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ABSTRACT

Prem ature te rm ination  or a ttenuation  o f RNA po lym erase  II 

transcription has recently been found to regulate expression of a number 

o f genes including the c - m y c  oncogene, but its m echanism  is not 

understood. By transcribing the c-myc  gene in injected X e n o p u s  oocytes, 

various parameters were altered and their effects on the efficiency of the 

c -m y c  T2 attenuator were studied. The attenuator functioned downstream 

of a variety of promoters. However polymerases situated further from the

promoter appear to have a lower ability to recognise the attenuator since 

term ination efficiency declined markedly when it was placed more than 

400bp from the start site. Furthermore, only transcription which initiated 

at the c-m yc  prom oter most proximal to the attenuator (P2) term inated 

prematurely. Transcription from the P I prom oter term inated at T2 only 

when the natural distance between PI and T2 was reduced. Transcription 

reading through the c-m yc  attenuator, but not that which term inates, was 

in h ib i te d  by th e  a d e n o s in e  a n a lo g  5 ,6  d i c h lo r o - 1 -B -D -

ribofuranosy lbenzim idazo le (DRB). It is proposed that only those 

elongation complexes which are resistant to DRB are capable of premature 

termination, and that this subset exists only within the first few hundred 

bases of the transcription unit.

Transcription initiated at the P I promoter was found to term inate 

prematurely at two positions, TIA  and TIB  which flank the P2 TATA box and 

are thus closer to the PI promoter than T2. TIB is a T-rich sequence which 

resem bles previously identified  attenuation sites but T IA  appears to 

represent a d ifferent class o f term ination site. A 120bp sequence 

contain ing  T IA  induced te rm ination  dow nstream  of a hetero logous

promoter. T IA  is located immediately upstream o f the P2 TATA box.

M utagenesis of an element overlapping this TATA box affected both the 

efficiency and the position of termination. A 28bp sequence including this 

element bound a factor whose sequence specificity correlated with T IA  

term inato r function .
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CHAPTER 1 

INTRODUCTION



1.1 INTRODUCTION

There are three stages during RNA synthesis which could serve as 

targets for regulatory signals. These stages are transcriptional initiation,

elongation and term ination, o f which initiation has undoubtedly been the 

most extensively studied. After RNA synthesis has initiated, the process of 

transcrip t e longation  provides fu rther opportun ities to regu la te  gene 

expression beyond those available during initiation. Indeed, it is now 

evident that this is a critical point at which gene expression can be 

controlled. Premature termination or pausing of RNA polymerases during

transcription has been docum ented within many transcription units, and 

its use as a transcrip tional control m echanism  is particu la rly  well 

documented in prokaryotes. The im portance of prem ature term ination or

attenuation in eukaryotic gene regulation is exem plified by its role in 

con tro lling  transcrip tion  of the c~myc  oncogene. By regulating the

efficiency o f a block to transcription elongation, cellu lar grow th and 

d iffe re n tia tio n  signals  can m odulate  c - m y c  mRNA levels. In the 

experiments in this thesis, I analysed this c -m yc  transcriptional block in 

an attem pt to gain insight into the m echanism s governing eukaryotic 

a t te n u a tio n .

In addition to being a consequence of regulatory events during 

elongation, termination occurs constitutively at the 3' ends of many genes 

where it serves the basic and fundamental purpose of defining the extent 

o f a transcription unit. This class of term ination events w ill also be 

d iscussed here, since the processes of a ttenuation  and transcrip tion  

term ination  at the end o f a gene may involve rela ted  m olecular 

m e c h a n ism s .

Much of our understanding of attenuation has arisen from studying 

these events in prokaryotes and also in eukaryotic viruses. I will therefore 

discuss the mechanistic features which in these systems appear to specify 

attenuation. From the discussion in the final part of this chapter, it will be 

evident that transcription attenuation in eukaryotic cellular genes is less 

well understood than in prokaryotic systems. Although many of the details 

of these processes have yet to be determined, comparison of mechanisms 

im plicated  in term ination/a ttenuation  in all o f these system s reveals

certain recurrent themes.

A defin ition  o f a ttenuation  should fac ilita te  this d iscussion .

T ranscrip tion  a ttenuation  involves pausing o f RNA polym erase  or

term ination or both. (However as mentioned in specific cases described



below, it is as yet unclear whether pausing versus true term ination is

tak ing  p lace during  tran scrip tio n  o f certa in  genes reg u la ted  by 

attenuation). Transcription term ination can be defined as an arrest of 

elongation by RNA polymerase, followed by release of the nascent RNA and 

polymerase from the template DNA. Terminated RNAs can be isolated as

free m olecules unless unstable or rapidly  processed. Pausing is a 

tem porary cessation o f elongation, w here the polym erase and nascent 

transcript remain associated with the tem plate; thus a paused polymerase 

retains the capacity to resum e transcription. The d istinction between

pausing and term ination can be made using pulse-chase experim ents 

whereby short transcripts are chased into longer products. In some cases

the separation o f transcription com plexes on sucrose gradients or gel 

filtration columns has been used to determine whether short RNAs remain

associated with the template (M aderious and Chen, 1984; Cam pbell and 

Setzer, 1992). In either case, the outcome of pausing or termination is that 

the amount of transcription reading dow nstream  o f the arrest site is

m odulated .

1.1 TERMINATION AND ATTENUATION OF PROKARYOTIC  

TRANSCRIPTION

Basal-level transcription in prokaryotes (reviewed in von Hippel et 

al. (1984)) begins at the promoter with recognition by RNA polymerase of

sequences immediately 5' of the transcription start site. Recognition of 

specific promoter elements is a function of the sigma factor (reviewed in

Helmann and Chamberlin (1988)) which when bound to the core RNA 

polym erase constitutes the holoenzyme capable of initiating transcription. 

The frequency o f initiation events can be regulated by transcriptional 

activators and repressors. Subsequently, the transcript is elongated with 

the concurren t spontaneous d issocia tion  o f sigm a fac to r from  the 

e longation  com plex. The effic iency  o f transcrip tion  e longation  is 

influenced by the intrinsic DNA or RNA sequence, and by termination or 

antiterm ination factors. The final phase o f transcription is term ination, 

where the polym erase and nascent RNA are released from the template. 

Term ination and attenuation during transcription are discussed in separate 

sections throughout this chapter, as specified.

1.1.1 RNA secondary structure in prokaryotic term ination



1.1.1.1 S tem -loop-m ediated  intrinsic  term ination

Termination by RNA polymerase can be intrinsic to the transcribed 

sequence in that it is specified solely by nucleic acid signals in the absence 

o f accessory factors; alternatively it may be dependent on one or more 

proteins as in for instance rho-mediated term ination (see below). In their 

simplest forms, intrinsic terminators at the 3' ends of many bacterial genes 

consist of GC-rich regions of interrupted dyad symmetry which result in 

the form ation o f RNA hairpins when transcribed, followed by a short 

polyuridine stretch in the RNA (Platt, 1986). As described later, similar

m otifs are im plicated in term ination in certain eukaryotic transcription

u n its .

The mechanism which specifies this form o f intrinsic term ination

rem ains somewhat controversial. It seems clear however that the RNA 

hairpin first induces the polymerase to pause at the U-rich tract (Farnham 

and Platt, 1981), (although not all transcriptional pauses are caused by RNA 

hairpins (LaFlam m e et al., 1985)). A lthough polym erase pausing is 

in su ffic ien t to cause term ination, a pausing step appears always to

com prise one of the events leading to intrinsic term ination (Farnham and 

Platt, 1981; Platt, 1986). Since a transcription bubble of about 17bp forms in 

DNA which is being transcribed (Gamper and Hearst, 1982), it was thought 

that these strands of DNA are normally held apart during transcription by 

a putative hybrid of 10-12bp between the DNA and nascent RNA. Formation 

o f an RNA stem -loop weakens this hybrid, causing the transcrip t and 

paused polymerase to be released from the template at the uridine residues, 

since hydrogen bonds betw een dA-U base-pairs are re la tive ly  weak 

(Martin and Tinoco, 1980). The DNA strands can then reanneal.

In support of this model, the stability o f the stem-loop and the length 

o f the U -stretch are clearly im portant in the function of term ination 

signals (Rosenberg et al., 1978; Farnham and Platt, 1980; Lynn et al., 1988). 

The rho protein (discussed below) contains an RNA-dependent helicase, 

suggesting that it may cause term ination by unw inding the RNA-DNA 

duplex (Brennan et al., 1987). The existence of this helicase activity in a 

p ro te in  w hich causes te rm in a tio n  endo rses the ex is ten ce  o f a 

transcriptional hybrid between DNA and RNA. Support for stem -loop 

mediated weakening of the DNA-RNA hybrid is provided by models based on 

thermodynamics which take into account the relative stabilities of nucleic 

acid hybrids and stem-loops (Yager and von, 1991).



However, the results of several studies have challenged this model. 

A nalysis of artificial hybrid E. Coli term inators revealed that sequences 

flanking the stem-loop and the polyuridine stretch are also im portant for 

term ination, and certain  term ination sites lacking the U residues are 

efficient (Reynolds and Chamberlin, 1992). Moreover, there is controversy 

concerning the number o f base-pairs in the RNA-DNA hybrid during 

transcription. If  significant DNA-RNA base-pairing does not occur during 

elongation, the stem-loop could not cause term ination through weakening 

this base-pairing. Although approximately 12 bases have been found in 

some studies to be associated with the DNA template (see Yager and von 

Hippel (1991), another study involving RNAase footprinting of mammalian 

RNA polymerase complexes suggested that only three bases or less were 

hybridized to DNA (Rice et al., 1991). A recent report also challenged the 

simplicity of the existing model, since it was found that not only stability 

but also the sequence of the stem was important for the function of the 

bacteriophage lambda tR2 terminator. In this study, a number of mutations 

which w eakened the stem  structu re  elim inated  term ination; how ever 

certain m utations of the stem with equivalent stabilities possessed very 

different termination capabilities (Cheng et al., 1991). To account for these 

observations, a model which invokes a sequence-dependent in teraction 

between RNA or DNA and polymerase was suggested (Cheng, et al., 1991). 

Thus, RNA polym erase may contain a binding site for the nascent 

transcript, an interaction which could be disrupted by RNA secondary 

structure. In this model the polymerase rather than a nucleic acid hybrid 

would hold the transcription bubble open and stabilize the elongation 

com plex. A related model invoking a relatively  sequence non-specific 

po lym erase-nucle ic  acid in teraction  was also suggested  (A rndt and 

Chamberlin, 1990; Rice, et al., 1991), although this latter model does not 

easily  account for the sequence-dependence observed by Cheng et al. 

Hence although RNA hairpins are clearly involved in termination (see also 

below), the mechanism by which they operate has yet to be resolved.

1.1 .1 .2  A ttenuation  in bacteria l opérons as a fun ction  of  

a lter n a t iv e  s tem -loop  s tru ctu res .

Transcription attenuation in biosynthetic opérons o f prokaryotes is 

a well characterised phenomenon by which the supply of amino acids and 

other molecules is regulated. The study of bacterial attenuation has been 

facilita ted  by a com bination o f in vitro b iochem istry  and bacteria l



genetics. Some of the m echanistic features which govern attenuation 

resem ble those described above for in trinsic term ination, in particu lar 

there is a central role for RNA secondary structure. However attenuation 

invokes a requirement for regulatory factors; these may be ribosomes or 

other proteins.

Attenuation in amino acid biosynthetic opérons generally occurs in 

a transcribed leader region of an operon which contains a cluster of 

codons for the encoded amino acid (Zurawski et ai., 1978; Carter et al., 1986; 

Lynn et al., 1987). A hairpin-ioop in this leader region induces RNA 

polymerase to pause during transcription. A ribosome can then bind to the

leader RNA and initiate synthesis of a leader peptide. As deduced from the

effect on polym erase pausing o f m utations in the leader as well as 

inhibitors of translation, binding o f the ribosome and translation o f the 

leader peptide releases RNA polym erase from its pause (Landick et al.,

1985). The polymerase and ribosome are believed to then move through the 

leader sequences in unison. A deficiency in the supply of the encoded

amino acid and hence the appropriate charged tRNA causes the ribosome to 

stall at the cluster of codons for the encoded amino acid. This stalling

prom otes the formation of an antiterm inator stem -loop in the transcript 

which RNA polymerase can traverse (this structure is not followed by a 

po lyurid ine trac t); in the absence o f this stem -loop an alternative,

term inator stem-loop will autom atically form (Stroynowski and Yanofsky, 

1982). Therefore the presence of adequate supplies of the charged tRNA 

dictates that the ribosome does not stall and the terminator stem-loop causes

transcription to prematurely terminate in the leader region of the operon.

A ttenuation of this type involving the coupled transcrip tion and 

tran s la tio n  u n ique  to p ro k ary o tes, obv io u sly  p rec lu d es  analogous 

mechanisms in eukaryotes. In some cases however attenuation elicited by 

m utually exclusive RNA secondary structures occurs by mechanisms not 

involving participation  by ribosom es. In the tryptophan opérons of 

B a c i l l u s  s u b t i l i s  and B. p u m i l u s  the leader transcript can form mutually 

excusive term inator and anti term inator stem -loops. Again, expression of 

this operon is regulated by the supply of the encoded amino acid. However 

as no leader peptide is encoded by the leader RNA, attenuation cannot 

involve ribosom e stalling. Instead, tryptophan appears to activate the 

product of a locus called m t r  which binds to the leader region, thereby 

preventing formation of the antiterm inator stem-loop. Thus, formation of 

the alternative term inator stem -loop and hence transcription term ination 

is a consequence of sufficiently high levels of tryptophan in the cell



(Kuroda et al., 1986; Shimotsu et al., 1986). In the p u r  operon of B. subti l is ,  

the concentration o f guanine nucleotides appears to control transcription 

through a term ination-anti term ination mechanism. The leader region of 

this operon is very similar to the tryptophan operon of B. subtilis', the fact 

that it does not encode a leader peptide suggests that a regulatory molecule 

analogous to m t r  may control elongation (Ebbole and Zalkin, 1987). A 

sim ilar mechanism also operates in the bgl operon of E. coli which is 

required for catabolism  of beta-glucosides. The Bgl G gene product

encoded by this operon, is required in t rans  for expression of the operon, 

since it prevents prem ature transcription term ination w ithin the leader 

region (Mahadevan and Wright, 1987). Bgl G is an RNA-binding protein; in

the presence of inducing beta-glucosides, it appears to bind to a stem-loop

in the nascent RNA, which prevents form ation of a term inator hairpin 

thereby perm itting polym erases to transcribe the operon (Houman et al.,

1990). Bgl G itself is regulated in the absence of inducer by the Bgl F 

protein; Bgl F which is also encoded by the bgl  operon, is present at low 

levels in uninduced cells where it inactivates Bgl G by phosphorylation 

(Amster-Choder et al., 1989).

1.1.2 R ho-dependent term ination

Term ination in E. coli is usually subdivided into categories of the 

intrinsic, factor-independent term ination described above, and that which 

is dependent on the rho pro tein  (R oberts, 1969). R ho-dependent 

term inators are present in bacteriophage lam bda and in a num ber of

bacteria l opérons. In con trast to in trin sic  term ination , rho-dependent 

term ination does not require stretches of uridine residues; instead, rho is 

an RNA binding protein which interacts as a hexamer with nascent RNA 

lacking RNA secondary structure (Finger and Richardson, 1982; Chen et al., 

1986; Richardson, 1990). A consensus RNA sequence for rho has been 

difficult to ascertain, but appears to consist of a C-rich and G-poor region of 

particular length and location (Alifano et al., 1991; Hart and Roberts, 1991).

Rho is believed to travel along the nascent RNA where it encounters 

paused polym erases, and causes their release at discrete term ination sites 

spread over a relatively large region. An important characteristic of rho is 

that it contains an RNA-dependent ATPase activity (Lowery-Goldhamm er 

and Richardson, 1974) which is required for term ination (Howard and de 

Crombrugghe, 1976). It was suggested that the ATPase activity mediates 

translocation of rho along the nascent RNA towards the paused polymerase



(Galluppi and Richardson, 1980). Polymerase pausing can occur at rho- 

dependent termination sites in the absence of rho and is unaffected by rho; 

pausing is probably necessary to permit sufficient time for release o f the 

transcript and polymerase from the tem plate (Lau et al., 1983). Indeed,

efficient term ination requires a kinetic coupling between RNA polymerase 

and rho. Polymerase mutants which term inate with a higher than wild-

type effic iency  elongate more slow ly than usual, w hile term ination- 

defective mutants elongate more rapidly; moreover, a slow -acting mutant 

of rho is suppressed by a mutant RNA polymerase that elongates slowly (Jin 

et al., 1992). As suggested by these authors, the elongation properties of 

polym erase could be altered by term ination or antiterm ination factors 

which increase or decrease the efficiency of polymerase pausing.

Upon encountering a paused polym erase, rho probably mediates 

release of the nascent transcript from the elongation complex. Indeed, rho 

was found to be an RNA-dependent, NTP hydrolysis-dependent helicase, 

suggesting that it may effect term ination by unwinding the RNA-DNA 

duplex (Brennan, et al., 1987). It is not clear whether the ATPase activity of 

rho is required for translocation of the protein as well as for its helicase 

activity.

E fficient rho-m ediated term ination involves at least one additional 

cellular factor, the E. coli NusG protein, as demonstrated using E. coli cells 

depleted o f Nus G by a conditional lethal mutant (Sullivan and Gottesman, 

1992). The role of Nus G in termination is not known, but was postulated to 

involve a direct interaction between Nus G and rho, possibly assisting the 

attachment of rho to RNA (Sullivan and Gottesman, 1992).

A eukaryotic p ro tein  w hich causes term ination  in a m anner 

analogous to rho has yet to be described. However as discussed later, a 

eukaryotic factor implicated in RNA pol III term ination displays ATPase-

dependent helicase activity in the presence of DNA/RNA and RNA/RNA 

hybrids (Bachmann et al., 1990).

1.1.3 Factors which modify the elongation competence of RNA 

p o l y m e r a s e

Prom oter or in trag en ic  elem ents may in flu en ce  tran scrip tio n  

elongation by binding factors which modify the polym erase enzyme itself. 

The idea that the polymerase or the elongation compex can be modified to a 

te rm in a tio n -re s is ta n t or -com pe ten t form  is w ell-d o cu m en ted  in 

prokaryotes, and appears also to extend to eukaryotes. This is implied
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particu larly  w here the term ination capability  o f RNA polym erase is

determined some distance from the actual termination site. This idea will 

also be discussed later, with regard to experiments in this thesis which 

dem onstra ted  d is tance-dependen t te rm ination  o f c - m y c  tran sc rip tio n  

(Chapter 3 and Discussion)

In the w e ll-ch arac te rised  an tite rm in a to r system  o f E. coli  

bacteriophage lambda, lytic growth of the phage is dependent on phage- 

encoded transcriptional activator proteins, N and Q. N and Q which are 

required for early and late expression of the phage genome respectively, 

perm it transcription by impairing the function of term inators (Adhya et

al., 1974; Franklin, 1974; Grayhack and Roberts, 1982). These proteins which 

modify E. coli RNA polymerase to a termination resistant form, require cis-  

acting sequences to permit antiterm ination in an operon-specific manner.

Q-mediated antitermination requires recognition of a site termed q u t  

which has not been separated from the promoter (Yang et al., 1987). E. Coli 

RNA polymerase pauses at nucleotide +16 where it is recognised by Q and 

the host factor Nus A, which together permit the polymerase to escape the 

pause (Grayhack et al., 1985). N protein binds a sequence known as n u t  
(for N -u tilizationY which lies downstream of the promoter and upstream of 

the terminator. The nut site is recognised by N as nascent RNA (Nodwell 

and G reenblatt, 1991); an arginine-rich region of the protein mediates 

binding to a hairpin structure in this site (Lazinski et al., 1989). Analogous 

arginine-containing motifs are also found in the HIV-1 Tat protein and in 

other RNA binding proteins. N, together with host accessory factors which 

stabilize the transcription com plex (H orw itz et al., 1987; M ason and 

Greenblatt, 1991; Li et al., 1992), interacts specifically with E. coli RNA 

polym erase as it transcribes through the nut site, an interaction which 

m o d if ie s  th e  p o ly m e ra se  to  a te rm in a t io n - r e s  is  ta n t  fo rm . 

Im m unoprécipitation with anti-N antibodies o f transcription com plexes in  

vi tro,  revealed that this modification involves the continued association of 

N (and probably at least some of the host factors) with RNA polymerase,

after the polymerase has transcribed this site (Barik et al., 1987). N- and -Q

modified elongation complexes can read through both rho-dependent and 

-independent term ination sites, presum ably by suppressing polym erase 

recognition of and interaction with term ination sites.



1.1.4 P ro te in s  w hich bind  to  specific DNA sequences and  block

e lo n g a tio n  by RNA p o lym erase

In the experiments presented in Chapter 4 of this thesis, a DNA-

binding factor is implicated in termination. The mechanism by which this

occurs is not known. From the discussion so far, it is apparent that in most

prokaryotic factor-dependent term ination and an titerm ination , ribosom es 

or proteins interact with RNA rather than DNA. However a role for DNA- 

binding factors in blocking the movement o f a polym erase has also been 

studied, not only with regard to the properties o f specific term ination 

factors, but also in terms of how RNA polymerase deals with nucleoprotein 

com plexes which it encounters as it traverses a gene. For instance, 

bacteriophage SP6 RNA polymerase can transcribe through a transcription 

compex assembled onto the internal control region of a Xenopus 5S RNA

gene without disrupting it (Wolffe et al., 1986). Furthermore, transcription 

by SP6  polymerase in vitro is not inhibited by the presence on the template 

of histones; the histones, possibly transiently, are displaced from the DNA 

during transcription (Lorch et al., 1987) (see section 1.2.3. for a discussion 

of the effects of chromatin on elongation).

