteration of their spatial arrangement with 

respect to each other or the polymerase. The repositioning of the zinc regions may result 

in their partially blocking each other, or otherwise being unable to make fùll  contact with 

other proteins in the required manner. 

One result that is not consistent with our in vitro findings is the effect of 

mutations within Zn2 on the resistance to 6-azauracil. None of the deletion or single 

amino acid mutations within Zn2 had any effect on the ability of RPB9 to cornplement 

growth defects, including the sensitivity to 6-azauracil. This result is surprising, as we 

have identified Zn2 to be involved in elongation. and panicularly to interact with THIS 

in stimulating arrested temary complexes. Deletion of TFIIS imparts sensitivity to 6- 

azauracil to yeast strains (Hubert et al, 1983). The A9 yeast strains are less sensitive to 

this drug than the AIIS strains, and the extent of 6-azauracil sensitivity is dependent on 

the genetic background of the parental yeast strain (Rod Weilbaecher and David Jansma, 

persona1 communications). The double deletion mutant A9/AïIS exhibits a synthetically 



let ha1 p henotype when grown on 6-azauracil (David Jansma, persona1 communication). 

This dnrg depletes cellular GTP levels, and sensitivity to it is thought to indicate a defect 

in elongation (Exinger and Lacroute, 1992). However, the exact cause for the dmg 

sensitivities in the A9 and AiIS strains is not known. The sensitivities of these two strains 

may not even be due to a single cause. Rather than being due to the interruption of the 

interaction between TFIIS and RPB9, they rnay be due to defects in other elongation- 

related phenornena. 

4.6 RPB9 Zn Ribbon Structurt 

The structure of the C-terminal zinc-binding region of the RPB9 homologue fiom 

the archaebaterium 7nermococcus celer has been solved by NMR techniques (Wang et 

al, 1998). This structure confirms our predictions that the Zn2 domain of RPB9 adopts 

the zinc ribbon conformation. The overall fold is wnserved wit h respect to the human 

TFIIS (Qian et al, 1993b) and archael TFIIB (Zhu et al* 1996) zinc ribbons. The RPB9 

domain has one additional short B-strand, making the dornain a four-stranded anti-parallel 

P-sheet with an apical zinc ion coordinated by four cysteines. As well, this structure 

demonstrates that the charged residues we found to be essential for the elongation 

activities of RPB9 do form part of a flexible loop analogous to the toop fiom the TFIIS 

dornain. 

Additional features that are conserved between the W B 9  and TFIIS zinc ribbons 

are the hydrophobic patches that are Iocated on the fiont and back faces of the zinc ribbon 

domain (Qian et al, 1993b); (Olmstead et al, 1998). These patches may represent 



surfaces that are involved in protein-protein interactions. Alternatively, it has been 

suggested that these patches fùnction as nucleic acid binding sites (Wang et al, 1998); 

(Awrey et al, 1998). Mutation of three of the conserved aromatic residues in yeast TFIIS 

severely reduced the ability of TFIIS to stimulate the cleavage and readthrough activities 

of RNA polymerase LI. A molecular mode1 for the mechanism of TFIIS proposes that 

one of these residues forrns contacts with the 3' end of the RNA during the first cleavage 

event (Awrey et al, 1998). We do not currently have evidence as to whether these 

hydrophobic patches in RPB9 are involved in interactions with protein o r  nucleic acid 

moieties. 

This stmcture represents the third zinc rïbbon domain to  b e  identified in 

transcription-related proteins. The structures of  zinc ribbons fiom TFIIS (Qian et al. 

1993a); (Qian et al, 1993b); (Olmstead ef ai, 1998), TFtIB (Zhu e t  al, 1996), and now 

RPB9, have been confirmed by NMR methods. As well, expenments using protein 

threading algorithrns predict that the zinc-binding regions of TFIIE (Jeon et al, 1993b), 

W B 2  and RPB 12 (Wang et al, 1998) adopt the zinc ribbon fold. Thus, this fold depicts a 

conserved structural motif among initiation and elongation proteins. We have 

demonstrated that the fiinction o f  the zinc ribbon domain is also conserved with respect to 

RPB9 and TFIIS. 

4.7 Mode1 of RPB9 Mode of Action 

WB9 influences both the initiation and the elongation stages of  transcription. We 

have demonstrated that it achieves these effects through interactions involving its Zn 1 



and Zn2 zinc ribbon domains, respectively. The transcriptional events that require WB9 

involve the rearrangement of the active site o f  RNA polymerase II. In addition, these 

events require the participation o f  TFüB and TFIIS, proteins that also contain zinc nbbon 

domains. We cannot provide a detailed molecular mechanism of RPB9 action, but we 

can provide insight into the transcriptional events that involve RPB9. Here we present a 

mode1 to explain how RPB9 may influence start site selection dunng initiation and 

reactivation of RNA polymerase II during elongation arrest. 

W B 9  appears to influence the placement of the active site o f  polymerase with 

respect to either the template o r  the banscript. RPB9 is involved in defining the upstream 

boundary of  the window in which initiation occurs (FurterGraves et al, 1994); (Hull et 

al, 1995); (Sun et al, 1996). Deletion o f  RPB9 causes RNA polymerase II to select 

upstream s t m  sites for transcription initiation. RPB9 also influences RNA polymerase 

during elongation arrest (Awrey et al, 1997). Deletion of RPB9 prevents RNA 

polymerase 11 from becoming translocation-competent in response to stimulation by 

TFIIS. Both of these events presumably involve movement or confornational change of  

the active site. 