Therefore the presence on DNA of a stable protein complex does not 

necessarily impede the progress of a transcribing polymerase. However a 

number of cases have been documented in prokaryotes where term ination 

or elongation arrest is caused by DNA-binding factors. For example, the E.  

c o l i  lex A protein binds to a site in the promoter of the u v r B  gene and 

blocks elongation of polym erases in itia ted  from an upstream  prom oter

(Sancar et al., 1982). Binding of lex A resulted in elongation blockage,

rather than term ination with release of the transcript. The physiological 

relevance of these findings is unclear however, particu larly  since the 

function if  any o f the upstream -initiated transcript is unknown; in any 

case genuine termination occurs in the same region in the absence of lex

A. Elongation by E. coli RNA polymerase can also blocked by the E. coli lac

repressor. In the lac  operon, the lac repressor binds to the 3' end of the lac

I  gene encoding lac repressor, which is at the promoter of the lac Z  gene. 

In this position it not only inhibits initiation of lac Z  transcription, but also 

causes term ination  o f lac I  transcription (Sellitti et al., 1987). It was 

suggested that a certain amount o f transcrip tion reading through this 

roadblock may provide the basal level o f transcription o f downstream  

genes which is of physiological im portance in the function o f the l a c  

operon in the absence of inducer (Sellitti, et al., 1987). Hence the lac
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repressor can cause termination through a DNA-binding activity, by which 

it may also regulate transcription. Furthermore, when its operator site is 

engineered into a pol II gene, the lac repressor can block elongation by

eukaryotic RNA polymerase II and cause termination (Deuschle et al., 1990).

Mutants of the E. coli EcoRI endonuclease which bind to their cognate sites 

but are defective in DNA cleavage, also block elongation by E. coli RNA 

polym erase in vitro (Pavco and Steege, 1990). The mechanism by which 

blockage occurs is not always clear. It may be a result of steric hindrance

to the polymerase by some but not all proteins, or alternatively due to a 

specific interaction between the transcribing polym erase and the DNA- 

bound protein. As discussed la ter, in eukaryotes the D NA -binding

term ination  factor TTFI appears to spec ifica lly  in terac t w ith RNA

polymerase I to cause termination (Kuhn et al., 1990).

1.2 TERMINATION OF EUKARYOTIC TRANSCRIPTION

Following a brief description of the initial assembly on the promoter 

o f a transcription complex, this section will focus on eukaryotic elongation 

and te rm ination . V iral and ce llu la r tran sc rip tio n  a tten u a tio n  or 

termination mediated by RNA polymerases I, II and III will be described.

1.2.1. Factors required for accurate transcription  in itiation  by 

RNA polymerases I, II and III

T ranscrip tion in itia tion  in eukaryotes requires a com plexity  of 

transcription factors which initially assemble into a preinitiation complex

near the transcription start site. Transcription of pol I, II and III genes 

requ ires the polym erase enzym e in conjunction  w ith a num ber of 

accessory factors. Pol II requires the general factors TFIIA-TFIIJ, of which 

TFIID binds in a sequence-specific manner to the TATA element (reviewed 

in Sawadogo and Sentenac (1990); Zawel and Reinberg (1992)). These

factors assemble onto the TFIID/TATA complex to form a stable preinitiation 

complex. A number of these factors are composed of more than one 

polypeptide; TFIID is particularly complex and comprises the TATA-binding 

protein TBP and a number of associated proteins (TAFs) which function at 

least in part as mediators o f transcriptional activator function (Dynlacht et 

al., 1991; Tanese et al., 1991; Timmers and Sharp, 1991). Many of the basal 

factors have recently been cloned, which has led to the revelation of

significant evolutionary conservation of at least part of the pol II complex
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from yeast to humans (Guarente and Bermingham-McDonogh, 1992). Pol I 

utilizes at least two factors, UBF and SLl (reviewed in Sollner-W ebb and

Mougey (1991)). Pol II requires the general factors TFIIIB and TFIIIC with 

an additional factor TFIIIA which is required for transcription o f 5S rRNA 

genes (reviewed in Gabrielson (1991)). TFIIIC and TFIIIA which bind to 

intragenic sequences function as assembly factors for TFIIIB and pol III 

(Kassavetis et al., 1990).

A lthough originally  believed to be distinct from one another, a 

relationship between transcription by the three polym erase system s has

recently been established. RNA pols I, II and III share a number of 

subunits (Woychik et al., 1990) and at least one general factor, the TATA- 

binding protein TBP, which is required for transcription from both TATA- 

less and TATA-containing promoters (Margottin et al., 1991; Pugh and Tjian, 

1991; Comai et al., 1992; Cormack and Struhl, 1992; Schultz et al., 1992). 

Despite these common features, it will be evident from the discussion below 

that transcription term ination at the 3' ends of pol I, II and III genes 

involves significantly disparate mechanisms. However, pols II and III 

intrinsically recognise sim ilar sequences which cause term ination in vitro 

(see below).

1.2.2 Elongation factors required for RNA pol II transcription

It remains to be seen how many of the initiation factors described 

above rem ain associated  w ith RNA polym erase during transcrip tion  

elongation. N evertheless during the elongation phase, pol II u tilizes 

factors with which it can associate prior or subsequent to transcription 

initiation. For instance, a factor termed TFIIF (also known as RAP30/74) 

was originally identified by pol II affinity chromatography (Sopta et al., 

1985); reviewed in Greenblatt (1991); TFIIF which is essential for initiation, 

also affects the elongation step. A second factor termed SII (also known as 

TFIIS or DmS-II, according to its source of purification) also interacts with 

pol II (Rappaport et al., 1988; Price et al., 1989) and affects elongation; 

however SII is not required for initiation. An additional activity termed 

TFIIX has been identified, which like SII also affects elongation efficiency

but is not required at the initiation step (Reinberg et al., 1987; Bengal et al.,

1991). It is not known whether TFIIX also interacts with pol II.

The effects of these factors on elongation through pause and

termination sites have been tested using a number of in vitro assays. For 

exam ple, purified polym erase has been used in a prom oter-independent
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assay (described in section 1.2.4), to which the effects of added elongation 

factors could be determ ined (Price, et al., 1989; Reines et al., 1989; 

SivaRaman et al., 1990). Alternatively, promoter-dependent assays included

assem bly of stable prein itiation  com plexes using a nuclear extract or 

purified fractions; these were then treated with heparin to perm it one

round of transcription (Reinberg and Roeder, 1987) or washed (W iest et al., 

1992) or subject to gel filtration (Bengal, et al., 1991) to remove elongation 

factors. Addition of purified SII, TFIIF or TFIIX to these purified 

transcription complexes has defined a role for these factors in elongation. 

All of these methods have demonstrated that SII increases the efficiency of 

elongation through pause or attenuation sites.

SII, TFIIF and TFIIX appear to affect elongation by different 

mechanisms. Unlike SII and TFIIX, TFIIF first enters the transcription 

complex at the preinitiation stage. Secondly, an effect of TFIIF and TFIIX 

but not of SII, is to increase in the rate of elongation (Bengal, et al., 1991; 

Wiest, et al., 1992). However SII, TFIIF and TFIIX all suppressed pausing in 

one study (Bengal, et al., 1991), although the antipausing activity of TFIIF 

was not observed in the experiments of (Wiest, et al., 1992), possibly due to 

the particular conditions used in the latter experim ents. SII or TFIIX 

decreased pausing whether added at the beginning of the transcription 

reaction or while the polym erase was arrested during elongation; by

contrast TFIIF had no effect on polym erases which had reached the 

attenuation site (Bengal, et al., 1991). TFIIF also appears to bind more 

tightly to RNA polymerase than SII (Bengal, et al., 1991; Wiest, et al., 1992). 

Taken together, the interpretations of these and other observations can be 

summarised as (1) TFIIF and TFIIX affect the overall rate of elongation; and 

(2 ) when the polymerase reaches an attenuation site, it exists in a pausing 

conform ation that SII or TFIIX can somehow alter into an elongation-

competent conformation (Price, et al., 1989; Bengal, et al., 1991; Wiest, et al.,

1992).

It is conceivable that at the prom oter or during elongation, these 

p o ly m erase -e lo n g a tio n  fac to r in te rac tio n s  p ro v id e  o p p o rtu n itie s  to 

regulate attenuation or termination. For example, it is possible that the 

prom oter specificity observed in the function of certain term inators and 

attenuators (see below) could be accounted for by this type of regulation. It 

is also possible that additional factors affect the elongation step of pol II 

transcrip tion  in vivo. Gene-specific elongation factors analogous to the 

phage lambda N and Q proteins described above, have yet to be identified in 

eukaryotes. In a similar vein, phosphorylation of pol II occurs at some
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point during the transition from initiation to elongation (Payne et al., 

1989). This event could also poten tially  provide a target step for

mechanisms which modulate the processivity of RNA polym erase through 

attenuation sites (discussed in Spencer (1990); see also Discussion). By 

contrast, as intragenic pause or attenuation sites have not been identified 

in genes transcribed by pol I or III, it is possible that these polymerases do 

not use accessory factors or modifications to stabilize elongation complexes.

1.2.3. The effect of chrom atin  on transcrip tion  e longation  by 

prokaryotic  and eu karyotic  polym erases

How do polymerases transcribe through chromatin? It is known that

chrom atin is present on tem plates which are transcriptionally  active i n 

v i v o  y although conceivably in a form w hich differs from  that on 

untranscribed genes. There is general agreem ent that nucleosom es can

inhibit transcription initiation if  assembled prior to initiation factors i n 

vitro  (e.g. (Lorch, et al., 1987; Felts et al., 1990). In order that transcription 

can occur in vivo, it is possible that some kind of com petition occurs 

betw een  in itia tio n  fac to rs  and h is to n e s , p e rh ap s  in flu en ced  by

transcrip tional activators (review ed in Felsenfeld  (1992)). Possibly, 

replication o f some genes could be a prerequisite  for transcrip tional 

a c tiv a tio n .

The e ffec t of h istones on e longation  is m ore con troversia l. 

P rokaryotic polym erases have often been used to study transcrip tion  

th ro u g h  n u c le o so m e s  a s se m b le d  in vitro. It has been found that 

polym erases can transcribe through chrom atin concom itantly  d isplacing 

it (Lorch, et al., 1987; Clark and Felsenfeld, 1992), or without displacing it 

(Losa and Brown, 1987). The displaced histones appear to be transferred to 

the closest acceptor DNA (Clark and Felsenfeld, 1992); the mechanism by 

which this happens is unknown but a number o f m odels have been 

proposed (Clark and Felsenfeld, 1991; M orse, 1992). Unlike prokaryotic 

polymerases, elongation by polymerase II was inhibited by nucleosomes in  

v i t r o ;  in te restin g ly , in th is study ch rom atin -reconstitu ted  tem plates 

increased sequence-specific pausing of polym erases at known pause sites 

(Izban and Luse, 1991). This result suggests the possibility that chromatin 

structure could play a role in regulation o f elongation efficiency in vivo; 

for instance elongation factors may help to displace chrom atin at pause 

sites when necessary. A lternatively, proteins could m ediate elongation 

arrest by recruiting or stabilizing histones at pause sites. M odulation of
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the positioning o f nucleosom es by activators or repressors has been 

suggested from studies in yeast (reviewed in Felsenfeld, 1992). It is not 

clear however that the inhibition of elongation by chromatin observed i n

vi tro  occurs in vivo. For instance, it was found that although polymerase 

III could transcribe through a tem plate containing a small number of

histones in vitro, it was inhibited by extended nucleosomal arrays (Felts, et 

al., 1990). This inhibition was not reproduced in vivo, since the templates

in w hich chrom atin  inh ib ited  elongation  in vitro w ere transcribed  

efficiently in vivo (Felts, et al., 1990). Thus, it is possible that factors exist 

in vivo which are absent from purified systems, which alleviate inhibition 

o f elongation by nucleosomes. W hether such putative factors could also

play a role in regulation of elongation remains to be seen.

1.2.4. Intrinsic termination by RNA polymerase II

Since a stable elongation complex requires accessory factors, it is 

perhaps not surprising that purified  RNA polym erase II in trin sically  

term inates transcription at specific sites in vitro. The fact of intrinsic 

termination by pol II endorses the idea that the transcribing polymerase 

could potentially be regulated at attenuation sites by elongation factors.

P ost-in itia tion  events have been studied in vitro using only purified

polymerase in the absence of any accessory factors. Purified pol II alone

in itia tes  transcrip tion  effic ien tly  near the s in g le -strand /doub le  strand 

junction o f linear prom oterless templates containing single-stranded poly-

dC tails (Kadesch and Chamberlin, 1982). This technique which has been 

used in analyses of transcription elongation by both pol II (Dedrick et al.,

1987; Reinberg and Roeder, 1987; Reines et al., 1987; Price, et al., 1989; 

Reines, et al., 1989) and pol III (Campbell and Setzer, 1992) permits an 

assessm ent o f the elongation properties o f polym erase (and selected 

purified factors, like SII described above). Purified pol II in the absence of 

accessory factors elicited term ination at some bu t not all prokaryotic 

term inator sequences tested, which consisted of stretches of T residues on

the non-coding strand (Dedrick, et al., 1987). Intrinsic term ination sites 

for pol II were also identified in the human c -m yc  gene (K erppola and

Kane, 1988)) and in the human histone H3.3 gene in which the termination

sites corresponded to 5-8 Ts on the non-tem plate strand (Reines, et al.,

1987). However, the length of the T stretch in these in vitro studies did not

correlate with the strength of the term ination site, and some T-stretches 

did not function as term inators. N evertheless in each case where
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term ination occurred, the term ination site corresponded to a run of Ts. 

These observations suggest that the Ts are necessary but not sufficient for 

term ination, and additional features contribute to the efficiency o f pol II 

termination (Dedrick, et al., 1987; Reines, et al., 1987). In this regard, it is 

interesting that T-stretches are used as term ination sites even when a 

termination factor is known to be involved (see vaccinia virus term ination 

b e low ).

The mechanism of intrinsic termination by pol II appears to differ

from that by E. coli polymerase because not all bacterial terminators were 

recognised by pol II. Furthermore as described above, bacterial intrinsic

termination requires RNA secondary structure; in contrast the use o f tailed

templates to study eukaryotic term ination appears to rule out involvem ent 

o f significant RNA structure in pol II intrinsic term ination, since one 

characteristic of this technique is that for some reason the nascent RNA 

remains hybridised to the tem plate during transcription (Dedrick, et al.,

1987). However, it rem ains possible that RNA structures influence 

term ination at these attenuators in vivo. An alternative hypothesis is that 

a structure in the DNA tem plate rather than the nascent RNA mediates 

in trin s ic  term ination  by eukaryo tic  polym erase: In te re stin g ly , the

electrophoretic m obilities of restric tion fragm ents containing term ination 

sites suggested that a T-stretch in the H3.3 gene causes the DNA to bend 

(Kerppola and Kane, 1990).

1 .2.5. The n u c le a r  ru n -o ff  assay

In many of the pol II transcription units in which term ination or 

attenuation has been studied, the nuclear run-off assay (also known as the 

nuclear run-on assay) has been employed to ascertain the distribution of 

polymerases along a gene (McKnight and Palm iter, 1979; Groudine et al., 

1981; Bentley and Groudine, 1988). Nascent RNA chains initiated in vivo are 

elongated a short distance in vitro in isolated pulse-labelled nuclei; this 

RNA is then hybridized to cloned DNA fragments corresponding to regions 

of the gene of interest. The resulting estim ation of the distribution of 

polym erases along the transcription unit can therefore identify regions of 

a gene in which the progress of polymerases is blocked by termination or 

pausing. The nuclear run-off method is frequently  used to distinguish 

transcription control of elongation from post-transcriptional events, since 

in this assay, significant levels of RNA processing (or initiation) do not 

occur. This method has been useful in the study of both prem ature
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termination and termination at the 3' ends of genes. In the former case, 

truncated RNAs appear frequently to be unstable and so cannot be mapped 

from the pool of steady state RNA from cells, and in the latter case primary 

transcripts are rapidly processed.

1.2.6 RNA secondary structure and /or proteins may modulate  

transcr ipt ional attenuation in some eukaryot ic  viruses

1.2.6.x.  Adenovirus

In eukaryotes, attenuation was first documented in adenovirus type 2 

(Ad 2) by a study of nascent transcript synthesis in isolated nuclei (Evans 

et al., 1979). Late in infection by Ad 2, a proportion of transcription from 

the major late promoter (MLP) pauses or prem aturely term inates at sites 

approximately 120 and ISOnts downstream. These short RNAs were stable 

enough to be isolated from infected cells (Maderious and Chen, 1984). The 

temporal occurrence of adenovirus attenuation suggests that it may have a 

regulatory function. Also, attenuation may be responsible for a decrease in 

ML prom oter-proxim al transcription in abortive viral infections (Johnston 

et al., 1985).

180nt RNAs corresponding  to those iden tified  in vivo were 

transcribed in HeLa extracts. The accumulation in vitro of this short RNA 

in advance of readthrough transcripts suggested it to be a product of 

pausing or termination rather than processing (Hawley and Roeder, 1985). 

A distinction between pausing and termination was also made: the inability 

of the short RNA to be chased into a longer product, at least under the 

particular experimental conditions employed, suggested that it arose from 

term ination rather than pausing (W iest and Hawley, 1990). However, 

pausing is believed to constitute part of the term ination mechanism, since 

the concen tra tion  o f a p a rticu la r n u c leo tid e  in co rp o ra ted  at the 

termination site in vitro modulated attenuation (Wiest, et al., 1992).

The site at +180 resembles prokaryotic rho-independent terminators 

in that it consists of a uridine-rich tract which is preceded by potential 

RNA stem-loop structures between +110 and +180 (Seiberg et al., 1987). 

RNA secondary structure has been implicated in this block to elongation in 

a number of studies. Termination was disrupted in vitro by transcription 

in the presence of ITP instead o f GTP which destabilizes secondary 

structure (Seiberg, et al., 1987). Analysis o f term ination efficiencies of 

synthetic stem-loops o f varying stabilities followed by different numbers
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of U residues downstream of the MLP, suggested both features are required 

for efficient term ination (Bengal and Aioni, 1989). When the proposed 

natural secondary structure was mutated however, this had no effect on

term ination and a number o f alternative RNA stem -loops in this region

were suggested (Kessler et al., 1989). However, it was subsequently found 

that a 65 base region from +133 to +198 was sufficient to program 

term ination in vitro (Wiest and Hawley, 1990). Since this 65bp region does

not contain all the sequences required for these proposed secondary

s tru c tu res, this casts doubt on w hether secondary  s truc tu re  is a 

p rerequ isite  for adenovirus term ination.

Several stud ies have suggested  th a t adenov irus te rm in a tio n

efficiency is modified by elongation factors. When transcribed in vitro,

the anionic detergent sarkosyl was required to detect termination, possibly 

by rem oving elongation factor(s) from the tem plate or the polym erase 

(H aw ley and R oeder, 1985). R elatively  high reaction tem peratures 

enhanced the block to elongation in vitro, consistent with the presence of

anti termination factors in a HeLa extract (Kessler, et al., 1989). Moreover, 

e ffic ien t arrest occurred in the absence o f sarkosyl when purified

polym erase was used to transcribe p rom oter-less tem plates, or when 

initiation complexes were washed prior to elongation (Wiest, et al., 1992). 

This inh ib ition  o f term ination im plied from  these experim ents was

partially  but not wholly attributed to the elongation factor SII described 

above (Wiest, et al., 1992).

I .2 .6 .2 . SV40

Short nascent simian virus 40 (SV40) RNAs were initially observed 

by sedimentation analysis of pulse-labelled RNA from infected cells; these 

short transcripts mapped to the promoter-proximal region of the viral DNA. 

A 95bp attenuated RNA initiated at the SV40 major late promoter can be 

isolated in vitro (Hay et al., 1982) but due to presumed instability has not yet 

been detected in vivo (Resnekov et al., 1989). According to kinetic 

experim ents performed in vitro, this truncated RNA appears to arise from a 

term ination  event, rather than pausing (Hay and A loni, 1984). The 

functional significance o f this attenuation is not known, but occurs in a 

temporally regulated manner (Hay, et al., 1982).

The 3' end o f this terminated RNA maps to at a U-rich region 

preceded by two potential tandem RNA secondary structures. The similarity

of these features to prokaryotic intrinsic terminators led to the suggestion
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that the mechanisms of prokaryotic term ination and SV40 attenuation are 

related. It was postulated that this region could fold into an alternative

hairpin-loop not follow ed by a run o f urid ines, and thereby perm it 

transcription readthrough under appropriate conditions (Hay, et al., 1982). 

That RNA secondary structure is a component of the attenuation process is 

supported  by the inh ib ito ry  e ffec t on te rm ination  resu ltin g  from  

treatm ent o f infected cells with proflav ine (Hay, et al., 1982), an 

intercalating agent which is believed to interfere with RNA secondary 

structure, and by in vitro transcription reactions using IMP instead of GMP 

which destabilizes secondary structure (Hay and Aloni, 1984). The stability

o f the proposed hairpin structures appears to be o f im portance in

term ination also as judged by m utational analyses o f these putative 

structures (Resnekov, et al., 1989).

The involvem ent of viral and cellular factors in SV40 attenuation

has also been postulated. A salt-soluble cellular factor was im plicated in 

term ination in vitro (Hay and Aloni, 1984). Although viral proteins are 

clearly not required for term ination to occur in vitro w here uninfected 

HeLa cell extracts are employed, it is possible that viral (or host) factors 

regulate attenuation in vivo. It was suggested but not yet proven that a

sm all SV 40-encoded p ro tein  term ed the agnopro te in  may reg u la te  

term ination through a direct modulation of the stability o f the proposed

stem-loops (Hay, et al., 1982). A second candidate which has been suggested 

(Resnekov, et al., 1989) is SV40 T antigen, since it has RNA-binding and

helicase activities (Carroll et al., 1988) through which it could potentially 

disrupt RNA secondary structure. However the temporal appearance o f T

antigen does not correlate with that of the attenuated RNA (Hay, et al., 

1982).

1.2.6.3. The m inu te  v irus of mice

Attenuation has also been documented in the minute virus of mice, a 

5149bp linear single-stranded parvovirus (Resnekov and A loni, 1989). 

Viral transcription initiates from two promoters, P4 and P39 which are 1800 

bp apart; transcrip tion  from  the upstream  P4 prom oter pauses or 

terminates 142-147 bp from the start site. The truncated RNAs accumulated 

in infected cells from which they could be isolated. Certain features bear 

similarity to SV40 and adenovirus attenuation. Termination or pausing was 

also observed in vitro in a HeLa nuclear extract in the presence of sarkosyl. 

In kinetic experim ents the short RNA appeared before the fu ll-length
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product, dem onstrating that the attenuated RNA was not generated by 

processing. Since treatment of infected cells with the intercalating agent 

proflavine decreased term ination, RNA secondary structure was im plicated 

in this process. In addition a salt soluble factor appeared to be required for 

attenuation (Resnekov and Aloni, 1989).

1.2.6.4 Promoter substitution experiments:  the effects  on SV40,

Adenovirus and MVM attenuation

The question of whether the promoter plays any role in specifying 

viral attenuation has been studied in vitro by p rom oter substitu tion  

experim ents. Both SV40 and MVM term inators functioned when their 

promoters were exchanged with the adenovirus MLP; this suggests either 

that these prom oters are com patib le  w ith each o ther to specify  

termination, or that SV40 and MVM termination is not influenced by the 

promoter (Resnekov and Aloni, 1989; Resnekov, et al., 1989). However, 

term ination at the adenovirus site did not occur effic iently  when the 

adenovirus MLP was substitu ted  with the mouse 6 -globin prom oter, 

suggesting some prom oter specificity  for adenovirus term ination (W iest 

and Hawley, 1990). The latter result suggests the possibility that different 

prom oters may specify d ifferences in the elongation  com petence of 

transcrip tion  com plexes.

1.2.6.5. HIV-1 Tat protein binds to an RNA secondary structure  

and promotes ant iterminat ion of  transcription

In H IV -1 , the v ira lly -e n c o d e d  T at p ro te in  tra n sa c tiv a te s  

transcription via an element situated downstream of the cap site in the LTR. 

This 60bp elem ent which is known as TAR (for transac tiva to r of 

transcription) is believed to function at the level of RNA. TAR contains a 

poten tial RNA stem -loop structure, and m utations which d isrup t the 

secondary structure in the stem or the prim ary sequence of the loop 

prevent transactivation by Tat (Berkhout et al., 1989; Selby et al., 1989).

A potential mechanism for Tat transactivation was initially provided 

by nuclear run-off experiments where its effect was tested on plasm ids 

containing HIV/CAT fusions transfected into COS cells (Kao et al., 1987). 

These experim ents revealed a block to transcription elongation in the 

prom oter-proxim al region o f the transcrip tion  unit. This block was 

relieved by co-expression o f Tat protein. In this study, promoter-proximal
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transcription was not increased by Tat, suggesting that Tat does not affect 

in itia tion  o f transcrip tion , bu t rather its elongation . In cells not 

contain ing  Tat, short approxim ately 60bp transcrip ts  were found to 

accumulate. The 3' ends o f the prem aturely term inated RNAs mapped 

im mediately downstream of the proposed stem-loop structure in the TAR

element. These experiments suggested that interaction o f Tat with the TAR

elem ent abrogated a discrete prem ature term ination event in the HIV-1 

LTR. However the prem ise that the TAR elem ent is a transcription 

terminator is inaccurate. Deletions in the TAR elements of HIV-1 (Laspia et

al., 1989) and HIV-2 (Toohey and Jones, 1989) did not increase the basal

level of transcription.

In one study, transcriptional polarity was detected by nuclear run

off, such that there was a gradual decline in transcription towards the 3' 

end o f the transcription unit in the absence of Tat (Laspia, et al., 1989). A 

gradient of polym erases along the HIV-1 transcription unit is consistent 

with the idea that termination occurs gradually along the gene rather than 

at one specific site. An elem ent which may cause this transcriptional 

polarity in the absence of Tat has been identified (see Discussion). It is now 

believed that these heterogeneously term inated products are degraded in 

the 3' to 5' direction back to the stem-loop which stabilizes the RNA from 

further degradation and allows detection of short 60nt RNAs.

In the experim ents o f Laspia et al. (1989) in which a gradual 

transcriptional polarity was observed, coexpression of adenovirus/HIV/CAT 

templates with either Tat or adenovirus E l A resulted in transactivation of 

prom oter-proxim al transcrip tion. This effect o f Tat on in itia tion  of 

transcription remains the subject of some controversy. However whereas 

the transcriptional polarity was not altered by E lA , a decrease in polarity 

was caused by Tat, such that a greater proportion o f transcription was 

capable of reading through into downstream CAT sequences (Laspia, et al.,

1989). It therefore appears that the mechanism by which Tat exerts its 

effect on elongation is to increase the processivity of elongation complexes 

(see Discussion). This was also demonstrated by in vitro experiments which 

showed that Tat increased the amount of transcription at prom oter-distal 

sites, w ithout affecting the am ount o f prom oter-proxim al transcrip tion 

(Marciniak and Sharp, 1991). It is possible that Tat disrupts the function of 

a term ination  factor or helps to recru it elongation  facto rs to the 

transcription complex and/or somehow increases their activity. It has been 

speculated that Tat-m ediated anti termination may conceivably be related to 

a known prokaryotic mode of anti termination. Tat is reminiscent of phage
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lambda N protein. Like N, Tat is a small, arginine-rich protein, which 

functions through an RNA stem -loop structure to cause transcrip tion  

anti termination. This basic region is both necessary and sufficient for TAR 

binding (Lazinski, et al., 1989). However the mechanism by which Tat 

increases the processivity of polymerases, and whether it is similar to that 

of N or Q remains to be determined.

1.2.6.6.  Termination in vaccinia virus involves a protein which  

recognises an RNA signal

Vaccinia virus which is a poxvirus, replicates in the cytoplasm and 

has its own transcription system. This system includes a DNA-dependent 

RNA polym erase which exhibits extensive sequence homology with RNA 

polymerase II (Broyles and Moss, 1986). Termination at the 3' end of the 

vaccinia growth factor (VGF) gene was analysed in extracts from vaccinia 

virions; termination was found to be dependent at least in part on a T-rich 
sequence  (T^ NT) located 50bp upstream  from the term ination  site 

(Rohrmann et al., 1986). This signal is recognised as RNA, according to 

base analog substitution experiments (Shuman and Moss, 1988); however it 

seems unlikely that RNA secondary structure is involved since termination 
was not sensitive to deletion of sequences flanking the T 5 NT site 

(Rohrm ann, et al., 1986). A uridine rich term ination signal on the 

nontem plate strand is rem iniscent o f prokaryotic in trinsic term inators. 

However the vaccinia sequence induces term ination to occur at a distance 

50bp downstream, and secondary structure appears not to constitute part of 

the te rm ination  signal; m oroever v acc in ia  te rm ination  requ ires  an 

accessory factor.

A factor was purified from vaccinia virions termed vaccinia virus 

term ination factor (VTF) which causes term ination in response to this 

signal (Shuman et al., 1987). No other known terminator involves a U-rich 

RNA sequence recognised  by an accessory  p ro te in  w hich d irects 

term ination at a distance downstream. Surprisingly, this factor is identical 

to the enzyme which caps the vaccinia transcript (Shuman, et al., 1987; Luo 

et al., 1991). It is not yet known how the capping enzyme can induce 

term ination, but it has been established that term ination does not require 

form ation o f a cap structure (Shuman, et al,, 1987); furtherm ore, the 

presence of VTF prior to initiation or during early phases of elongation is 

not a prerequisite for termination (Luo, et al., 1991). It is possible that VTF 

does not recognise the termination signal until it has been transcribed.
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1.2.6.7.  A DNA-binding factor which causes termination  in a 

eu k a ry o t ic  virus

As discussed below, DNA-binding factors can cause term ination in 

order to prevent the disruptive read-in of polymerases into a downstream 

prom oter. A sim ilar event may also take place in the adenovirus

chrom osom e. By transien t transfection analyses o f adenovirus MLP- 

containing plasm ids, nuclear run-off experim ents dem onstrated that the 

region from -85 to -73 of the adenovirus MLP which contains an inverted

CCAAT box functions as an o rien ta tio n -d ep en d en t te rm in a to r o f

transcrip tion (Connelly and M anley, 1989a). By contrast a d ifferent 

protein-binding site (USF) which is also present in the MLP did not cause

termination. This terminator works most efficiently in the presence of an 

intact poly A site, an RNA processing signal. Transcription from upstream 

genes term inated w ithin the region o f this CCAAT elem ent in the

adenovirus chromosome in infected cells, dem onstrating that term ination 

at this position is likely to be of physiological relevance for adenovirus. 

One plausible function for this term ination was suggested to be the

prevention of MLP occlusion by transcription from upstream  viral genes. 

The authors speculated that term ination is mediated by the CCAAT box 

binding factor CP-1 (Chodosh et al., 1988). Point mutations within the

CCAAT binding site abolished term ination (Connelly and Manley, 1989b).

Since the site is present in the MLP in an orientation inverted relative to

its orientation in most other promoters, the authors hypothesised that the 

o rien ta tion  dependence o f term ination resu lts  from  two functionally  

different surfaces of the heterodimeric CCAAT factor, only one of which 

can block the transcribing polymerase (Connelly and Manley, 1989a).

1.2.7 Termination in eukaryotic cel lular genes

1.2.7.1 DNA-hinding factor-dependent  termination at 3* ends of  

pol I genes prevents read-in into downstream genes

Termination of RNA polymerase I transcription is perhaps the most 

well characterised  exam ple of eukaryotic term ination. U nlike genes 

transcribed by RNA polym erase II which can be separated by large 

distances (see below) ribosomal RNA genes in higher eukaryotes exist in

tandem arrays. The consequence o f this is as proposed above for CCAAT

2 3



box-m ediated term ination: a requirem ent for d iscrete term ination sites

which prevent polym erases which have com pleted transcrip tion o f one 

gene from disrupting downstream  prom oters. In fact, term inators in 

murine and X e n o p u s  pol I genes are located both adjacent to the promoter 

of the next gene, where they protect the promoter from interference by 

polymerases reading through, and at the 3' end of the transcription unit. A

requirem ent for both may result from polymerases which initiated in the

spacer region between transcription units (Kuhn and Grummt, 1987), and 

possibly from polymerases which have failed to terminate at the 3' end of 

the upstream  gene.

In the murine 28S rDNA transcription unit, termination was mapped 

in vitro and in vivo to a precise position within the 3' spacer region, 565bp

downstream of the 3' end of the mature rRNA (Grummt et al., 1985).

Term ination in the spacer occurs im m ediately upstream of eight tandem 

copies o f an 18bp sequence elem ent containing a Sail restric tion  site 

(AGGTCGACCAGTACTCCG) (Sail boxes) which are required for termination 

(G rum m t et al., 1986a). Each o f the eight copies can function 

independently to cause termination. A lObp sequence-specific trimming of 

the 3’ ends of the terminated transcript also occurs, an event believed to be 

caused by pol I. The functional significance of this processing reaction is 

unknown, but may be involved in stabilizing the pre-rRNA (Kuhn and 

Grummt, 1989). A nuclear factor called TTFl was identified which binds to 

the Sal boxes (Grummt et al., 1986b; Bartsch et al., 1988). Purified TTFl 

induced termination at the correct site in vitro (Bartsch, et al., 1988). It was 

suggested that TT Fl causes term ination not by sterically obstructing the 

elongating polym erase, but rather through a specific interaction with pol 

I. This hypothesis was derived from experiments in which purified TTFl 

directed transcription termination by both murine and yeast pol I, but not 

by RNA polymerases II and III or by bacterial polymerases (Kuhn, et al.,

1990).

A single copy of the terminator is also present at the promoter of the 

murine rRNA gene, where it enhances transcription initiation (Grummt, et 

al., 1986b; Henderson et al., 1989). This enhancement o f initiation results 

from suppression of prom oter interference from polym erases transcribing 

from the upstream transcription unit. Suppression o f promoter occlusion 

occurs by the term inator specifically preventing the pol I transcription 

factor D from being dislodged from the promoter (Henderson, et al., 1989). 

S im ilarly , transcription through the Acantham oeba rDNA prom oter was
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found to cause its bound transcription initiation factor TIF to be released 

(Bateman and Paule, 1988).

3' end formation between X e n o p u s  rRNA genes also occurs at the 3' 

ends of the genes as well as in the promoter of the next gene. In this case 

the strongest site is the prom oter-proxim al term inator, which is a 12bp 

sequence called  T3 (GACTTGCNC), delineated  by oocyte in jection  

experiments (Labhart and Reeder, 1987). 3’ ends are formed 15bp upstream

of this sequence. Both RNA processing and termination are specified by

T3, since certain mutations within this element were found to uncouple 3' 

end form ation  and te rm ination ; in o ther w ords, certa in  m utations

perm itted 3' end form ation but instead of being released, polym erases

continued to read through into the downstream transcription unit (Labhart 

and Reeder, 1990). This T3 element, like the Sal box at the promoter of a 

m urine rDNA gene, behaves as a term inator and thereby protects the 

downstream promoter (McStay and Reeder, 1986). However the function of 

T3 is not only to prevent read-in but also, unlike the murine terminator, to 

act as a promoter element for the downstream gene. These properties were 

distinguished by virtue of the fact that while prevention of read-in should

occur independently of the position of the term inator on a test plasmid, 

prom oter elem ent function is sensitive to sm all changes in position

(McStay and Reeder, 1990a). A protein called rib 2 binds to the T3 element 

and is implicated in termination in vitro (McStay and Reeder, 1990b).

Thus transcription term ination in pol I genes is mediated by

factors which bind orientation-dependent DNA sequences dow nstream  of 

the position o f term ination. At least in the murine genes, term ination 

appears to result from a direct interaction between the term ination factor 

and the transcribing polymerase molecule. As described above, CCAAT box- 

mediated termination in adenovirus was likewise proposed to be mediated 

by a protein binding to a DNA element which functions in an orientation- 

dependent manner (Connelly and Manley, 1989a). It is not yet known if 

analogous mechanisms operate in CCAAT- and TTFI-m ediated term ination; 

for instance the location of the site of termination relative to the CCAAT box 

remains to be determined.

1.2.7.2 Termination in the mitochondrial  genome requires a

specif ic DNA binding protein

It is interesting that a human genetic defect called m itochondrial

encephalomyopathy is associated a point mutation in the DNA-binding site
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for a termination factor mtTERM (Hess et al., 1991). This site is present at 

the end of the 16S rRNA gene in the mitochondrial genome, and possibly 

elewhere in mitochondrial DNA. The protein which was partially purified 

from m itochondrial extracts bound to this site in a sequence-dependent 

manner and caused term ination in vitro (Hess, et al., 1991). The details of 

this term ination activity are not yet understood. The term ination signal 

does not resemble any known signals, but is comprised o f a tridecam er

sequence (C hristianson and C layton, 1988). The genetic defect was 

proposed to result from unregulated RNA levels caused by the lack of a 

functional term inator (H ess, et al., 1991). H owever, a recent study 

questioned whether this defect in term ination was relevant in vivo, since 

no change in the level of these transcripts was detected in vivo (Chomyn et 

al., 1992).

1.2.7.3 T erm ination  a t the  3 ' ends of pol I I I  genes is fac ilita ted

by an R N A -binding  fa c to r  w ith  A T Pase ac tiv ity

Termination by pol HI has been studied particularly in the 5S genes 

of Xenopus. Initially pol HI termination appeared to be a relatively simple 

process which requires four or more T residues on the nontemplate strand 

of the DNA. The properties o f flanking sequences also modify termination 

efficiency, since efficient termination was associated with the polydT tract 

being situated within a GC-rich environm ent (Bogenhagen and Brown, 

1981). Purified pol III is capable of intrinsically term inating transcription 

in the absence of accessory factors (Cozzarelli et al., 1983; Watson et al., 

1984). Similarly, when purified polym erase HI was used to transcribe 

tailed templates in the absence of initiation factors, transcription initiated 

and terminated accurately (Campbell and Setzer, 1992). This study also 

suggested that polym erase pausing may accom pany term ination signal 

recognition and precede the process o f term ination. The idea that the 

polymerase molecule itself is responsible at least in part for termination is 

supported by isolation of a yeast mutant called r e t l - 1  which was defective 

in termination by pol HI (James and Hall, 1990). Cloning of the R E T l  gene

revealed that this gene encodes the second largest subunit o f yeast pol HI

(James et al., 1991).

In some cases however, pol III term ination sites which differ in 

their sequence requirements have been identified, suggesting that pol III 

term ination may be more complex than originally believed (Emerson and 

Roeder, 1984; Hess et al., 1985). Furtherm ore despite the intrinsic
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term ination activ ity  o f pol III, it appears that term ination may be

facilitated by an accessory factor. The mammalian La protein associates 

with nascent pol III transcripts by binding to the polyuridine stretch at 

the 3' term inus o f these transcrip ts (S tefano, 1984). W hen HeLa 

transcription extracts were treated with anti-La antibodies, the level of

transcription was reduced (Gottlieb and Steitz, 1989a). The transcription 

complex is believed to stall at the 3' end of the RNA in the absence of La, 

such that addition of La results in release of the transcript from the 

tem plate and polym erase. La would therefo re  increase transcrip tion  

because it allows polymerases to recycle (Gottlieb and Steitz, 1989b). In 

support of the role of La as a termination factor, like the E. coli rho protein 

La displays ATP-dependent unwinding activity o f DNA/RNA and RNA/RNA 

hybrids (Bachmann, et al., 1990). Thus while purified pol III exhibits 

in trinsic  term ination activ ity , it was suggested that the presence of 

additional proteins on the template may result in a requirement for La to 

facilitate this process in vivo (Gottlieb and Steitz, 1989b; Cam pbell and 

Setzer, 1992).

1.2.7.4 T erm ination  a t the  3* ends of m ost pol II  genes req u ire s  

RNA p ro c e s s in g

Nascent transcripts synthesised by RNA polymerase II are processed 

by splicing and polyadenylation to generate mature mRNAs with discrete 3' 

ends. As a result of this rapid processing of the primary transcript and the 

instability of the downstream RNA fragm ent released by processing, the 

actual site at which RNA polymerase II ceases transcription and is released 

from the template has normally been problematic to define. This difficulty 

in isolation of the primary transcript has been circumvented in some cases 

by use of the nuclear runoff assay. Analysis o f nascent transcripts from a 

number of pol II genes has lead to the belief that term ination occurs at

variable distances from the 3' end of the mature RNA, and in a diffuse or

heterogenous manner, extending over a few kilobases in some cases 

(Birnstiel et al., 1985; Proudfoot and Whitelaw, 1988). Since correct 3' ends 

are generated by processing, it is possib le  that no d iscre te  strong 

termination site exists at the end of most pol II genes; unlike prokaryotes 

w hich have lim ited space in their genom es and need to term inate 

transcription efficiently, eukaryotes norm ally have no such requirem ent.

However termination does occur, albeit over a large distance, and 

there exists an im portant clue to its mechanism. It was found that
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termination is dependent on 3' processing: an intact polyadenylation signal 

is required for both efficient 3' processing and term ination (W hitelaw and 

Proudfoot, 1986; Logan et al., 1987). A notable contrast to this is evident in 

histone genes; these genes do not have poly (A) sites, processing of the 

transcript requires a U7 snRNP (Birnstiel, et al., 1985), and termination can 

occur in the absence of processing (Birchmeier et al., 1984; Johnson et al., 

1986). One suggested model for the mechanism of poly (A)-dependent 

term ination is that the polym erase is altered (possibly by loss o f an 

antiterm ination factor) when it transcribes a poly (A) sequence, such that 

it now has a dim inished elongation capacity and gradually discontinues

transcription (Logan et al., 1987). A second postulated mechanism is that 

following cleavage at the poly (A) site, the 5' end of the transcript is 

exposed to a 5' to 3' exonuclease activity (Connelly and Manley, 1988; 

Proudfoot, 1989; Connelly and Manley, 1989a). This enzymatic activity may

ultim ately cause the transcript to be released when com bined with a 

putative helicase activity, like the prokaryotic rho factor or the eukaryotic 

La protein, which unravels the RNA-DNA hybrid.

A role for polym erase pausing may be intrinsic to these models. 

With regard to the former model, a pause site may constitute too strong a 

blockage for a polymerase which has lost its elongation factor at the poly

(A) site to overcome (Connelly and Manley, 1989a; Ashfield et al., 1991). In 

terms of the second model, a polymerase paused downstream of the cleavage 

site may assist these putative enzym atic activities to catch up with the 

polym erase, causing its release (Connelly and M anley, 1988; Proudfoot, 

1989; Connelly and Manley, 1989a). A pause site has been identified in the 

termination region of the human alpha 2 -globin gene; this site was shown 

to cause termination when placed downstream of a poly (A) site (Enriquez 

et al., 1991). This result is consistent with the proposed models, although it 

does not distinguish between them. The nature of this pause site is not yet 

clear; it appears not to bind a protein and is 92bp long, with serial deletions 

all having deleterious effects on pausing (Ashfield et al., 1991). Proteins 

bound to DNA may nevertheless function to induce pausing. As mentioned 

earlier, termination mediated by a CCAAT box in the adenovirus MLP was 

most efficient in the presence of a poly (A) site. The functional interaction 

between these elem ents was suggested to cause term ination through a 

pausing mechanism induced by CCAAT box-binding factor (Connelly and 

M anley, 1989a). Pause sites may consist of hairpin-loops such as in

prokaryotes; a potential structure of this sort has been proposed to cause
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term ination in the chicken b e ta ^  -globin gene (Pribyl and M artinson,

1988).

Polyadenylation combined with pausing and term ination at discrete 

sites may be required between some pol II genes which are closely spaced. 

Indeed pausing and term ination  has been docum ented betw een the 

adjacent and sim ultaneously-expressed human com plem ent genes C2 and

factor B (Ashfield et al., 1991). In this case a 31bp protein-binding region 

was partially  responsible for term ination; as judged by the effect of

m utations on protein-binding and on term ination, the protein identified

was implicated in this process. This protein had similar or identical DNA 

binding specificity as a protein known as M E la l which has been implicated 

in attenuation of c-myc  transcription (Miller et al., 1989; see below).