We suggest that RPB9 employs the zinc ribbon structural motif t o  exert its 

influence on the active site of  polymerase. Our study has demonstrated that it is the Zn 1 

region of RPB9 that influences stan site selection. We propose that this domain adopts 

the zinc ribbon conformation, but that the charged loop of this domain is not necessary 

for start site selection. We have shown that Zn2 is required for the stimulation of arrested 

ternary complexes. An archael homologue o f  this domain has been shown to f o m  a zinc 



ribbon (Wang et ai, 1998). The residues that define the charged loop of this domain are 

required for the elongation activity of RPB9. 

The zinc ribbon domains of RPB9 do not act independently to influence the active 

site. Both activities afso require an additional transcription factor, each of which contains 

a zinc ribbon domain. Accurate start site selection involves TFTIB; TFIIB defines the 

downstream boundary of the start site selection window (Pinto et al, 1992). The N- 

teminal region of TFIiB that interacts with polymerase (Malik et al, 1993) contains a 

zinc ribbon dornain (ZnIIB) (Zhu et al, 1996). Disruption of the zinc nbbon abolished 

the interaction with polymerase (Buratowski and Zhou, 1993). Furthemore, the 

reactivation of polymerase after elongation arrest is dependent on TFiIS (Reines, 1992), 

and particularly the zinc ribbon domain (Zf lS )  (Jeon et al, 1994); (Awrey et al, 1998). 

Both TFIB and TFIIS demonstrate a functional interaction with WB9 during these 

processes (Sun et ai, 1996); (Awrey et al, 1997). Thus, we propose that the zinc ribbon 

domains of RPB9 act in concert with ZnIIB and ZnnS to orient the active site of 

polymerase during start site selection and the reactivation of arrested temary complexes, 

respective1 y. 

We propose that Zn1 and ZnïIB influence the orientation of the polymerase active 

site with respect to the promoter via opposing interactions. Yeast RNA polymerase II 

initiates transcription from specific sites within an 80 basepair window (Stmhl, 1987). 

This wide range of s t a ~  site positioning indicates there is substantial flexibility within the 

pre-initiation complex. Whether this wide range of positioning is due to an adjustment of 

the polymerase active site, or due to a shift in the location of polymerase at the promoter, 



is not known. In either event, Zn1 must interact with pol 11 to "aim" the active site 

downstream, while ZnIIB interacts to "aim" the active site upstream. 

We suggest that these domains act in a concerted manner to define the location of 

the start site window. Mutation of RPB9 suppresses a start site mutant of TFIIB, 

resulting in no change in the boundaries of the start site window (Sun and Hampsey, 

1996). However, mutation of one or the other of the two proteins does significantly alter 

the location of the start site window with respect to the promoter (Pinto et ai, 1992); (Sun 

et al, 1996). The fact that the double mutation results in no change in the start site 

preferences compared to wildtype indicates that the two domains are influencing the 

same property of the polymerase active site, although in an opposing manner. If these 

domains acted independently, a widening of the start site window would be expected with 

the double mutant. 

Our mode1 also includes the role of RPB9 in elongation. We propose that Zn2 

and Z d I S  act together during elongation arrest to effect a conformational change of the 

polymerase active site. The first cleavage event that occurs with TFIIS stimulation of 

arrested ternary complexes does not involve RPB9, as pol II A 9  can perform this reaction 

(Awrey et al, 1997). The occurrence of the second cleavage event is not essential for the 

polymerase to read through a pause site (Gu et al, 1993), but the ability to produce C2 is 

required for readthrough (Awrey et al, 1998); (this study). It is this reaction that requires 

the concerted effort of RPB9 and TFIIS. It is likely that the tirst cleavage event brings 

the 3' end of the transcript and the active site on the template back into register. 

However, the active is unable to transcribe at this stage. Zn2 and ZnIIS then act together 



to induce a rearrangement of the active site, switching the polymerase into a 

translocation-competent mode. RNA polymerase l'I then resumes transcribing if 

nucleotide substrates are available, or performs the second cleavage event if nucleotides 

are absent. 

A recent model proposes that ZnIIS binds the 3' end of the RNA by positioning 

the transcript across the face of the zinc ribbon, distorting the transcript and exposing the 

C 1 cleavage site. The acidic residues within the ZniIS Ioop are suggested to deprotonate 

key residues of the polymerase active site, priming thern for nucleophilic attack of the Cl 

phosphodiester bond of the transcript (Awrey el ai, 1998). 

We would like to extend this model to include the activity of RPB9. The charges 

within the loop of Zn2 are predominantly basic, and may perform the complementary 

function to ZnlIS. We suggest that the basic residues of the Zn2 loop may reprotonate 

the polyrnerase residues involved in the cleavage event, thereby resetting the active site. 

This rebalancing of the charges of the active site may not be the only event required to 

allow the second cleavage event. However, we propose that it is a critical step in the 

active site rearrangement prior to reactivation of transcription. The catalytic residues 

would then be ready for a second interaction with TFIIS, inducing either a resumption of 

chain elongation or, in the absence of nucleotides, a second cleavage event. 
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