I.2.7.5. Termination at a specific element at the 3* ends of pol II 

snRNA genes requires a signal in the promoter

The small nuclear RNA genes U1-U5 are transcribed by polymerase

II. The promoters of these genes (reviewed in Parry (1989a)) differ from 

mRNA promoters by containing elements which appear to be unique to 

snRNA genes. These include the proxim al sequence elem ent which 

functions like an mRNA TATA box since it fixes the site of transcription 

in itia tio n , and an enhancer elem ent w hich cannot be functionally  

substituted by mRNA enhancers.

The mode o f termination in snRNA genes differs from that of most 

pol II genes in that snRNA genes do not encode poly A signals. Termination 

appears to occur a few nucleotides downstream of the 3' end of the mature 

RNA, to which point the RNA is processed back (Madore et al., 1984; Kunkel 

and Pederson, 1985). Transcription termination occurs at and is dependent 
on a conserved element called the 3' box, (sequence GTTYNq-BA A A R R Y A G A ) 

which is located 8-19 bases downstream of the coding region (Hernandez, 

1985; Neuman de Vegvar et al., 1986). Interestingly, inefficient usage of 

this 3' box resulted from substitution of the snRNA promoter with mRNA 

promoters (such as HSV TK). Transcription read through the 3' box and was 

polyadenylated at a heterologous poly A site placed dow nstream  when 

assayed in injected Xenopus oocytes or transfected HeLa cells (Hernandez 

and Weiner, 1986; Neuman de Vegvar, et al., 1986). The proximal sequence 

element in the snRNA promoter appears to be responsible at least in part 

for the specification of termination at the 3' box (Neuman de Vegvar and 

D ahlberg, 1989; Parry et al., 1989b). To explain prom oter-dependent
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term ination it was suggested that an interaction may occur between a

bound termination factor at the promoter and the 3' box with looping out of

the DNA in between (Hernandez and Weiner, 1986). However, in one report 

it was suggested that this mechanism is unlikely since the 3' end box closest 

to the prom oter is used preferentially when two o f these elem ents are 

placed in tandem. From this result it was inferred that recognition of the 3' 

box occurs as the elongation complex transcribes this signal (Neuman de

Vegvar and Dahlberg, 1989). Thus an ability to recognise the 3' box may be 

an inherent property o f transcription com plexes which in itia te  at the 

snRNA promoter.

An observation pertinent to this phenom enon resulted from an 

experiment in which the HIV-1 promoter was replaced by the U2 promoter, 

and a 3' box was placed downstream of the HIV coding sequence, upstream 

of a polyadenylation sequence. Cotransfection of this construct into Jurkat 

cells with the HIV Tat protein caused a decrease in the level of 3' end

form ation at the 3' box with a concom itant increase in usage o f the

downstream polyadenylation site (Ratnasabapathy et al., 1990). It appears

that the antiterm ination activ ity  o f Tat which may arise through an 

increase in the processiv ity  o f elongation com plexes (see D iscussion)

extends to com plexes formed on the U2 prom oter: Tat can alter the

properties of this transcription complex such that it no longer recognises 

the 3’ box as efficiently. It is possible that snRNA promoter complexes 

contain a term ination or processing factor (which Tat disrupts), or these 

promoters may be unable to assemble complexes which contain a particular

elongation factor (which Tat can supply or compensate for in some way).

1.2.8. P re m a tu re  te rm in a tio n  and  pausing  in pol II  genes

Premature termination or pausing of polym erases contributes to the 

regulation of a number of cellular pol II genes. The list o f genes for which 

this phenomenon has been documented is expanding; not all o f these genes 

are d iscussed here. U nlike m ost pol II transcrip tion  term ination,

premature termination does not require a poly (A) sequence. Below, I will 

describe what is known about the mechanism o f this attenuation; this

cannot be very comprehensive since knowledge in this field is relatively 

lim ited .

1.2.8.x. The c - m y c  oncogene
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The c-M yc oncoprote in  is a fundam ental regu la to r o f  cell

proliferation and differentiation, and aberrant regulation of the c -m y c  

gene is implicated in neoplastic growth (reviewed by Cole (1986)). The

nuclear localisation of c-Myc together with recent findings derived from

studies on its functional domains, suggest it to be a transcription factor 

(reviewed by Dang (1991); Prendergast (1992)). The N-terminus of this

protein contains a region which when fused to a heterologous DNA- 

binding domain can activate transcription from an appropriate reporter

plasmid. The C-terminus comprises a number of structural motifs found in 

a variety of DNA-binding transcription factors. These are basic region,

helix-loop-helix (HLH) and leucine zipper (LZ) motifs, which are known to 

m ediate DNA-binding and protein-protein in teractions in a num ber of 

other transcription factors. A number of in vitro approaches have led to

the identification of a candidate DNA-binding site for c-Myc, but target 

genes regulated by this protein remain elusive. Recently, a cDNA has been 

isolated encoding a cellular partner for c-Myc, termed Max; c-Myc and Max

dimerize with each other through their HLH/LZ motifs (reviewed by Dang

(1991); Prendergast (1992)). Max is required for the transforming activity 

of c-Myc (Amati et al., in press).

The expression of c-myc  is tightly linked with the growth state of 

the cell, c-myc  mRNA is rapidly induced upon treatment of a variety of cell 

types with proliferative signals such as mitogens, growth factors or serum

(Kelly et al., 1983; Campisi et al., 1984; Greenberg and Ziff, 1984).

Conversely, cellular differentiation signals lead to a rapid down-regulation 

of c-m yc  RNA levels (Lachman and Skoultchi, 1984) and constitutive

expression of transfected c -m yc  genes inhibits d ifferentiation  (Coppola 

and Cole, 1986; Dmitrovsky et al., 1986). Not surprisingly for a regulator of 

cell growth and differentiation, a large body o f evidence exists for the role 

o f abberant c-myc  regulation in cellular transformation (reviewed by Cole, 

1986). A particularly notable example of c-myc  deregulation associated with 

m alignancy is B urkitt's  lym phom a, in w hich recip rocal chrom osom al 

translocations are consistently found between c-myc  and im m unoglobulin 

loci (reviewed by Spencer (1991).

In normal cells c-myc  is subject to a complexity o f regulation in a 

diversity of cell types and under a variety of physiological conditions. 

Regulation is mainly exerted at one or more of the stages of transcription 

in itia tion, transcription elongation, and mRNA stability . The gene is 

transcribed from two major promoters, PI and P2 which are separated by 

about 160 bases. Usage of these promoters can vary between different cell
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lines and under different conditions; it has been suggested that differential 

p rom oter usage may have im portant consequences for transcrip tional 

regulation (Spencer et al., 1990; see D iscussion). Analyses o f which 

sequences in the P I and P2 prom oters control c - m y c  in itia tion  have 

revealed an array o f negative and positive cis-acting elements (reviewed 

by Spencer and Groudine, 1991), indicating that an elaborate set of controls 

is probably required to dictate the frequency of initiation in response to a 

variety o f signals. Post-initiation control mechanisms appear to provide 

additional opportunities for regulation beyond those availab le during 

initiation. Transcriptional elongation in c-myc  is reviewed below, and as 

described, constitu tes an im portant stage during w hich c - m y c  can be

controlled. Likewise, modulation of c-myc  mRNA stability (reviewed by

P iechaczyk (1987); Spencer (1991)) is a frequently  used regulatory  

m echanism . A com bination of transcrip tional and post-transcrip tional 

mechanisms are often employed to regulate c-myc  mRNA levels; in some 

cases one or the other mechanism is of primary im portance (reviewed in 

Spencer and Groudine, 1991).

In the experiments on which this thesis is based, I have used the 

transcriptional block in the c-myc  oncogene to study m echanistic features 

governing eukaryotic attenuation. Below, I describe some instances of 

w here transcrip tion  o f c - m y c  and other oncogenes are regulated by 

a ttenuation , and describe studies aim ed at defin ing  the sequence 

determ inants o f prem ature term ination. Analysis o f the la tter topic is 

extended in the Results and Discussion Chapters.

1 .2 .8 .1 .1 . A tte n u a tio n  of c - m y c  t r a n s c r ip t io n

The nuclear run-off assay was employed to analyse expression of the 

c - m y c  oncogene in the human promyelocytic leukemic HL60 cell line. By 

this procedure, the polymerase density detected over exon 1 was three-fold 

higher than in downstream exons, suggesting the existence o f some sort of 

block to transcription elongation (Bentley and Groudine, 1986). When this 

cell line is treated with retinoic acid, the cells cease to proliferate and 

differentiate into granulocytes, and the steady state level of c-myc RNA is 

reduced by about ten-fold. This reduction in steady-state c-myc RNA levels 

in treated cells was attributed prim arily to an increase in the elongation 

block; the ratio of exon 1 over exon 2 transcription was increased to ten

fold in treated cells, w ithout much change in the am ount o f  exon 1 

transcription (Bentley and Groudine, 1986; Kick and Bornkamm, 1986). At
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later stages of DMSO-induced differentiation, initiation of transcription is 

also reduced (Siebenlist et al., 1988). It is not clear whether this elongation 

block, which was mapped to the exon 1-intron 1 boundary, is a result of 

transcrip tion  term ination or pausing.

c - m y c  transcription elongation was also studied by nuclear run-off 

in murine erythroleukem ic cells, using the differentiation-inducer HMBA. 

Time-course experiments revealed a rapid reduction in steady-state c - m y c  

RNA levels in induced cells (within 20 minutes of induction). Like the 

human gene in HL60 cells, this was attributed to an increase in a block to 

elongation in exon 1 of the murine gene. M aintenance of reduced c -m y c  

RNA levels at later times was ascribed to post-transcrip tional events 

(Mechti et al., 1986; Nepveu et al., 1987a).

The mechanism through which c -m y c  RNA is dow nregulated in 

response to differentiation signals, appears to be the same as that through

which expression of the gene is induced in response to growth signals. 

Thus a release of this block to elongation accounts for increased c-m y c 

mRNA levels in response to m itogen treatm ent o f human tonsillor 

m ononuclear cells (Eick et al., 1987). Release o f elongation arrest was 

likew ise observed in mouse fibroblasts following treatm ent with growth 

factors such as EGF (Nepveu et al., 1987b). In this study, treatment of cells 

with serum rather than EGF did not abrogate elongation arrest. Instead, 

activation of c -m yc  expression in response to serum was mediated at the 

level o f transcription initiation. It was suggested that EGF and serum 

growth factors utilize different signal transduction pathways to induce c- 

m y c  expression (Nepveu, et ai., 1987b). Indeed, an increase in human c- 

m y c  RNA levels upon treatment of normal T-lympocytes with PMA was 

attributed at least partly to a loss of the elongation block; by contrast, no

effect on elongation arrest was observed in response to ionomycin which 

activates a different intracellular pathway (Lindsten et al., 1988). At

present, there is no reported evidence that serum activates c -m yc  through 

abrogation of elongation arrest; the significance of this lack o f serum 

response is unclear.

An elongation arrest mechanism also operates in transcription of 

the human L-m yc oncogene; this was mapped to within the vicinity of the 

first intron. Loss of this block to elongation has been dem onstrated to

result in high levels of h-m yc  mRNA in some small cell lung carcinoma cell 

lines (Krystal et al., 1988).

A recent report demonstrated that like c- and L -m yc, transcrip tion  

control of the N-myc oncogene can be exerted at the level of attenuation. A
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block to elongation between exons 1 and 2 was observed in pre-B cells; this 

block was released upon treatm ent o f the cells with the growth factor 

interleukin-7 (Morrow et al., 1992). It remains to be seen whether the 

m echanism s o f attenuation are related  betw een c - m y c  and other m y c  

family members. There is no apparent sequence homology between the 

first exons of c-myc  and L-myc  (Kaye et al., 1988).

Prem aturely term inated, non-polyadenylated c -m yc  RNAs have not 

been successfully isolated from mammalian cells, possibly due to their 

instability. Truncated c -m yc  RNAs have been produced by transcribing 

the m urine and human c -m y c  genes in m icroinjected X en o p u s  leavis  

oocytes, where they were found to be stable (Bentley and Groudine, 1988; 

this thesis). This approach has since been successfully used also to study 

prem ature term ination of human adenosine deam inase transcrip tion (see 

below). The block to elongation in oocytes was not a result of post- 

transcriptional processing of longer RNAs, but rather appeared to occur 

during synthesis o f the nascent transcript (Bentley and Groudine, 1988). 

However none of the assays employed to detect transcription term ination 

can distinguish between an actual term ination mechanism and very rapid 

co tran sc rip tio n a l p rocessing .

The 3' ends of the attenuated RNAs were mapped in injected oocytes 

to two poly thymidine stretches in the template strand at the intron 1/exon 1 

junction of the human c-myc  gene. This is consistent with the approximate 

location of a terminator region predicted from nuclear run-off analyses in 

oocytes and mammalian cells (Bentley and Groudine, 1986; Bentley and 

Groudine, 1988). Termination in the murine gene was also mapped to a run 

of 5 Ts which is located at a position non-homologous to the human gene, 

about lOObp upstream of intron 1 (Bentley and Groudine, 1988). In 

agreement with these results, mammalian RNA polymerase II purified from 

calf thymus, in the absence of accessory factors intrinsically  recognises 

the T stretches in the human gene at which it term inates transcription. 

Both pause and termination sites which correspond to those mapped in vivo 

were identified in vitro (Kerppola and Kane, 1988). The use of T residues in 

the c - m y c  gene for pol II term ination reflects a recurrent them e in 

term ination: this sequence is rem iniscent of the term ination signals in a 

number of the transcription units described above. Surprisingly however, 

deletion of the T stretches in the human c - m y c  gene did not abolish 

term ination in injected oocytes; termination occurred at a sim ilar position 

relative to the start site as in the wild-type gene. However, this position 

now coincided with SV 40 sequences in the plasmid which were brought
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d o ser to the c -myc  sequences by the deletions, and which supplied a T- 

stretch on the coding strand (Bentley and Groudine, 1988). Since bending 

of DNA may be part of the mechanism by which T tracts cause termination 

(Kerppola and Kane, 1990), it is conceivable that a bend induced by a run of 

Ts on the coding strand would have a similar effect on termination as on 

the non-coding strand. Alternatively, it is possible that although the Ts 

constitute a preferred sequence for pol II term ination, sequences distinct 

from the site of 3' end formation direct the polymerase to terminate.

By the deletion analysis described above, a 95 bp region of the 

human c-myc  gene located from -130 to -35 relative to the intron 1/exon 1 

junction, about 10-20 bases upstream of the first T-stretch, was delineated 

as sufficient to program termination. This 95bp region contains a GC-rich 

region o f dyad symmetry (Eick and Bornkam m, 1986), and is thus 

rem iniscent of prokaryotic terminators in that it may form a hairpin-loop 

structure. However, transcription o f prom oterless c -m y c  tem plates by 

purified pol II term inated efficiently; as mentioned earlier, transcription 

by pol II using such templates has the peculiarity that the template and 

nascent RNA often remain in the form of a hybrid and could thus prevent 

the RNA from folding into a secondary structure (Dedrick, et al., 1987; 

Kerppola and Kane, 1990). Therefore, the exact role in c-myc  attenuation 

of both the T tracts and of the potential secondary structure is not yet clear. 

A 180 bp region at the 3' end of exon 1 of the mouse gene was sufficient to 

block elongation when placed in a heterologous gene and assayed in HeLa 

cells (Wright and Bishop, 1989) and in oocytes (Chapter 1; this work). This 

180bp region also has the potential to form an RNA hairpin loop and 

contains the T tract at which term ination occurs (Bentley and Groudine,

1988).

Sequences external to the 180bp term inator reg ion  appear to 

contribute to the efficiency of c -m yc  attenuation. Deletion of a sequence 

in the P2 promoter between -53 and -35, resulted in inhibition o f P2 

transcription, increased usage o f the P I prom oter and abrogation o f the 

elongation block in mammalian cells (Asselin et al., 1989; M iller et al.,

1989). This sequence binds a factor called M E la l in mammalian cell 

extracts (Asselin, et al., 1989; Miller, et al., 1989; Hall, 1990), the gene for 

which has recently  been cloned and found to encode a zinc-finger 

containing protein (Pyre et al., 1992). Interestingly, a sequence very 

similar to the M E la l site appears to be partially responsible for termination 

between two closely spaced human complement genes; these elements bind
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the same or related proteins (Ashfield, et al., 1991). The role of this element

in termination is considered in more detail in the Discussion.

As m entioned above, the co rrec t p rom oter is essen tia l for 

termination at the 3' ends of U snRNA genes (Hernandez and Weiner, 1986; 

Neuman de Vegvar, et al., 1986). A putative involvem ent o f promoter

specific ity  in c - m y c  attenuation has been tested in injected oocytes.

Although a sequence in the c -m yc  prom oter was deemed necessary for 

termination by the experiments of Miller et al. (1989), a 190bp fragment of 

the human c-myc  gene containing the polyT stretch was sufficient to cause 

termination when placed downstream of the HSV TK promoter. In contrast,

significantly less termination was observed when this fragment was placed

downstream of the adenovirus major late promoter (Bentley and Groudine, 

1988). Moreover, promoter specificity was suggested by experiments which 

suggested that termination at the end of exon 1 occurred was specified only 

from transcription initiated at the P2 promoter and not from PI (Spencer et 

al., 1990; this work). An alternative explanation for this supposed promoter 

specific ity  in c - m y c  attenuation in the oocyte experim ents has been

provided by experiments in this thesis (see Chapter 3 and Discussion).

M ore recen t find ings concern ing  c - m y c  attenuation  w ill be 

described in the Discussion.

1.2.8.2.  Premature termination of  c - m y b  transcr ip t ion

The c-myb nuclear oncoprotein appears to function as a DNA- 

binding regulator of transcription (reviewed by Luscher (1990)). Unlike 

c - m y c  which is expressed in a wide range o f tissues, the c-m yb  gene is 

expressed prim arily in tumours and normal cells of haem atopoetic origin 

(reviewed by Shen-Ong (1990)). Like c-m yc ,  steady-state levels of c -m yb

mRNA are modulated during differentiation and proliferation and appear to

be critical in the control of these events. A transcrip tional arrest

mechanism has been shown to contribute to cell-type specific expression

of c - m y b .  D ownregulation o f steady-state c - m y b  RNA levels upon 

differentiation of immature to mature B cell lymphomas was mediated by an 

increase in a block to transcription elongation (Bender et al., 1987). In 

addition, differential usage of the elongation block was correlated with the 

constitutive levels o f c-myb  RNA found in a number of different cell lines. 

Thus, a cell type which displayed high levels of c-myb  mRNA exhibited 

m ore transcrip tion  reading dow nstream  o f the reg ion  o f elongation

blockage than a cell type containing low levels of the message (Watson,
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1988). It is not yet known if, like for c -m y c ,  this elongation arrest is a 

mechanism by which expression of the c -m yb  oncogene can be rapidly 

modulated in response to growth and differentiation signals. The site of 

prem ature term ination or pausing has been determined by nuclear run-off 

analysis to reside within the first 2kb o f the first intron (W atson, 1988). 

This region of DNA binds nuclear factors in vitro, with higher levels of 

these factors in cell extracts correlating with cells exhibiting a greater 

degree of this elongation block (Reddy and Reddy, 1989). The 5’ region of 

the c -m yb  first intron contains a long T-rich sequence, rem iniscent of the

termination site determined for c-myc.  However, the factors identified did

not bind to this region (Reddy and Reddy, 1989).

1.2.8.3.  Attenuation of  c-fos t r a n s c r i p t i o n

The c-fos  oncogene encodes a nuclear phosphoprotein which as a 

com ponent o f the A PI com plex, functions as a sequence-spec ific  

transcription factor (reviewed in Ransone (1990). Induction of c-fos  mRNA 

is elicited rapidly and transiently by various growth stim uli (Greenberg

and Ziff, 1984; Kruijer et al., 1984), and the c-fos protein appears to be a 

fundamental regulator of cellu lar growth and differentiation (reviewed in 

Müller (1986). Although c-fos  is generally considered to be regulated at the 

level of transcription initiation, elongation arrest in the 5’ region of the 

gene has also been suggested to control c-fos mRNA levels. An elongation 

block was recently detected in murine macrophages, in which it correlated

with c-fos  mRNA levels. Treatment of these cells with calcium appeared 

release the block, although an effect on initiation was also observed 

(Collart et al., 1991). In quiescent hamster fibroblasts, transcription did not 

proceed beyond the first 540bp of the c-fos  transcription unit. A protein 

appeared to be required for the maintenance of this transcriptional arrest, 

since it was relieved by treatment of cells with a combination of serum and 

cycloheximide (Fort et al., 1987). This elongation arrest was later suggested

to be mediated by an intragenic 21bp protein-binding element termed FIRE,

which appeared to contribute to the down-regulation of c-fos  expression in 

quiescent rodent fibroblasts (Lamb et al., 1990). However, no evidence was 

provided for any differential activity of the FIRE element-binding protein 

between serum-induced and uninduced cells. Lamb et al. suggested that the

protein bound to the FIRE element may be connected with a nearby DNAse 1 

hypersensitive site detected previously in the c-fos  gene at +240 (Renz et 

al., 1985). In the latter study, a hypersensitive site was also observed at +10
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relative to the cap site in uninduced cells. Upon serum induction, these 

sites disappeared and were replaced by a DNAse 1 sensitive region 

extending between positions 0 and +250. It is therefore possible that 

polym erases are arrested either at position +10 or at +240, and released 

upon serum induction. The possibility that transcription may be arrested 

proxim al to the c-fos  promoter is one which should be considered also 

because such a phenomenon was recently implicated in the control of c- 

m y c  expression, and was previously undetected due to the nature of assays 

employed to study elongation (Krumm et al., in press; Strobl and Eick, 1992) 

(see Discussion).

Truncated c-fos  RNAs have not been detected in vivo possibly due to 

instab ility . Recently however, short RNAs were isolated by in vitro 

transcription of the murine c-fos  gene in cell extracts. Termination was

mapped in vitro to a T-rich sequence in the first intron, 385bp downstream 

of the c-fos  promoter (Mechti et al., 1991). Replacem ent of the c - fo s  

prom oter with a number o f heterologous prom oters did not prevent 

term ination in vivo or in vitro. A 103 bp element was defined as sufficient 

to specify termination; this element comprises the termination site and an 

upstream region of dyad symmetry (Mechti, et al,, 1991). It is not yet

known whether this potential RNA secondary structure is essential for

termination. This in vitro study directly contradicts the earlier suggestions 

o f an involvement of the FIRE element in attenuation in vivo (Lamb, et al.,

1990); the deletion analyses revealed that the FIRE element was dispensable 

for term ination in vitro (Mechti, et al., 1991). A protein was identified

which binds within the alternative 103 bp DNA element in vitro, but it is 

not known w hether this binding activity  correlates with effic iency of 

attenuation (Mechti, et al., 1991).

1.2.8.4.  Premature termination in adenosine deaminase  genes

Adenosine deaminase (ADA) is an enzyme which is required in the 

pathway of purine metabolism. The human and murine ADA genes are 

expressed at varying levels in different tissues, and modulation of a block 

to elongation in the 5' region of these genes was suggested to contribute to 

this tissue-specific distribution of mRNA (Chinsky et al., 1989; Lattier et al.,

1989). The arrest site was mapped by nuclear run-off to the vicinity of 

exon 1 (Maa et al., 1990). Truncated transcripts have not been detected in 

mammalian cells possibly due to instability, but have been isolated upon 

transcription of ADA genes in injected X e n o p u s  oocytes. Transcription of
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the human gene resulted in accumulation of a 105nt transcript as well as

relatively minor transcripts of 88  and 79nts. The major term ination site

corresponded to a GC-rich sequence unrelated to p reviously-identified  

termination sites, particularly in that it does not contain a T tract or an 

upstream region of dyad symmetry. 3' deletion analysis defined sequences 

signalling transcriptional arrest to be located within exon 1, downstream of 

the termination site (Chen et al., 1990). This latter observation is somewhat 

unusual, although is rem iniscent o f pol I genes where the term ination 

signal also lies downstream of the position o f 3' end formation (Grummt, et

al., 1986a).

In the murine gene, a 96bp transcript is the major species, with a

m inor p roduct arising from  term ination  189bp fu rther dow nstream . 

Sequences within a 65bp region immediately downstream of the 3' end of 

the major transcript were necessary for efficient term ination, but unlike

the human gene this region includes sequences located in the first intron. 

Coding sequences upstream of the block were not mutated, but in contrast 

with the human gene this region contains dyad symmetry and could form a 

stable stem-loop (Ramamurthy et al., 1990).

The deletions downstream of the arrest site in the human and mouse

genes which had deleterious effects on term ination, caused an increase in 

the amount of termination at the minor sites. In the case of the human

gene, the minor sites are located upstream of the major site, while in the

mouse gene the minor site is downstream . One explanation for the 

deletion-induced increase in term ination at the minor sites, may be that 

different sites in the same gene compete for term ination factors more or 

less effectively.

1 .2 .8 .5 .  T r a n s c r i p t i o n a l  p a u s in g  in the hsp 70 gene of  

D r o s o p h i l a

An in te restin g  and re la tiv e ly  w ell-ch a rac te rised  exam ple o f 

prem ature transcriptional arrest occurs within the Drosophila hspVO gene. 

UV cross-linking experiments initially indicated RNA polym erase II to be 

associated with the prom oter region of this gene in non-heat-shocked 

Drosophila cells (Gilmour and Lis, 1986). High resolution nuclear run-off 

experim ents subsequently  revealed  that a polym erase m olecu le  was 

transcriptionally engaged but paused; this arrested m olecule was situated 

between nts +12 and +65, having synthesised a 25nt transcript (Rougvie 

and Lis, 1988). Heat shock, sarkosyl or high salt released this paused
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polym erase such that transcription now proceeded norm ally through the 

gene. These results im plied that prom oter-proxim al pausing provides a 

mechanism by which h s p 7 0  mRNA can be rapidly synthesised in response 

to the heat shock stimulus; in the absence o f the stimulus the rate-limiting 

association of the polymerase with the promoter has already occurred.

The sequence of hsp 70 RNA did not reveal any potential stem-loop

structures or other elements in common with previously-identified pause 

or term ination sites (Rougvie and Lis, 1988). Release o f the block by

sarkosyl or high salt suggested that chrom atin or a sequence-specific 

binding protein may specify the pause. Use of sarkosyl in nuclear run-off

experim ents did not relieve the elongation block in the c - m y c  gene 

(Bentley and Groudine, 1986), suggesting that these arrest mechanisms 

p robab ly  d iffe r  s ig n if ican tly  from  one ano ther. The sequence 

determ inants of pausing in hsp 70 were recently studied. Pausing was

conferred on a heterologous D r o s o p h i l a  gene by substitution of its

promoter sequences with sequences from upstream of the hsp 70 TATA box; 

this pausing rendered the D ro s o p h i la  gene heat-inducible (Lee et al., 1992). 

These hsp 70 sequences contain m ultiple copies of an elem ent termed 

"GAGA" which is known to bind a constitutively-expressed factor; this 

element appeared to participate in eliciting the pause. Sequences in the

vicinity of the pause site also contributed to the efficiency o f pausing. 

S urp rising ly , deletions w hich extended into sequences requ ired  for 

pausing did not increase hsp 70 transcription in the absence of heat shock

(Lee, et al., 1992). The reason for this seems unclear, but perhaps the 

sequences required for arresting polymerases are the same as or overlap 

those required for recruiting the polymerase to the promoter.

It is not yet known how the pause is relieved upon heat shock, but 

this is likely to be a direct or indirect function of heat shock factor (HSF). 

HSF is present in an inactive form in uninduced cells; upon heat shock, it 

binds to elements upstream of the hsp70  TATA box (Zimarino and Wu, 1987). 

It has been suggested that HSF may recruit additional polymerases to the

prom oter, which would force the arrested m olecules to be released.

A lternatively , it may release the block by influencing protein-pro tein  

interactions or chrom atin structure at the prom oter (Rougvie and Lis,

1988). With regard to the latter possibility, as mentioned earlier it was

recently found that chromatin enhances pausing at known pause sites in  

vitro (Izban and Luse, 1991).

4 0



CHAPTER 2 

ANALYSIS OF W HETHER ELEMENTS 

IN THE PROMOTER SPECIFY TERMINATION
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2.1 Introduction, aims and summary of results

The experiments described here were intended to investigate the 

mechanism of term ination by RNA polym erase II. This process was 

analysed using as a prototype prem ature term ination of m urine c~ m y c  

tran scrip tion ; as d iscussed  in the p rev ious C hapter, tran scrip tiona l 

attenuation in this gene may have an im portant regulatory function in

con tro lling  c -m y c  mRNA levels in the cell. Prem ature term ination was

studied by transcribing the c-myc gene in m icroinjected Xenopus oocytes. 

This system has a number of advantages: transcription o f the injected c- 

m y c  gene is accurate and efficient, and attenuated transcripts are stable.

In previous experim ents in which the gene was expressed in oocytes, 

termination was mapped to a T-rich sequence located 300bp downstream of 

the c - m y c  P2 prom oter (Bentley and Groudine, 1988). A fragm ent 

containing this sequence which functioned as an autonomous term inator 

was defined by experiments described in this Chapter. This site is referred 

to here as T2.

The purpose o f the remaining experiments in this Chapter was to

determine whether the efficiency of c-myc  attenuation is controlled by the 

promoter. As discussed earlier, promoter effects on term ination efficiency 

have been documented in c -m yc  and other genes; in particular the c - m y c  

term inator functioned downstream of the HSV TK prom oter but not the 

adenovirus p rom oter (B entley  and G roudine, 1988). A num ber of 

mechanisms could be invoked to explain these observations. It is possible 

for instance that proteins bound to prom oter elements recruit elongation 

or term ination  factors into the transcrip tion  com plex. A lternatively , 

proteins bound to the promoter and the terminator may interact with each 

other directly. Another explanation may lie in the relative strengths of 

d ifferen t prom oters. Therefore I attem pted to test the effects on 

termination efficiency of two related features of the promoter: namely the 

strength o f the prom oter, and binding sites for specific transcrip tion 

factors. A fragment containing the c-myc  attenuator was fused to each of a 

series of linker scanning mutations of the HSV TK promoter (McKnight and 

K ingsbury, 1982). In these TK -m yc hybrid genes, the proportion of 

transcription which term inated at T2 was not significantly  altered, for 

instance by mutations in the TATA box, CAAT box or SPl sites. Since these 

mutations substantially weakened the promoter, these results im plied also
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that termination efficiency is not modulated by the relative strength of the 

p ro m o te r .

I also tested whether termination efficiency could be modulated by

subclon ing  the a ttenuato r fragm ent dow nstream  o f a hetero logous

prom oter unlike typical mRNA prom oters. In this experim ent, the 

term inator was placed within the transcription unit o f the U1 snRNA gene. 

Although this gene is transcribed by RNA polymerase II, a comparison of 

its prom oter with mRNA promoters reveals a number of dissim ilarities. 

Unlike mRNA promoters in which the TATA box is located 30bp upstream of 

the transcription start site, a U1 element which functions like a TATA box 

in that it defines the site of transcription initiation reviewed in Parry,

(1989a), is situated 50-60bp from the start site; moreover this "proximal

sequence elem ent" is not hom ologous to conventional mRNA TATA 

sequences. The U1 prom oter also contains signals w hich specify 

transcription termination at the 3' end of the gene, at an element called the 

3' box. Substitution of the U1 promoter with an mRNA promoter results in 

inefficient usage of this 3' box (Hernandez and Weiner, 1986; Neuman de 

Vegvar, et al., 1986). M oroever, snRNA enhancer elem ents cannot be 

functionally substituted by mRNA enhancers (Parry, et al., 1989a). Despite 

such d isparities  betw een snRNA and mRNA prom oters, the c - m y c  

attenuator functioned efficiently  when positioned downstream  of the U1 

p ro m o te r .

These resu lts suggest that specific prom oter elem ents are not 

absolutely required for a basal level of termination. Therefore termination 

is presum ably specified by sequences w ithin the attenuator fragm ent. 

However, the possibility remains to be considered that this basal level of 

te rm ination  could be m odulated through the ac tiv ities  o f prom oter 

elements. A mutation in the c-myc  P2 promoter did elicit a subtle effect: a 

93bp deletion upstream  of the P2 TATA box decreased the ratio of 

readthrough to term inated transcription. This observation suggests that 

this 93 bp region of the P2 promoter may encompass an element which 

selectively  increases readthrough transcrip tion. Subsequent experim ents 

in collaboration with D. Bentley have provided support for this hypothesis 

(see also Discussion).
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2.2 Results

2.2.1 M app ing  o f p re m a tu re ly  te rm in a te d  c - m y c  t r a n s c r ip t io n

The transcription term ination site in the mouse c -m y c  gene was 

characterised using a number o f different mapping strategies. Initially, 

expression  o f the gene was attained by m icro in jecting  a plasm id

com prising  a c - m y c  genom ic clone into X enopus oocytes. RNA

subsequently isolated from the injected oocytes was hybridised to a 3'-end 

labelled c-myc  DNA probe. This 200bp probe includes the polydT stretch

near the end of exon 1 termed T2, previously defined as the position of 3'-

end formation (Bentley and Groudine, 1988). To allow terminated RNA to be 

distinguished from readthrough transcription, SI nuclease was used to 

remove unhybridised probe (figure 2.1 A). By gel electrophoresis of the 

digestion products, a proportion o f short RNA (lane 2, terminated) could be 

distinguished from transcription which protected the full length of the 

probe (readthrough). The length of the short RNA is consistent with that 

predicted for transcription terminated at the T-rich T2 site. The probe did 

not hybridise to control RNA from uninjected oocytes (lane 3). A control

was also performed to evaluate whether the short RNAs com prised any 

artefactual SI nuclease cleavage products; AT-rich sequences are relatively 

weakly base-paired, hence melting of nucleic acid hybrids can occur at 

these sites (M artin and Tinoco, 1980). Consequently, these regions of 

melting which coincide with the termination site could be nicked by SI 

nuclease. Therefore SI digestion was performed on a hybrid between the 

probe and a control synthetic readthrough RNA. This control RNA was 

m ade by transcrib ing  c - m y c  exon 1 in the sense direction from the 

prokaryotic T7 promoter; this transcript extended from upstream of the PI 

promoter start site to downstream of the T2 termination site. SI digestion of 

the hybrid revealed a background level of cleavage by SI at a position 

coincidental with termination (lane 4). A sim iliar experiment is shown in 

figure 2.5 (lane 9) where the degree of SI cleavage was quantitated by 

phosphorim aging: SI cleavage was found to com prise 1% o f longer

products. The proportion of terminated RNA in the same experiment was 

approxim ately 20%. Thus the background level of artefactual cleavage 

products generated by SI nuclease under these conditions was negligible: 

as a proportion of full-length RNA, the amount of cleavage by SI was 

s ign ifican tly  lower than the proportion o f term inated to readthrough 

tr a n s c r ip t io n .
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In the experim ent in figure 2.1 A, estim ation  o f term ination  

effic iency was d ifficu lt since readthrough transcrip tion  could not be 

d istinguished from rehybridisation of the probe. To circum vent this

problem  in future experim ents, a c - m y c  fragm ent containing T2 was

subcloned to obtain a plasm id from which a probe with sequences 

nonhomologous to the readthrough RNA could be derived. A 3' end-labelled 

probe made from this construct was hybridised to RNA from injected 

oocytes and subjected to SI digestion (diagrammed in figure 2.1C). As 

indicated (figure 2 .IB), rehybridised probe is clearly distinguished from 

readthrough transcrip tion . T erm inated RNA in this experim ent is 

estimated to comprise minimally 15% of total transcription. From this type 

of experim ent, with some variation between batches of oocytes roughly 

15% to 25% of c-myc  transcription is estimated to terminate prematurely at 

T2.

Term ination was also m onitored by RNAase protection and by

Northern blotting using probes overlapping both the 5' and 3' ends of the

RNA. In the RNAase protection experiment, RNAs were identified which 

were consistent in length with transcription initiated at the P2 promoter 

(figure 2.2A). Subsequent experim ents confirm ed the identity o f these 

bands, which were abolished by mutation of the P2 but not the PI TATA box 

(data not shown). (Only transcription initiated at the P2 prom oter is 

shown; PI transcription will be described in later experiments). In the

Northern blot, fractionation of RNA from injected oocytes on a denaturing

acrylam ide gel allowed sufficient resolution of short RNAs. The RNA

consistent with transcription initiated at P2 and term inated at T2 in the 

RNAase protection is identical in size to that of a band indicated in the

Northern blot (figure 2.2B, lane 2). This RNA is approximately 290bp in 

length, which is the predicted size for transcription terminated at T2 which 

lies 290 bp from the P2 start site. This band persisted when RNA from 

oocytes injected with a gene containing an inactivated P I prom oter was 

used (lane 3), and was absent from control uninjected oocyte RNA (lane 4). 

The identity of the smear of shorter bands in the Northern blot is unclear. 

These bands appear to represent P2 transcripts since they occur in the 

absence of P I transcription. They were not detected by RNAase and other 

protection experiments, or in a similar Northern blot of mouse c-myc  RNA 

carried out previously (Bentley and Groudine, 1988). In summary o f these
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F ig u re  2.1. T e rm in a tio n  occurs a t the  end of exon 1 of th e  

m u rin e  c - m y c  gene in injected X e n o p u s  leavis  oocy tes.

(A)  SI protection analysis of RNA from oocytes injected with a wild-type c- 

myc  genomic clone, pRB 16.8 (lane 2). In lane 3, RNA from control oocytes 

injected with an irrelevant plasmid did not hybridize to the probe. In lane 4 

a sense c-myc  RNA transcribed by T7 RNA polymerase from wild-type c -myc  

plasmid pSX943, together with RNA from uninjected oocytes, was hybridized 

to the probe. The probe, a N o t  l-Pst  I fragment from pSX943 3' end-labelled

at the N o t  I site, is shown in lane 5. Markers shown in lane 1 are M s p  I-

digested pBR322 fragments, of lengths 217, 201, 190, 180, 160, 147, 123, 110, 

and 90nts. Protected fragments corresponding to transcription term inated

at the T-rich site designated T2, as well as transcription reading through 

this site are marked.

(B)  SI protection analysis of RNA from oocytes injected with wild-type c- 

myc  exon 1 plasmid pSX943. The probe was a No t  l -Pst  I fragment 3' end- 

labelled at the Not  I site, derived from pVZ/mycNot-Sac. Rehybridized probe 

is indicated, as well as readthrough and terminated transcription.

(C)  The SI protection strategy used in B is diagrammed. The N o t  I site at 

which the probe was labelled, as well as the PI and P2 promoters and the 

relative position of the term ination site are shown. The dashed line 

indicates the mismatch between the probe derived from pVZ/m ycNot-Sac

and the RNA derived from pSX943, which allows readthrough and probe to 

be distinguished.



MYC C T7 MYC
B MYC

1 80 -

160-

READ-
THROUGH

PROBE

_ READ- 
THROUGH

110-

-TERMINATED

-TERM
INATED

1 2 3 4 5
1 2

PI P2 TERMINATION
SITE

i
Not 1

Probe 

Readthrough * 
Terminated *

76^



F ig u re  2 .2 . T ru n c a te d  c - m y c  RN As t r a n s c r ib e d  in oo cy tes  

d e tec te d  by R N A ase p ro tec tio n  an d  by N o rth e rn  b lo ttin g

(A) RNAase protection analysis of RNA from oocytes injected with wild-type 

c - m y c  exon 1 plasmid pSX943. The antisense RNA probe was transcribed 

from Rsa  1-cut pSX943 by T3 RNA polymerase (see figure 4.1 A for diagram of 

restriction sites in pSX943). Readthrough transcription initiated at the P2 

prom oter is marked (P2 RT), as well as transcription initiated at P2 and 

terminated at T2 (P2 Term).

(B)  Northern blot o f RNA from oocytes injected with pSX943. RNA was 

fractionated on a denaturing acrylamide gel, blotted and hybridized to a 

antisense probe derived from the same template as the RNAase protection 

probe. In lane 3, a construct lacking the PI promoter was injected. In lane 

4, RNA from uninjected oocytes was used.
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resu lts, a variety o f mapping strategies confirm ed that a significant

percentage of c-myc  transcription prem aturely term inates w ithin exon 1. 

These results support the previous localization  o f a m urine c-m y c

termination site to the T-rich region called T2 near the end of the exon.

It is likely that this truncated transcript is produced by termination 

rather than a processing  event. This elongation  arrest has been 

determ ined also by the nuclear run -o ff assay in both oocytes and 

mammalian cells (Bentley and Groudine, 1986; Bentley and Groudine, 1988); 

in this assay, significant levels of post-transcriptional processing do not

take place. Furthermore, injection of full-length, labelled, synthetic c - my c  

RNAs into oocytes did not result in any truncated products when incubated 

for 18 hours (the usual incubation time). This experiment is shown in

Chapter 4 (figure 4.3). These experiments do not rule out that a co-

transcriptional processing event gives rise to the short RNA; however for

convenience these transcripts are referred to as products of termination.

2.2.2 Termination efficiency in TK-myc hybrid genes

Earlier oocyte experiments defined a 95bp region o f the human c- 

m y c  gene containing the T2 term ination site as sufficien t to cause

term ination when placed downstream  of the H erpes-Sim plex virus TK 

promoter (Bentley and Groudine, 1988). It is possible that sequences within 

this 95bp region mediate term ination through a mechanism dependent on 

elements within the TK promoter. Promoter elem ents could potentially 

influence termination through modulation of the strength of the promoter, 

or by controlling the type o f transcrip tion com plex in itia ted  at the 

promoter. In order to test these ideas, I constructed a set of hybrid genes in 

which a 180bp region of the murine c-myc  gene containing the T2 site was 

fused to a series of linker scanning (LS) mutations of the HSV TK promoter 

(the LS promoter mutants (M cKnight and Kingsbury, 1982) were kindly 

provided by Steven M cKnight's laboratory). The linker scanning series 

was usefu l since the m utations a ltered  a num ber o f ub iqu itous 

transcription factor binding sites, and had been well characterised for 

their activities in vitro and in vivo, in particular in X e n o p u s  oocytes (Jones 

et al., 1985). Since some of these mutations substantially weakened the TK 

prom oters, term ination from these and stronger promoters could also be 

com pared to test w hether the strength  o f the p rom oter influences 

term ination efficiency. The mutations consisted of a Bam HI linker in 

place o f the following bases numbered relative to the transcription start
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site: -115/-105, -105/-95, -797-69, -567-46, -427-32, -297-18 and -217-12. 

When the expression level of these mutations in oocytes were originally 

quantified in the context of the TK gene (Jones, et al., 1985), LS-1157-105 

was found to encode a wild-type level of transcription. M utation o f SPl

sites in LS -1057-95 and -567-46 significantly reduced transcription, to 3%

and 11% of wild-type levels respectively. Transcription of LS-297-18 and of

LS-217-12 was severely inhibited owing to m utation o f TATA sequences. 

The CAAT box did not appear to be as important for transcription o f this

gene in oocytes as the SPl sites since the mutated CAAT box of LS-797-69 

effected only a slight reduction in transcription efficiency (Jones, et al., 

1985).

I subcloned the 180bp fragment of c-myc  containing T2 into each of 

these mutant genes at position +53 relative to the TK start site. The 

resultant series of TK-myc hybrid constructs were injected into oocytes and 

transcription through the c-myc  region was mapped by SI protection. The 

3 '-end labelled probe used in this experim ent d istingu ished  between 

readthrough transcription and probe rehybrid isation. A high level of 

transcription was detected from the effectively w ild-type LS-1157-105-myc, 

o f which a significant proportion terminated at T2 (figure 2.3, lane 2). 

Therefore like the 95bp region of the human c - myc  gene (Bentley and 

Groudine, 1988), the 180bp inserted murine c-myc  sequence is sufficient to 

induce term ination downstream of the TK promoter. Hence, this fragment 

is designated  the "term inator" or "attenuator". A high level of

tra n sc r ip tio n  was encoded  by LS-797-69-m  y c (lane 4), w hereas 

transcription efficiencies o f LS -1057-95-, -567-46-, -297-18- and -217-12- 

m y c  w ere severely  reduced  (lanes 3 ,5 ,7  and 8 resp ec tiv e ly ). 

(T ranscription o f LS-427-32-myc in lane 6 was not detected by this probe; 

this was later attributed to a cloning artefact). These transcription

efficiencies were therefore in general agreement with the original values 

published previously (Jones, et al., 1985). However, none of these promoter 

mutations appeared to abolish termination at the T2 site placed downstream.

Since transcription was inhibited severely by some of the mutations 

(figure 2.3), relative levels of termination specified by mutant and wild- 

type genes were not easily comparable. Smaller amounts of the "wild-type" 

L S-1  157-105-m yc sample were loaded onto the gel for a better comparison 

o f term ination effic iencies. No sign ifican t d ifferences in attenuator 

function were obvious on comparison of LS-1157-105-myc (figure 2.4A,
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F ig u re  2 .3 . T e rm in a tio n  a t  a T 2 -c o n ta in in g  c - m y c  f r a g m e n t  

p laced  d o w n stream  of a se rie s  o f lin k e r  scan n in g  m u ta tio n s  of 

the HSV TK p rom oter

SI protection o f RNA from oocytes injected with TK-myc hybrid plasmids 

containing linker scanning mutations of the TK promoter. The sequences 

altered by mutations relative to the TK prom oter start site, and specific 

protein binding sites normally located within these sequences, are indicated 

at the top of each lane. The probe was a N o t  \~Pst I fragment 3' labelled at 

the N o t  I site, derived from pVZ/mycNot-Sac. The diagram in the bottom 

panel outlines the SI mapping strategy, and indicates the relative positions 

o f protein-binding sites individually mutated in the linker scanning series.
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F ig u re  2.4 F u r th e r  analysis of T K - m y c  h y b rid  genes.

(A)  SI protection analysis as in figure 2.4, of termination from LSTK/m yc 

genes. Smaller amounts of the LS-115/-105/myc sample were loaded onto

the gel to allow better comparisons with mutations which weaken the TK 

prom oters. In lane 3, RNA was from uninjected oocytes. Probe (P),

readthrough (RT) and term inated (T) transcription are marked.

(B)  SI protection as above.

(C)  SI protection as above, except that lane 2 shows transcription from 

pTKLS-105/-56/myc in which both SPl sites were mutated. In lanes 3 and 4, 

mutations altered individual SP l sites. A long exposure of this gel was

necessary in order to detect transcription from the double mutant.
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F ig u re  2 .5 . F u r th e r  a n a ly s is  o f T K -w y c  h y b r id  genes an d  

co m p ariso n  w ith  T7 RNA co n tro l.

Further analysis of termination efficiency from TK/myc hybrid genes by SI 

protection, using in this case a N o t  \-Nsi  I probe 3' labelled at the N o t  1 site, 

derived from pVZ/myc Not-Nsi. In lane T7, a sense c-myc  RNA transcribed 

by T7 RNA polym erase from pSX943, together with RNA from uninjected 

oocytes, was hybridized to the probe.
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lanes 1 and 2) with either LS-105/-95- or LS-21/-12-m yc (lanes 4 and 5). 

L ikew ise, the experim ent shown in figu re  2.5B suggests sim ilar 

term ination effic iencies between LS-1 ISZ-lOS-myc (lane 1) and LS-105/-

95-, -29/-18- or ~2\ l - \2-myc  (lanes 2 to 4). The TK promoter contains two

SPl sites, altered by the LS-105/-95 and LS-56/-46 mutations. In order to 

test whether mutation of both of these sites would abolish termination, I

made a construct in which the SPl mutations of LS-105/-95 and LS-56/-46- 

m y c  were combined within the same prom oter. The double m utation

resu lted  in a su b stan tia lly  reduced  level o f tran sc rip tio n  w hich 

com plicated its analysis (figure 2.4C, lane 2). A certain amount of

terminated transcription remained detectable on long exposures of the gel, 

suggesting that the SPl sites may be dispensable for termination. However 

the possibility  that the "term inated" com ponent reflects the background 

level of artefactual SI cleavage cannot be ruled out in this case, since the 

level of transcription encoded by this mutant is very low. Termination 

efficiencies of transcription from the TK-myc genes were compared again 

and the results quantified by phosphorimaging (figure 2.5; SI protection 

by D.B), Similar termination efficiencies of approximately 20% of total 

transcription were found for each mutant. An estimate of the amount of 

background SI cleavage was obtained by hybridization of the probe to a 

control T7 sense RNA (this RNA was described earlier in section 2.2.1). SI 

cleavage at the termination site amounted to 1% of longer products (lane 9). 

Therefore, the majority of short RNAs were generated by genuine 3'-end 

formation in this experiment.

The promoters in the TK-myc chimaeric genes extended to -480bp 

from the start site of transcription. I also tested whether the sequences 

upstream of -115 which were unaltered in the LS mutants might affect 

termination. For this purpose I subcloned the attenuator downstream of 

TK promoters extending to either -480 or truncated at -109. A comparison 

of the amount of term inated transcription initiated from these promoters 

was obtained by SI protection. The larger of the two promoters exhibited 

slightly higher expression levels; however the ratios of term inated to

readthrough RNA did not appear to differ between these genes (Figure 2.6,

lanes 2 and 3).

In conclusion, the experiments in figures 2.3 to 2.6 showed that a 

series o f heterologous prom oter mutations did not apparently alter the 

function of the c-myc  T2 attenuator. Termination efficiencies were similar 

irrespective of whether individual TK promoters fused to the attenuator
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F ig u re  2.6. T e rm in a tio n  efficiency a t the  c - m y c  a t te n u a to r  was 

u n a ffe c te d  by u p s tre a m  TK p ro m o te r  seq u en ces.

SI protection analysis of RNA from oocytes injected with pTKCAT-myc 

containing the c-myc  attenuator fused to TK promoter sequences extending 

to -109, or pTK-480CAT-myc containing TK sequences to -480, The probe was 

the N o t  l -Pst  I fragment from pVZ/mycNot-Sac, 3' labelled at the N o t  I site as

before. The diagram at the bottom illustrates these TK/myc plasmids.
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contained mutations in the CAAT box, TATA box or either of two SPl sites. 

In addition to these promoter elements located between -105 and -12, TK 

promoter sequences upstream of -109 were dispensable for term ination at 

T2. From these experiments it can also be inferred that there is no 

significant modulation of term ination efficiency by prom oter strength.

2.2.3 The c - m y c  attenuator functioned downstream of the U1 

snRNA promoter

In the experim ents thus far, the c - m y c  a tten u a to r functioned  

irrespective of whether in its natural location or placed downstream of 

wild-type or mutated TK promoters. It remained a possibility however that 

some feature of an mRNA promoter other than the elements so far tested, is 

required for attenuation. As described in the introduction to this Chapter, 

the U1 snRNA promoter exhibits a variety o f features which differ from 

mRNA promoters. For these reasons plasmids were constructed in which 

the term inator was placed downstream of either the U1 promoter, or as 

control an mRNA promoter. Plasmids containing either the human U1 

gene with its natural promoter or a heterologous TK promoter were kindly 

donated by J. Dahlberg's lab. The T2 attenuator was subcloned into the 

coding region of each of these genes to produce the constructs diagrammed 

in figure 2.7. Oocytes were injected with these plasmids and termination 

was mapped by SI protection; the probe was 3' end labelled and spanned the 

c - my c  insert as before. Transcription was by RNA polymerase II as judged 

by its sensitivity to Ipg/m l of a-am anitin . As shown in figure 2.8, the 

attenuator functioned equally well downstream of the TK mRNA and U1 

snRNA promoters (compare lanes 3, 5 and 7: TK l and TK2 differed slightly 

from each other in their mRNA 5' ends as described in M aterials and 

M ethods). Since the U1 prom oter differs in im portant respects from 

conventional mRNA promoters, it could be concluded that specific promoter 

elements do not govern c-myc  attenuation. It remains possible however 

that the various prom oters so far tested all com prise a term ination- 

specify ing  property  not rem oved by the m utations. An a lternative  

conjecture is that the c - m y c  p rom oter does in flu en ce  te rm in a tio n  

efficiency, but under conditions dissimilar from those in the oocyte.

Transcription initiated at the U1 promoter normally term inates at a 

sequence approximately 190bp downstream, called the 3' box. As shown in
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F igure 2.7. D iagram  of U1 and  TK /m yc h yb rid  genes

The diagram shows the relative positions of the TK or U1 promoters, the 

in serted  c - m y c  attenuator fragm ent, the U1 3' box elem ent and the 

polyadenylation site. The thickest line indicates U1 sequences, the line of 

medium thickness illustrates TK prom oter sequences, and the thin line 

represents plasmid vector sequences containing the SV40 poly A site.
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F ig u re  2.8. T e rm in a tio n  occurs a t th e  c - m y c  a t te n u a to r  p laced  

dow nstream  of the  hum an  U1 snRNA p ro m o te r .

SI protection analysis of RNA from oocytes injected with pTK+6-myc (lanes 

2 and 3), pTK-2-myc (lanes 4 and 5), and pU l-m yc (lanes 6 and 7). TK l and 

TK2 differed slightly at their mRNA 5' ends (Neuman de Vegvar et al., 1986), 

but were otherwise identical. The constructs are diagrammed in figure 2.8. 

Ipg/m l of a-am anitin  was injected cytoplasmically into the oocytes in lanes 

labelled (+). The probe was a Not l -Hind  III fragment 3' labelled at the N o t  I 

site, derived from pVZ/mycNot-Sac.
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figure 2.7, the c-myc attenuator was placed upstream of this element. The 

speculation was tested that the presence of the T2 site may interfere with 

the function of the 3' box. For instance, it is possible that transcription 

complexes which read through the c-myc  attenuator are modified in such a 

way that they subsequently read through the 3' box. Termination at the 3' 

box was mapped using the RNAs analysed in figure 2.8, by SI protection of a 

3' end labelled probe which spanned the 3' box and the downstream 

polyadenylation site. By this procedure, termination was detected at the U1 

3' box in all of these T2-containing genes (figure 2.9, lanes 2-4). This result 

shows that com plexes initiated at the U1 prom oter or TK prom oters 

term inate at the 3' box irrespective o f firs t encountering the c-m y c 

a t te n u a to r .

In this experim ent, term ination at the 3' box occurred with 

surprising efficiency downstream of the TK prom oter. As m entioned 

earlier, substitution of the U1 promoter with the TK promoter resulted in 

inefficient recognition of the 3' box by TK-promoted elongation complexes. 

Instead , transcrip tion  m ainly read through th is sequence and was 

processed at the polyadenylation site placed downstream (Hernandez and 

Weiner, 1986) (Neuman de Vegvar, et al., 1986). Nevertheless in agreement 

w ith these earlie r observations, the 3' box did function less well 

dow nstream  of the TK prom oter than the U1 prom oter; in addition, 

read th rough  tran scrip ts  w ere cleaved  at the p o ly a d en y la tio n  site  

downstream of the TK but not the U1 promoter (figure 2.9, compare lane 2 

with lanes 3 and 4). In conclusion, the experiment in figure 2.9 did not 

reveal any interference of 3' box function by the T2 terminator.

2 .2.4 E ffec t of c - m y c  P2 p ro m o te r  m u ta tio n s  on te rm in a t io n  

e ffic iency  a t T2

The data presented above suggest that a basal level o f term ination 

may be specified by the T2 attenuator region itself. We considered that this 

basal level of term ination may be m odulated through the activ ity  of 

promoter elements, a property apparently not possessed by the elements so 

far tested. In particular, it had been reported that mutation o f an element 

called M E la l within the P2 promoter of the murine gene severely inhibited 

termination in transfected Hela cells (Miller, et al., 1989). This binding site 

is also required for optimal levels of initiation from P2 in vitro (Hall, 1990) 

and in transfected mammalian cells (Asselin, et al., 1989; Moberg et al..
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Figure 2.9.  Termination at the U1 3' box in at tenuator-  

c o n t a in in g  p la s m id s .

SI protection analysis of the RNAs analysed in figure 2.9. The probe was an 

Xba  l -Hi nd  III fragment 3' labelled at the I site, derived from pUl-m yc. 

The X b a  I site lies im m ediately downstream of the c - m y c  a ttenuato r 

fragment, within the linker used to insert the c-myc  fragment. The Hind 

III  site lies downstream of the poly A site. RNA terminated at the 3' box, and 

that which was cleaved at the downstream poly A site is marked.
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1992). For these reasons the P2 promoter o f the c - my c  gene was also 

subjected to mutational analysis. Initially, I mutated the M E la l site by 

constructing a 14bp deletion from -49 to -62 of the P2 promoter. This 

mutation was injected into oocytes and 3' end formation at T2 was analysed 

by SI protection. As shown in figure 2.10A, termination was not inhibited 

by the deletion. (In fact, this m utation caused a slight increase in 

term ination efficiency in other experiments (see below)). Since it is not 

known whether an M E la l-like  activity resides in the oocyte, the effect of 

this mutation on promoter function was determined by SI protection of 5' 

end-labelled probes specific for P2 and PI RNA. Although a small increase 

in the ratio of PI to P2 initiation was observed, the M E la l mutation did not 

severely inhibit the P2 promoter (figure 2.10B). These observations are 

considered in the Discussion, in the context o f the requirement of M e la l 

for termination determined by Miller et al. (1989).

A larger P2 promoter m utation was then created by deleting the 

sequences between a Pvu II site at position -140 and ai B a m  HI site at -47 

relative to P2. This 93bp deletion removed binding sites for the M E la l, 

M Ela2 (Asselin, et al., 1989; Moberg, et al., 1992) and E2F (Nishikura, 1986) 

transcription factors. The effect of this Pvu  l l -Bam  HI deletion in injected

oocytes was assayed by RNAase protection of a uniformly labelled probe, a

method which produced higher resolution than SI protection (SI data not 

shown). Two examples of this experim ent, the results o f which were 

quantified by densitom etry, are shown in figure 2.11. The ratio  of 

readthrough to terminated transcription from P2 was reproducibly reduced

by two- to four-fold, with slight variations according to the batch of 

oocytes injected. Consequently, the mutation caused a two- to four-fold 

increase in termination efficiency. One explanation for this result is that 

an elem ent which selectively enhances readthrough transcription resides

w ithin this 93bp region o f the prom oter. Thus, it would follow that

readthrough and term ination com prise separable modes of transcrip tion: 

this speculation is consistent with the results in Chapter 3 and elsewhere 

(see Discussion). Elements within this region were mutated in order to 

determ ine w hether the reduction in readthrough effic iency  could be 

attributed to any particular protein-binding site. I mutated the E2F site 

(this m utation is described in Chapter 4) and tested the effect o f the

mutation on T2 termination. A set of preliminary RNAase protections did 

not reveal a significant effect o f the E2F (or M E la l)  m utations on

term ination efficiency (data not shown). I did not continue this line of

6 9



F ig u re  2 .10. D eletion  of th e  M E la l  s ite  d id  n o t s ig n if ic a n tly

a ffec t c-myc  t r a n s c r ip t io n  in  th e  oocy te.

(A)  SI protection analysis of RNA from oocytes injected with pSX943 (wild-

type) and pSX 943/A M Elal which contains a 14bp deletion o f the M E la l 

sequence in the P2 promoter. The probe was the N o t  l -Pst  I fragment from 

pVZ/mycNot-Sac, 3' end labelled at the Not  \ site.

(B)  SI protection analysis of transcription initiation from the PI and P2 

promoters, using the RNAs analysed in A.  The probes, shown in lanes 4 (PI) 

and 5 (P2), were single-stranded 5' end-labelled fragments synthesised by

primed extension on M13-SX943. (The mapping strategy is briefly outlined 

in figure 3.7). The protected bands in lanes 2 and 3 comigrating with the 

probes represent protection of the probes by RNA initiated from upstream 

of the promoters; i.e. the P2 probe is protected by PI RNA and the P I probe is 

protected by RNA initiated from upstream plasmid sequences.
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Figure 2.11. A deletion of  the P2 promoter reduces the ratio of  

readthrough to terminated  transcrip tion .

RNAase protection analysis of RNA from oocytes injected with pSX943 and 

the 93bp P2 promoter deletion mutant pSX943APvu-Bam. Two examples of 

such an experiment are shown; in lanes 5 and 7 Ipg/m l of a -am an itin  was 

also injected cytoplasm ically. The probes were antisense T3-transcribed 

RNAs derived from the m utant and w ild-type tem plates. Readthrough 

transcription from PI and P2, and term inated transcription from P2 are 

m a rk e d .
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experimentation owing to time constraints; however a detailed analysis has 

since been carried out by D. Bentley, which implied that mutations in any 

of the M E la l, E2F or M Ela2 sites, like the Pvu l l -Bam  HI deletion, cause a 

sm all bu t rep roducib le  reduction  in the effic iency  o f read through  

transcription (data not shown).

In conclusion, the c -m yc  attenuator functioned dow nstream  of a 

number of mutant and wild-type heterologous promoters. Thus, sequences

which specify a basal level of termination in the oocyte appear to reside in 

the vicinity of the term ination site. However, prelim inary experim ents

suggested that elem ents w ithin the P2 prom oter may be capable o f 

modulating the efficiency of this term ination signal. An explanation for 

the observation  w hich orig inally  im plied that c - m y c  attenuation  is

prom oter-specific (Bentley and Groudine, 1988) can be inferred from the 

results in the next Chapter (see also Discussion).
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CHAPTER 3:

EFFECT OF DISTANCE AND DRB ON TERMINATION EFFICIENCY AT T2
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3.1 Introduction, aims and summary of results

In the experiments described in the first part of this Chapter, the 

m echanism  of c -m y c  attenuation was probed by altering the distance 

between the transcription start site and the termination site. The fact that 

a ce rta in  am ount o f te rm ination  alw ays o ccu rred  w hatever the 

manipulation to the prom oter (Chapter 2), suggested that the term inator 

fragm ent may in trinsically  specify a m inim al am ount o f term ination. 

Thus, it would be expected that transcription complexes at all positions in a 

gene would have the same probability of arresting upon encountering a 

terminator. This might be the case if  the terminator fragment contains a 

region o f dyad symmetry capable o f folding into an RNA secondary 

structure which together with the polydT stretch causes the release of 

polym erases. Term ination induced by a protein binding at or near the 

term ination  site  may also occur in a position -independen t m anner. 

A lternatively, if  term ination occurs by some other mechanism the ability 

o f polym erases to term inate may vary at d ifferen t positions in the 

transcrip tion  unit. W hen the attenuato r was situa ted  at increasing  

distances from the promoter, term ination efficiency in fact significantly  

declined in injected oocytes. This effect of distance also appeared to operate 

in the context of the wild-type c-m yc  gene. Transcription from the P I 

promoter which is located further from T2 than the P2 promoter was found 

to read through the c-myc  attenuator; P I transcription was subsequently 

induced to terminate when the distance between the promoter and the T2 

site was reduced by a deletion.

A separate set o f experiments suggested a m echanistic explanation 

for the inhibitory effect o f distance on term ination. The effect on 

term ination of the RNA polym erase II transcription inhibitor DRB was 

studied. DRB inhibits most cellular pol II transcription, but a subset of 

short, DRB-resistant RNAs have been noted in treated cells (Tamm, 1977). 

When its effect on c-myc  attenuation was tested, DRB was found to severely 

in h ib it read th rough  tran scrip tio n  w hereas the level o f  te rm inated  

transcrip tion  was increased or unaffected . S ince the am ounts of 

transcription initiated at PI or P2 were not significantly altered by DRB, 

this suggests that it may exert its effects at the level o f transcription 

elongation (see Discussion). Both the decrease in term ination efficiency 

with distance to the attenuator and the inhibitory activity of DRB on 

readthrough but not term inated transcrip tion  could be explained  by 

invoking polymerase heterogeneity. Thus two subsets of RNA polym erase
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II may exist, which are biochemically distinguished by DRB. One subset is

less processive than the other, so is primarily situated near the 5' end of

the transcription unit and prem aturely term inates; some property of this 

subset renders it resistant to DRB. The second subset is more processive so 

is capable of reading through the attenuator; this subset is therefore the 

predom inant form of polym erase at greater distances from the prom oter 

and is sensitive to DRB. This hypothesis is supported by other results 

obtained in this laboratory and elsewhere, and will be considered in this 

context in the Discussion.

3.2 Results

3.2.1. Increasing the distance to the T2 attenuator reduced the

e f f ic ien cy  o f  term ination

The effect on attenuation o f increasing the distance between the 

promoter and the termination site was tested by construction of plasmids in 

which increasing numbers of a 290bp fragment were inserted between the 

promoter and the terminator. The choice of this fragment was dictated

partly by its lack of consensus splice sites. Initially, I attempted to make

these plasmids by first ligating these 290mers together in vitro and then 

subcloning the ligated products upstream of the c-myc  attenuator. Ligation 

was successful as judged by labelling the fragments and observing a ladder

of fragments on a gel (data not shown). The fragments were inserted with 

a linker into a N o t  I site situated approxim ately lOObp upstream  o f the 

term ination site; insertion at this position could not disrupt term ination 

per se, since it lies at the 5' end of the autonomous terminator region of the 

gene (see section 2.2.2). A maximum of only two fragm ents was 

successfully inserted by this method, so I inserted a third by subcloning a 

single fragm ent into a construct containing two copies. The resultant

constructs are diagrammed in figure 3.1: as shown, the natural distance

between the promoter and the termination site is 295bp. Insertion o f one 

copy of the fragment increased this distance to 585bp (585A). A plasmid 

containing a single copy in the opposite orientation (585B) served as a 

control against possib le  effects o f the sequence o f the in sert on 

term ination. Insertion of two and three fragments increased the distance 

between the transcription start site and termination site to 875 and 1165bp 

re s p e c t iv e ly .
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These plasmids were injected into oocytes and terminated RNA was 

mapped by SI protection of a probe 3' end-labelled at the N o t  I site. The 

results o f this experiment were quantified by Ambis scanning. The wild-

type term ination efficiency was particularly low in this batch o f oocytes

(figure 3.1, lane 2). All inserts caused a decrease in term ination to 

essentially background levels (lanes 3-6) irrespective of the orientation of 

the insert (lanes 2 and 3). The effects of one or two inserts was compared 

again by injection experiments involving different batches o f oocytes. A 

s ign ifican t reduction  in term ination effic iency  was apparent w ith an 

increase in distance from 585 to 875bp (figure 3.2A, lanes 3 and 4). A large 

decline in term inator function between the wild-type distance of 295bp and 

its increase to 585bp is shown most clearly in B, lanes 3 and 2 respectively. 

In summary, alteration of the distance between the promoter and the T2 

site from 295bp to 585bp resulted in a substantial decrease in termination 

efficiency, which continued to decline with a further increase in distance 

to 875bp.

An experim ent was performed to assess the effect o f distance on

term ination where the distance was increased by a different sequence. The 

c - m y c  attenuator was inserted at two different distances from the promoter 

within the transcription unit of the human al-g lobin  gene (diagrammed in 

figure 3.3). 17 percent of transcription terminated at the T2 site when it

was situated 153bp downstream of the globin promoter (figure 3.3, lane 3). 

This resu lt corroborates the lack o f prom oter specific ity  in c-m y c 

attenuation observed in the previous Chapter. When the distance to T2 was

increased to 560bp by positioning the attenuator further downstream, this 

resulted in a 33 percent decrease in termination efficiency to 12 percent 

(lane 2). It is possible that the processiv ity  of polym erases which 

transcribe this gene is greater than those which transcribe the c-m y c 

gene, since the decline in termination efficiency in the globin-m yc hybrid 

was significantly  less steep than in the context of the c - m y c  gene. 

N evertheless, the decrease in term ination efficiency by increased distance 

to the attenuator in the globin-m yc hybrid was reproducible (data not 

s h o w n ) .
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Figure 3.1. Termination at T2 is inhibited by increasing the

distance to the attenuator: experiment 1.

SI protection of RNA from the wild-type c-myc  plasmid pSX943, in lane 2, is 

compared with the insertion mutations in and / I I 65. The probe was a N o t  I- 

P s t  I fragm ent 3' end-labelled at the N o t  I site, derived from pVZ- 

mycNot/Sac. In the bottom panel, the position o f insertion of the 290bp 

fragm ent and the number and orientations of the inserted fragm ents are 

diagrammed. Also indicated is the wild-type distance between the P2 start 

site and the termination site of 295bp.
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Figure 3.2. Termination at T2 is inhibited  by increasing the

distance to the attenuator: experiments 2 and 3.

(A) SI protection as in figure 3.1 o f RNA from oocytes injected with pSX943 

(lane 2), which is compared with termination from pSX943/585A and /875. A 

different batch of oocytes from that used in figure 3.1 was injected in this 

experim en t. The s im ila rity  betw een the am ounts o f read th rough  

transcrip tion  in lanes 3 and 4 facilita tes  com parison o f term ination 

efficiencies between constructs in which 1 or 2  fragments were inserted 

r e s p e c t iv e ly .

(B)  A similar experiment to that shown in A, except that com parison of 

term ination efficiencies between wild-type (lane 3) and pSX943/585A (lane 

2) is easier than in part A.



295 585A 875

B
875 585A 295

1 SO RT -RT

110 -

1 2  3 4

1 2  3 4



Figure 3.3. Increased  distance between the a l - g lo b in  p ro m o te r

and the c -m yc  a tten u a tio n  site inh ib its  te rm in a tio n .

SI protection of RNA from oocytes injected with pa-m ycl53 (lane 3) is 

compared with pa-myc560 (lane 2), in which the attenuator was subcloned

into the human al-g lob in  gene with the termination site at 153 or 560bp

from the globin start site respectively, as diagrammed below. The probe was

a Not \-Pst  I fragment from pSX943 3' end-labelled at the Not  I site.
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3.2.2 PI transcription was induced to term inate by a deletion  

which decreased the distance to the attenuator

In the experiments thus far, the contribution o f transcription from 

the PI promoter on term ination at T2 remained unclear. I had earlier

deleted the PI promoter and analysed termination at T2 by SI protection;

term ination effic iency appeared to be unaffected  by rem oval o f this

prom oter (data not shown). To define more clearly the role o f PI 

transcrip tion, RNA from oocytes injected w ith a c - m y c  p lasm id was 

analysed by RNAase protection using a probe extending from 5' of P I to 3' 

o f the T2 term ination site. By this procedure, it was apparent that P I

transcription did not terminate detectably at T2 (figure 3.4A, lane 3: P I TM).

The distance from the start site of the PI prom oter to the T2 

termination site is 458bp, 163bp further than the distance from P2. In light 

o f the results in figures 3.1 to 3.3, the absence o f PI termination might be 

attributed to the natural distance between P I and T2. I tested this 

possibility by deleting a 225bp restriction fragment, from a B a m  HI site 

upstream of the P2 TATA box to the N o t  I site ustream of T2. Since it 

removed the P2 prom oter, this deletion allow ed S I m apping o f P I 

transcription in the absence of P2 (diagrammed in figure 3.4). A control 

mutation of the P2 TATA box was made, in which I used site-directed 

m utagenesis (Nakam aye and Eckstein, 1986) to replace the sequence 

TATAAA with AGATCT. This mutation also inactivated the P2 promoter (see 

C hapter 4), but w ithout altering the d istance betw een P I and T2. 

Termination was not specified by this control plasmid (figure 3.4B, lane 2), 

consistent with the lack of PI termination observed by RNAase protection. 

When T2 was brought closer to the PI promoter however, transcription was 

induced to term inate (lane 3). One interpretation of this result is that 

sequences de le ted  are norm ally  in h ib ito ry  to te rm ination  o f  P I 

transcription (this may be partly true: see Chapter 4 and D iscussion). 

However a plausible explanation is that the effect o f distance defined in the 

experiments in figures 3.1 to 3.3, also operates normally in the wild-type c- 

m y c  gene.
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F ig u re  3.4. A tten u a tio n  of P I tra n sc r ip ts  a t T2 is induced  by a 

d e le tio n  betw een  th e  p ro m o te r  and  te rm in a to r .

(A) RNAase protection of murine c-myc  RNA from oocytes injected with 

w ild-type plasmid pSX943 (lane 3). Lane 2: antisense T3 probe transcribed

from R s a  I-cut pSX943 template. Readthrough (RT) and terminated (TM)

RNAs from the PI and P2 promoters are marked.

(B) SI protection of c-myc  RNA from pSX943/Bgl(TATA) (lane 2) and

pSX 943A B am -N ot (lane 3). The probe was a 430bp N o t  l-Nsi  I fragment 3' 

end-labelled at N o t  I derived from pVZ-Not/Nsi (D.B.).

Bottom panel; maps of wild-type and mutant c-myc  genes. The promoters P I 

and P2 and the T2 termination site (T) is marked as well as restriction sites 

for Rsa  I (R), B a m H l  (B), Not  I (N), Sac  I (S), X ho  I (X) and Nsi I (Ns). These 

sites are all present in pSX943, except for Nsi I which corresponds to intron 

1 sequences present in pVZ-Not/Nsi from which the SI probe was derived.
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3.2 .3  DRB a l te re d  th e  r a t io  o f te rm in a te d  to  re a d th ro u g h  

t r a n s c r i p t i o n

T he ad en o s in e  an a lo g u e  5 ,6 - d i c h I o r o - l - B - D - r i b o f u r a n o s y  1 

benzim idazole (DRB) is a specific inh ib ito r o f RNA polym erase II 

transcrip tion . The m echanism  o f D R B -m ediated inh ib ition  is not 

understood, but a D R B -resistant com ponent o f transcrip tion has been 

detected, for instance in viral transcription units where it is represented 

by promoter-proximal attenuated RNAs (Fraser et al., 1978; Fraser et al., 

1979; Hay, et al., 1982). For the purpose of studying the effect of this 

inhibitor on c-myc  attenuation, oocytes were injected with a c-myc  plasmid 

and incubated in a solution containing either 75 pm  DRB or its solvent as 

control. Termination at T2 was mapped by SI protection of the 3'-end 

labelled probe used in earlier experiments. It was found that DRB caused an 

in h ib itio n  o f read th ro u g h  tra n sc r ip tio n ; by c o n tra s t te rm in a ted  

transcription was resistant to its inhibitory effects. In the experim ent 

shown, there is in fact an increase in the level of terminated RNA (figure 

3.5A, compare lanes 2 and 3). Hence it can be concluded that DRB decreased 

the ratio of readthrough to terminated transcription.

It is possible that DRB inhibits transcription by antagonising the 

activity of one or more transcription factors. Therefore, a mutation in the 

cognate binding site  for such a fac to r w ould presum ably  inh ib it 

transcrip tion but residual transcription would be relatively  resistan t to 

DRB. Mutation of the M E la l site did not significantly alter the level o f P2 

transcription (Chapter 2, figure 2.1 OB); thus it is perhaps not surprising 

that DRB had sim ilar effects on wild-type transcription and transcription 

initiated at the mutated promoter (figure 3.5). DRB inhibited readthrough 

transcription also from the 93bp Pvu l l-Bam  HI deletion mutation (data not 

shown), although this mutation caused an approximately 2-4-fold reduction 

in P2 transcription, as described in Chapter 2. It seems unlikely therefore, 

that DRB inhibits the activity of a protein which binds to an element 

located within this region (-140 to -47) of the P2 promoter. Nevertheless, 

the possibility  was considered that the effect of DRB on term ination 

efficiency was unique to transcription initiated at the c-myc  promoter. To 

address this point, DRB was added to oocytes injected with an alpha globin- 

m yc hybrid gene in which the attenuator was positioned downstream of the 

globin promoter (described earlier: see figure 2.3, lane 3). DRB decreased
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F ig u re  3 .5 . DRB sp ec ifica lly  in h ib its  t r a n s c r ip tio n  w hich read s  

th ro u g h  the  c - m y c  a t te n u a to r .

(A) SI protection o f RNA from oocytes injected with pSX943 (WT) or 

p S X 9 4 3 /A M E la l and incubated overnight in medium containing 75pM DRB 

(+) or solvent only (-). The probe was a N o t  l-Pst  I fragment from pVZ- 

mycNot/Sac 3' labelled at the N ot  I site.

(B)  SI protection analysis of RNA from oocytes injected with pa-m ycl53 

(see figure 3.3), either DRB-treated (+) or untreated (-). Probe was N o t  l-Pst  

I fragment from pSX943, 3' labelled at the Not  I site.
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the ratio o f readthrough to term inated transcription initiated from the

globin promoter (figure 3.5B, lanes 2 and 3).

Clearly in the experiments thus far, DRB increased the ratio of

term inated to readthrough transcrip tion . From  a num ber o f such

experim ents, it was not alw ays clear w hether DRB was inducing

term ination of transcription which would otherwise read through (data not

shown). An experiment is shown in which the pol Ill-transcribed U6 gene 

served as an internal control for injection efficiency. Again, readthrough

transcrip tion  was clearly  inhibited  by DRB, but this experim ent is

representative o f those in which the level of term inated transcription

appeared unchanged (figure 3.6, lanes 1 and 2, injection by D.B.). The effect 

o f DRB was investigated  also on transcrip tion  through a term inator 

positioned further from the prom oter. This was perform ed using the 

plasm ids described earlier in which the distance to the attenuator was 

increased from 295 to 585bp. The inhibitory effect o f distance on

termination described above is apparent also in this experiment (figure 3.6, 

lanes 3 and 5). Transcription which read through the term ination site 

when it was situated further from the promoter was still inhibited by DRB 

(lanes 4 and 6 ). Transcription was not induced by DRB to terminate at T2 

where termination was reduced by distance (lanes 4 and 6 ). This was despite 

the presence of a residual amount of transcription which read through the 

terminator thus having the potential to terminate at this site (lane 6 ). An 

exp lan a tio n  fo r the D R B -resistance o f th is  apparen tly  p rocessive  

component of transcription is provided in the Discussion. In conclusion, 

the experiments in figures 3.5 and 3.6 (and data not shown) demonstrated 

that DRB inhibited readthrough transcription, whereas the absolute level 

of termination at T2 was either unaffected or increased.

3.2.4 DRB did not inhibit transcription initiation

The question of whether DRB functions at the stage of transcription 

initiation or during elongation is controversial (see Discussion). To attempt 

to resolve this point, the 5' ends of c-myc  RNA isolated from DRB-treated 

injected oocytes were mapped. SI protection of 5' end-labelled probes 

designed to map PI and P2 initiation separately showed that DRB did not 

in h ib it tran scrip tio n  in itia tio n  from  e ith e r p rom oter (fig u re  3.7). 

Therefore, the sim plest explanation is that DRB inhibits transcription at 

the level of elongation rather than in itia tion . This in terpretation  is
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F ig u re  3 .6 . DRB does n o t induce te rm in a tio n  a t  a d is ta n t

a t t e n u a t o r .

The plasmids pSX943 (lanes 1 and 2), pSX943/585A (lanes 3 and 4) and 

pSX943/585B (lanes 5 and 6 ) were injected and oocytes incubated with (+) or 

without (-) 75|iM DRB. Transcripts of a coinjected X. tropicalis U6  gene were 

detected with a U6 S a u  3A-Fsp  I probe, c-myc  RNA was analysed by SI 

protection as in figure 3.4B. P: c-myc Not l-Nsi  I and U6 Sau 3A-Fsp  I probes. 

The U6 probe was contam inated with a larger partial digestion product. 

Bands corresponding to readthrough (RT), terminated (TM) and U6 RNA are 

m ark ed .
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supported by the fact that the shorter probe which detects P2 initiation 

protects a certain amount of PI transcription and/or plasmid transcription 

from upstream of P I, the latter of which is protected also by the PI probe; it 

can be seen that in contrast to prom oter-proxim al initiation this longer 

transcription is inhibited by DRB. An attempt to define the current view of 

how DRB exerts these effects is presented in the Discussion.

These results suggest that DRB selectively inhibits (by whatever 

m echanism) only one mode of transcription: that which norm ally reads 

through the attenuator. Transcription which term inates is resistan t to 

D RB-m ediated inhibition . Together with the effect o f d istance on 

term ination, it could be surmised that at least two classes of polymerase

exist, which are distinguished biochemically by DRB. These polymerases 

may differ in their processivities, such that in promoter-proximal regions 

the predominant form is a non-processive polymerase which is resistant to

DRB. Should this be true, it is likely that if  two terminators were placed in

tandem , the firs t would deplete  the non-processive polym erase, so

term ination at the second terminator would be less efficient. I attempted 

this type of experiment, but the results from this were rather unclear due 

to technical problems (data not shown). However this experiment was later 

repeated by D.B. the results of which supported the hypothesis (data not 

shown, described in D iscussion; also in Roberts and Bentley, (1992).
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Figure 3.7. DRB does not affect PI or P2 promoter usage.

5' end mapping by SI protection using two single-stranded probes shown in 

the diagram. Oocytes injected with the wild-type c-myc  plasmid pSX943 were 

incubated with (+) or without (-) 75pM DRB.
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CHAPTER 4

PREM ATURE TERM INATION OF P I TRANSCRIPTION
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4.1 Introduction, aims and summary of results

In the previous Chapter, it was shown that transcrip tion which 

initiated at the c-myc  P I promoter does not arrest at the T2 termination site. 

Since termination was induced by decreasing the distance between the PI 

start site and T2, this demonstrated that the lack of PI termination at T2 is 

not a property inherent to the P I promoter. Therefore it is feasible that 

transcription from the c-myc  P I promoter, like that from P2, might also be 

regulated by attenuation. In this Chapter I describe the identification and 

characterisation of termination sites, located closer to the PI start site than 

T2, which are recognised by PI polymerases. P I transcription was found to 

terminate at two positions called TIA  and TIB which flank the TATA box of 

the P2 promoter. TIB  corresponds to a T-rich sequence which resembles 

previously identified termination sites, whereas T IA  is located 5' o f the 

TATA box at a site non-homologous to known termination sequences.

The mechanism of termination at T1 was investigated. When placed 

downstream of the human a l-g lo b in  promoter, a 120bp fragment o f the P2 

promoter containing TIA  but not TIB  was sufficient to cause termination at 

TIA. Elements within this region of the P2 promoter were mutated and the 

effects o f these m utations on term ination  at T1 w ere determ ined. 

Mutagenesis of the E2F and M E la l binding sites which lie upstream of TIA  

did not significantly  affect term ination efficiency. However m utations 

downstream of TIA , within and surrounding the P2 TATA box influenced 

both the efficiency of T IA  termination and its position. These mutations 

which inhibited term ination were also tested for their effects on the 

efficiency o f initiation at the P2 promoter. Since it was found that 

m utations w hich inh ib ited  te rm ination  did not n ecessarily  in h ib it 

initiation at P2, termination could not easily be explained in terms of P I 

polymerases encountering the P2 initiation complex. A 28bp DNA element 

which contained TIA , the TATA box and flanking sequences caused a low 

level of termination when inserted into the human a l-g lo b in  gene. This 

sequence was used in gel re ta rdation  experim ents to exam ine the 

possibility that a DNA-binding protein causes termination at TIA . The 28bp 

elem ent bound a factor in oocyte and HeLa extracts with a sequence 

specific ity  w hich correlated  w ith the effects o f the m utations on 

te rm in a t io n .

9 8



4.2 Results

4.2.1 Termination of PI transcription

A m entioned above, P I transcription does not term inate at T2, 

possibly as a result of the distance between the PI promoter and the T2 site. 

The hypothesis that P I transcription is subject to elongation arrest at 

positions more proximal to the promoter was tested by mapping 3' ends of 

RNA isolated from oocytes injected with a murine c-myc  plasmid. PI RNA 

was analysed by SI and by exonuclease VII protection of a probe 3’-end 

labelled 23bp downstream of the PI promoter, and which spanned exon 1 

(mapping strategy is diagrammed in figure 4.1 A). 3' ends which mapped to

two positions were detected using either nuclease; these sites o f 3' end 

formation were designated TIA  and TIB (figure 4.1A and B). A similar set of 

3' ends were generated by transcription in oocytes o f the human c - m y c  

gene; transcription was by pol II as judged by its sensitivity to Ipg/m l of a -  

amanitin (figure 4.1C). These results were corroborated by a Northern blot 

of murine c -m yc  RNA isolated from injected oocytes. This RNA was 

fractionated on a denaturing acrylamide gel to provide sufficiently high 

resolution of short products. RNAs were identified which corresponded in 

length to those mapped by the protection assays (figure 4 .ID). These bands 

were absent when a plasmid containing a deletion of the P I promoter was 

injected, or when RNA from uninjected oocytes was used. RNAase 

protection experim ents with a uniform ly-labelled probe overlapping both 

the 5' and 3' ends of the RNA identified products the same length as those in 

the Northern blot (data not shown). Therefore, these short P I RNAs were 

generated by genuine 3' end formation and not by artefactual nuclease 

cleavage, since the same results were obtained by a number of different 

types of nuclease protection assay, and were further substantiated by the 

results of the Northern blot.

These short PI RNAs are consistent in size with transcription 

initiated at the P I promoter and terminated at two sites flanking the TATA 

box of the P2 promoter. The exact 3' ends of these transcripts were mapped 

at high resolution in later experiments (e.g. see figure 4.9). The sites of 3' 

end formation determined by these mapping experiments are indicated in 

figure 2. TIA  maps mainly within the region immediately lObp upstream of 

the P2 TATA box; this region does not correspond in sequence to previously 

identified termination sites. By contrast, TIB  maps to a T-rich sequence

9 9



F ig u re  4.1. T ra n s c r ip ts  fro m  the c - m y c  P I  p ro m o te r  te rm in a te  

p r e m a t u r e l y .

(A)  Map of mouse c-myc  exonl sequences in pSX943. The 3' end mapping 

strategy used in B is diagrammed. The prom oters P I and P2 and the 

termination sites TIA /B and T2 are marked, as well as restriction sites for

Sma I (S), Rsa  I (R), Pvu  II (V), Msp  I (M), BamU I (B), Hind  III (D), Hha I (H),

N ot  I (N), X ho  I (X) and Pst I (P). The thick and thin lines indicate c-myc  and

vector sequences respectively . The 3' end o f the c - m y c  seq u en ce  

corresponds to the Xho  I site at +360 relative to P2.

(B) Exonuclease VII protection and SI protection of mouse c-myc  RNA from 

oocytes injected with pSX943. The probe was a 498 bp. Pvu ll-Pst  I fragment 

3' end-labelled at Pvu  II. Readthrough (RT) and terminated (T lA /B ) RNAs 

are marked. The RT band includes renatured probe and is therefore an

overestimate of the true amount of readthrough RNA. Lane M: M s p  I cut 

pBR322 size markers 622, 527, 404, 309, 242, 238,217 , 201, 190, 180, 160, 147, 

123, 110, and 90 bases.

(C)  SI nuclease protection of human c-myc  RNA from oocytes injected with 

pGClHR without (-) and with (+) 1 pg/ml of a-amanitin. The probe was a 160 

base X ho  l -H ind  III fragment containing the 140 base X h o  l-Nae  I fragment 

and 20 bases of polylinker. It was 3' end-labelled at the Xho I site at position 

-95 relative to the P2 start site.

(D)  Northern blot o f mouse c-myc  RNA from injected oocytes. RNA was 

fractionated on a 5% denaturing acrylamide gel along with labelled M s p  I 

cut pBR322 markers (lane 1), electroblotted and hybridised to a 742 base RNA 

probe transcribed with T3 polymerase from Rsa I-cut pSX943. Oocytes were 

injected with pSX943 (lane 2), pPX490 which lacks PI (lane 3), uninjected 

oocyte RNA (lane 4).
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Figure 4.2. Sequence of  P2 promoter region and posit ions of  

termination at TIA/B in the murine (M) and human (H) c - m y c  

g e n e s .

The binding site for the M E la l factor and the TATA box are underlined. 

Bases are numbered relative to the P2 initiation site, except those in 

parentheses which are relative to P I.
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more typical o f known termination sites (see Introduction), located 3' of 

the P2 TATA box.

These short RNAs could have been generated by transcrip tion  

term ination or by the processing of longer RNAs. To distinguish between 

these methods o f 3'-end formation, a synthetic labelled RNA was injected 

into oocytes in order to test for such post-transcriptional processing. This 

lOOObp RNA was transcribed in vitro in the sense direction by T7 RNA 

polym erase, from a template which extended from upstream  o f the P I 

promoter to the end of c-myc  exon 1 (see diagram in figure 4.3). Following 

incubation of the injected oocytes for the usual length of time (18 hours), 

this RNA was reisolated and compared in length to uninjected T7 RNA. No 

shorter products could be detected which were generated by injected but 

not uninjected RNA, even on long exposures of the gel (figure 4.3). 

Therefore it is unlikely that the 3' ends observed in the experiments in 

figure 4.1 are generated by the processing o f longer precursors, although 

the ir p roduction  by a co transcrip tional p rocessing  event cannot be 

form ally ruled out. Therefore, this experim ent suggests that these short 

RNAs are probably products of termination.

4 .2 .2  T e rm in a tio n  o ccu rred  in a P2 p ro m o te r  fra g m e n t p laced  

d o w n stream  of the a -g lo b in  p ro m o te r

The mechanism of term ination at T1 was investigated initially  by 

delineating  the sequence requirem ents for term ination at this position. 

Since the sequence of the TIA  site is not homologous to any previously 

identified term ination sites, it was of interest to determine whether TIA  

functions independently of the more typical T-rich sequence com prising 

TIB . We also considered whether T1 could function independently of the PI 

prom oter. These points were addressed simultaneously by constructing a 

plasmid in which a 120bp fragment of the P2 promoter containing T IA  but 

not T IB , was inserted downstream of the human a l-g lo b in  promoter. The 

P2 prom oter fragment inserted corresponds to the region between -140 and 

-20 relative to P2. This globin-m yc hybrid construct was transcribed in 

injected oocytes and the RNA analysed by SI protection of a 3'-end labelled 

probe spanning the c -myc  sequence. As shown in figure 4.4, this 120bp 

region of the P2 promoter was sufficient to specify termination at T IA  in 

the globin gene with an efficiency comparable to that within the c-m y c 

gene. This result shows that termination at T IA  occurs independently of
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Figure 4.3. c - m y c  exon 1 RNAs are not post-transcr iptionally  

cleaved in the oocyte.

A synthetic labelled RNA was transcribed with T7 RNA polymerase from P s t  

I-cut pSX943 as diagrammed at the bottom of the figure. The start site of the 

T7 promoter lies 481bp upstream of the PI start site, which includes 425bp of 

PI promoter sequences. RNA from oocytes injected with the labelled RNA is 

compared with RNA which was not injected. Two exposures of the same

experim ent are shown.
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Figure 4.4 .  Termination  at TIA occurs  downstream of a 

h e t e r o l o g o u s  p ro m o ter

SI protection of RNA from oocytes injected with pSX943 (jnyc) o r p a T lA - 1 2 0  

(g lo b in -m y c ) , in which termination at T IA  was mapped within its natural 

context in the c -myc  gene or within the human a l - g lo b in  tra n sc r ip tio n  

unit respectively. In the latter, a 120bp fragment of the P2 promoter from 

-140 to -20 was inserted into exon 1 of the globin gene. The probe was in 

both cases a P v«  II ÇP)-Hind III(H) fragment end-labelled at the Pvu  II site 

as indicated in the diagram. The positions o f readthrough transcription 

(RT) and termination at TIA  are marked.
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TIB  and other sequences downstream of -20, and of sequences upstream of 

-140 including the PI promoter.

4.2.3 Mutation of the E2F and M E l a l  sites had no effect  on 

termination at T1

Since the sequences between -140 and -20 relative to P2 were 

sufficient to specify term ination downstream of a heterologous prom oter,

sequences within this region were mutated and term ination efficiency at 

TIA  was monitored. This region contains the binding sites for a number of 

known transcription factors. These include the GA-rich M E la l site which 

is located upstream of TIA . DNAasel footprinting experiments defined the 

binding site for this factor as the sequences from -46 to -67 relative to the 

P2 start site (Asselin, et al., 1989). In order to determine whether this 

factor is required for termination at T l, a 14bp deletion of the region from 

-49 to -62 relative to P2 was made by site-directed mutagenesis. This 

deletion did not disrupt the E2F binding site which overlaps the 5' end of 

the sequence defined as the M E la l site. As determined by 3' end mapping 

of RNA from oocytes injected with this mutation, termination at TIA  or TIB 

was not reduced (figure 4.5). (The apparent increase in term ination

observed in this experiment was not reproducible). However, it is not 

known whether an M E la l binding activity exists in the oocyte. For this

reason the effect of the mutation on transcription initiation at P2 was

analysed earlier in 5' end mapping experiments. A slight reduction in the

ratio of P2 to P I transcription as a consequence o f the m utation was 

detected (Chapter 2; figure 2.1 OB). It was not clear from such a small effect 

whether this activity does exist in the oocyte. The sequence requirements 

for the M E la l factor have not been defined in detail. The 14bp deletion

recreated a GA-rich sequence which although distinct from the original

sequence may still bind the M E lal factor (see also Discussion).

5' deletions into the human c-myc  P2 promoter implicated the region 

from -56 to -6 6  in efficient P2 transcription when analysed in injected

oocytes (Nishikura, 1986). This sequence, which is homologous to the 

binding site for the E2F factor, is identical to the sequence between -62 and 

-72 in the murine gene. In order to test the effect of mutation of this site 

in the murine gene on termination at T l, the bases from -65 to -72 were 

replaced with the sequence ACCATGGT As site-directed mutagenesis proved 

unsuccessful as a method to derive the E2F mutation, I eventually made this
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F ig u re  4 .5 . D e le tio n  o f  th e  M E la l  f a c to r  b in d in g  s ite  does n o t 

in h ib i t  te rm in a t io n  a t  T l .

S I p ro tec tio n  o f  RN A  from  oocytes in jec ted  w ith  pSX 943 (W T) or 

p S X 9 4 3 /A M E la l which has a 14 base deletion. The probes were 325 and 311 

base P v u  \\~Not I fragm ents 3' end-labelled at P v u  II (see Fig. 4.1 A) made 

from  the respective  tem plates.
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F igu re  4.6. M u ta tio n  of the E2F site does no t in h ib it te rm in a tio n  

a t T l

SI protection of RNA from oocytes injected with pSX943 (WT) or pSX943/AE2F 

in which an 8bp sequence spanning the E2F site was altered. During 

construction o f this mutation by PCR, a point mutation was also introduced 

inadvertently into the M E la l site. As schematically diagrammed below, the 

probes were M s p  I (}A)-Hha I (H) fragments derived from the respective 

templates and 3' end-labelled at the M s p \  site. The SI protection strategy as 

well as the positions of M E la l and E2F binding sites relative to T l are also 

sh o w n .
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mutation by PCR. Sequencing of this mutation later revealed that the PCR 

had inadvertently caused a point mutation in the M E la l site (see Materials 

and Methods). The resultant E2F/M Elal mutation was injected into oocytes. 

Analysis of RNA 3' ends by 81 mapping did not reveal a significant 

difference between the term ination efficiencies o f transcription from the

mutant and wild-type genes (figure 4.6).

4 .2 .4  M u ta tio n s  in th e  P2 TA TA  reg io n  re d u c e d  te rm in a t io n

efficiency a t T IA  o r a lte red  the site of 3 ’ end fo rm atio n

The TIA  site lies within the 15bp region upstream of the P2 TATA box.

The proximity of TIA  and the TATA element raised the question of whether 

term ination at T IA  occurs upon obstruction of PI polymerases by the P2 

initiation complex. If this were the case, then a mutation of the P2 TATA 

box which disrupts the in itiation com plex should decrease term ination 

efficiency at TIA. I tested this hypothesis by replacing 6bp of the P2 TATA

box with a B glll site (TATAAA was changed to AGATCT) and assaying

termination at TIA  and B in injected oocytes by 81 protection. The position

of termination was mapped precisely with sequencing ladders of the wild-

type and m utant probes (figure 4.7, lanes 1 and 2). The mapping

demonstrates that the mutation does not change the actual T IA  termination 

site but rather disrupts the sequence downstream of T IA  (compare lanes 1

and 2 with lane 3). This Bgl(TATA) mutation caused a significant inhibition 

of termination at TIA  without affecting TIB (lanes 4 and 6 ). A 5' component 

of T IA  RNA which will be referred to as T IA  (8 ) was inhibited while the 3' 

component (TIA (L)), remained unaffected. When the P2 TATA box in the 

g lo b in -m y c  hybrid gene (figure 4.4) was also mutated to a B glll site,

termination at TIA  (L) was likewise reduced (compare lanes 7 and 8). A 7bp 

deletion of the P2 TATA box in the human c-myc  gene (Bentley et al., 1989) 

also abolished termination at TIA  but not T IB , although in this case all of 

the T IA  component was affected (figure 4.8, lanes 2 and 3).

The experiments thus far have attributed at least a proportion of

termination at T IA  to sequences within the P2 TATA region. The relative 

contributions of the TATA box versus the actual term ination site in 

specifying term ination at T IA  was also investigated, by separating these 

elem ents. This separation was achieved by inserting a lObp sequence 

(TCAGATCTGC) immediately 5' of the TATA box. Terminated RNA from 

injected oocytes was mapped by exonuclease VII protection o f probes
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Figure 4,7. Mutation of the F2 TATA box reduces termination at

TIA in the murine c - m y c  gene.

SI protection of RNA from oocytes injected with wild-type and mutant mouse 

c -myc  genes (see bottom panel). Lanes 1 and 2: A+G sequencing ladders of 

3'-end-labelled 210 base Msp l-Hha I  probes. The TATA box in the wild-type 

sequence is marked. In experiments 1 and 2 different batches of oocytes 

were injected. The plasmids injected were: pSX943 in lanes 3 and 5,

pSX943/Bgl(TATA) in lanes 4 and 6 . In lanes 7 and 8 transcripts o f the a -

globin-myc chimaeric plasmids paT lA -120 and paT lA -120B gl(T A T A ) w ere 

analysed with the M s p  l -Hha  I probes. Transcripts reading through the TIA  

site protect a fragm ent of 118 bases which has been nibbled by the SI

nuclease to give a diffuse band.

Bottom panel: a diagram of the P2 promoter region with the sequences of 

the wild-type and mutant TATA boxes and the positions of Msp  I (M) and H h a  

I (H).
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Figure 4 .8 . M utation  o f  the P2 TATA box a lso  in h ib its

termination at TIA in the human c - my c  gene.

SI protection of RNA from the wild-type and P2 TATA deletion mutant 

human c-myc  genes. Injected plasmids were in lane 2, pGClHR, and in lane 

3, pmycATATA which has a 7bp deletion. The probes were X h o  l -Xho  II 

fragments derived from the two plasmids 3' end-labelled at the X h o  I site at 

position -95 relative to P2 in the wild-type gene. In lanes 4 and 5 wild-type 

and mutant probes were hybridised to uninjected oocyte RNA as a negative 

control. T IA , TIB and readthrough (RT) are marked.
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derived from the wild-type and mutant plasmids. This insertion mutation 

specified efficient termination at T IA  (figure 4.9). Interestingly however, 

term ination  o f transcrip tion  from  the m utant and w ild -type genes 

occurred at similar distances upstream of the TATA box, since the +10 

m utation specified  3' ends w ithin the inserted  sequence (com pare 

term ination  w ith sequencing ladders o f the probes). T erm ination  

therefore occurred in a sequence distinct from and apparently unrelated to 

the original term ination site. The position o f T IB  term ination was 

unaffected. In conclusion, the results in figures 4.7 to 4.9 demonstrated 

that the TATA region plays a role in determining both the efficiency and 

the position of term ination at T IA . These observations are thus far 

consistent with the hypothesis that term ination at T IA  is caused by the 

obstruction of P I polymerases by the P2 initiation complex.

4.2.5  Addit ional  mutations in the P2 TATA region which  

inhibited termination at TIA

To define in more detail the sequence requirements for term ination 

at T IA , a number of additional mutations in the P2 TATA region were 

constructed. Point mutations which replaced the sequence TATAAA with 

T ATT A A or TATGAA were made in order to test whether termination would 

occur only at an AT-rich sequence. These were injected and termination 

was mapped by 3’-end labelled probes made from the wild-type and mutant 

plasm ids. Both point mutations inhibited term ination at T IA (S) (figure 

4.10A, TATT and TATG). The severity o f these point mutations varied 

som ew hat in d ifferen t experim ents, w hereas the Bgl(TATA) m utation 

effected a substantial reduction in term ination in all instances (data not 

shown). Thus termination at TIA  was inhibited even when the TATA box 

was replaced with a similar AT-rich sequence.

Termination at TIA  was specified by the P2 sequences from -20 to 

-140, in the globin-myc hybrid gene (figure 4.4). The 3' end of this 120bp 

fragment extended to 6bp downstream of the TATA box. Since sequences 

downstream of TIA  are required for termination, these remaining 6  bases 

were also tested for their involvem ent in term ination. This sequence 

(GAAGCT), was replaced by an Ncol site (CCATGG) (in the context of the c- 

m y c  gene). As shown in figure 4.10A (TATA-Nco), this m utation also 

reduced termination efficiency at TIA (S) to an extent comparable with the 

Bgl(TATA) mutation. Since this mutation did not disrupt the sequence of
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Figure 4.9. Termination at TIA  shifts in response to an insertion

upstream of the P2 TATA box.

Transcripts of pSX943 (WT) and the lObp insertion mutant pSX943/+10 from 

injected oocytes were analysed by exonuclease VII protection with their 

respective M s p \ - H h a \  probes 3' end-labelled at M s p  I. A+G sequencing 

ladders of the two probes are shown. The diagram shows the position of the 

lObp insertion and the Ms p  I (M) and the Hha  I (H) sites.



W T  + 1 0  W

T I B -

T1 A -

■a

PI P2

T I A T I B

T A T A

M Obp i n s e r t i o n H



the TATA box, it seemed likely that initiation at the P2 promoter would be 

unaffected by the mutation. Should term ination be reduced despite a 

normal level of initiation at P2, this would suggest that termination at TIA  

may not be caused by the P2 initiation complex.

4 .2 .6  An active init iation complex was insuff ic ient  to cause  

termination at TIA

To investigate  the m echanism  whereby TATA sequences cause 

term ination, the mutations which inhibited term ination in figure 4.10A 

were also analysed for their effects on the activity o f the P2 promoter. 

Initiation from PI and P2 was mapped by SI protection of 5'-end labelled

probes made from the w ild-type gene as diagrammed in figure 4.10B. 

Initiation occurred at the correct site for all the m utations apart from

Bgl(TATA), for which initiation at P2 was abolished as expected. The level of 

P2 in itia tion  relative to PI encoded by the TATA-Nco m utation was

comparable to wild-type. That the TATT and TATG mutations both reduced 

P2 activity is evident upon examining the relative amount of PI initiation. 

These results dem onstrate that the reduction in term ination at T IA (S) 

exhibited by the mutations in figure 4.10A did not absolutely correlate with 

reduced P2 promoter activity. This is exemplified particularly by the TATA- 

Nco mutation, where termination at TIA (S) was inhibited despite the fact 

that this m utation specifies a v irtually  w ild-type level o f in itia tion . 

Therefore, a functional P2 promoter is not sufficient to cause term ination

at TIA .

Interestingly, this experiment also suggests that the efficiencies of 

transcrip tion  initiated at the P I and P2 prom oters are interdependent.

Initiation from PI is represented by the band at 76 bases; in all cases in 

which a mutation was made within the TATA box (Bgl(TATA), TATT and 

TATG), the efficiency of initiation at PI is increased. By contrast, initiation 

from PI is similar between wild-type and TATA-Nco which leaves the core 

TATA element intact. The reason for this is unclear, but probably involves 

some kind of competition between the two promoters for limiting factors. 

The relatively weak PI prom oter perhaps cannot compete efficiently  for 

initiation factors until the P2 promoter is inactivated.

The band at approximately 140 bases (figure 4.1GB) was caused by 

protection of the P2 probe by PI RNA, with SI cleavage at the 6bp mismatch 

between the probe and RNA. The band at 156bp in all lanes represents
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F ig u re  4 .10 . E ffe c t o f m u ta tio n s  o f th e  P2  T A T A  re g io n  on 

in i t i a t i o n  a n d  te r m in a t io n .

(A)  Term ination at T1 was assayed by S I protection o f M s p  \ - H h a  probes

from the respective plasm ids as in previous figures. Oocytes were injected

with pSX943 (W T) and four mutants as indicated.

(B)  5* ends o f the RNAs analysed in A were m apped by S I protection as

diagram m ed below . S ingle-stranded  5 '-end labelled  probes w ere m ade from  

the w ild -type c - m y c  tem plate M 13-SX943. The positions o f P I and P2 

in itia ted  transcrip tion  are m arked. The identity  o f  the h igher m olecular 

weight bands are discussed in the text.
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RNA protected by the P2 probe w ithout cleavage at the mismatch. 

Therefore, PI transcription which reads through T IA  is represented by the 

bands at 140 and 156 bases. Thus, the greater amount of termination in the 

wild-type gene as well as the low level of P I initiation must account for the 

relatively low wild-type signal at 156 bases. This signal is increased by all

the m utations, consistent with their inhibitory  effects on term ination.

Bgl(TATA), TATT and TATG exhibit the highest signal at 156 bases, which 

must be due also to the increase in PI initiation. Since P I initiation is

increased by these mutations, this implies that the decrease in termination

from these three mutations shown in part A, which was mapped using the 

same RNAs as in part B, was probably more severe than appreciated.

4*2.7 A 28bp elem ent co n ta in in g  the  TATA region  caused  a low

level o f te rm in a t io n

The region from -140 to -20 of the P2 promoter was sufficient to 

cause term ination at T IA , and the Bgl(TATA) and TATA-Nco mutations 

further implicated the sequences between -32 to -20. Since mutation of the 

E2F and M E la l sites from -72 to -49 had no detectable effect on termination 

these results collectively suggested that the sequences between -49 and -20 

might be sufficient to cause termination at TIA . To test this, one or two 

copies of a 28bp element extending from -47 to -20 which comprised TIA , 

the TATA box and the 6 bp region downstream were inserted into the human 

a l-g lo b in  gene in either orientation (made by D.B., see diagram in figure 

4.11). Termination efficiencies from these hybrid genes in injected oocytes 

were assessed by an SI protection experiment. A+G sequencing ladders of 

the probes derived from each construct were used to map the positions of 

term ination precisely (D.B., data not shown). W hen one elem ent was 

inserted in the sense orientation, a low level of termination was detected 

which mapped within the insert in the lObp region 5' of the TATA box (lane 

3). Two sets of 3' ends mapped to the same position relative to each TATA 

box, in the construct containing 2 copies o f the elem ent in the sense

orientation (lane 5). The exact pattern of the 3' ends differed slightly from 

that in the intact c - m y c  gene. Term ination also occurred w ithin an 

elem ent inserted in the antisense orientation (lane 4). An SP6 RNA was

hybridised to the probe as a control for artefactual cleavage by SI within

the inserted elem ent (lane 7). The levels o f term ination relative to 

readthrough specified by the 28bp element were lower here than in the
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F ig u re  4 ,1 1 . A 2 8 b p  c - m y c  e le m e n t in d u c e s  a low  lev el o f  

te rm in a t io n  in  th e  a l - g l o b i n  g e n e .

S I pro tection  o f  RNA from oocytes injected w ith  plasm ids p S P 6 4 a A P v u II , 

p a T lA -2 8 S , -28A and -28SS is shown in lanes 2-5 respectively. The probes 

w ere 3' end-labelled  T a q  I fragments which span the Hind II site w here the 

28bp m urine T IA  elem ent was inserted. In lane 6 , the -28S probe was 

hybrid ized  to RNA from  oocytes injected w ith an irrelevan t plasm id as a 

negative contro l. In lane 7, the -28S probe was hybridized to SP6 RNA 

transcribed  from  p aT lA -2 8 S , together w ith  un in jec ted  oocy te RNA as a 

control for artefactual S I cleavage. The arrow s ( r i g h t )  m ark te rm ination  

sites w ithin the c-m yc sequences. The low er panel diagram s the plasm ids 

used in lanes 2-5.
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context of the complete c-myc  gene. This suggests that sequences 5' of this 

elem ent w ithin the 120bp region defined in figure 4.4 increase the 

efficiency o f termination at TIA . N evertheless, this 28bp sequence was 

sufficient to signal a low level of termination.

4.2.8 A factor  with DNA-binding specif ic ity  which corre la tes  

with  term in at ion

The experiments in section 4.2.6 showed that an active initiation 

com plex was insufficient to cause term ination at T IA . An alternative 

possibility  is that the binding of a factor functionally unrelated to the 

initiation complex is responsible for term ination at this position. This 

hypothesis was tested by labelling the 28bp element sufficient to cause a 

low level of termination for use as a probe in gel retardation experiments. 

An extract was prepared from dissected oocyte nuclei and assayed for the 

presence of an activity which binds specifically to this element. A complex 

was detected which bound to this probe, and which disappeared when an 

excess of the wild-type unlabelled 28mer was used as com petitor (figure 

4.12A, expts. 1 and 2). The factor was competed significantly less well by 

the 28mer containing the Bgl(TATA) mutation (expts. 1 and 2, competitor 1). 

Moreover, com petition by the TATT- and TATG-containing fragments was 

less effective than by the wild-type competitor (expt. 2, competitors 2 and 3 

respectively), although somewhat more effective than by the Bgl(TATA) 

competitor. When the TATA-Nco mutation was tested for its ability to bind 

to this factor, this mutation was found also to compete inefficiently for the 

complex (expts. 1 and 2, competitor 4). The DNA-binding specificity of this 

factor therefore correlated with the effects o f the TATA mutations on 

term ination. This factor is therefore a candidate for an activity which 

binds to the TATA region and causes termination at TIA.

4.2.9.  The oocyte factor has a different binding specif ic ity  to 

that of TFIID

The experiments above did not rule out the possibility that the 

oocyte complex contains the TATA-binding factor TFIID. An antibody to 

human TFIID was obtained (from Drs. M. Horikoshi and R. Roeder) and used 

in an attempt to identify whether TFIID is present in the oocyte complex. 

This experiment involved addition of the antibody to the oocyte complex in
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Figure 4.12. A DNA binding factor in X e n o p u s  oocyte nuclei with 

specif ic ity  that correlates  with terminat ion.

(A)  Gel retardation of a 28bp probe including the murine c-myc  T IA  site 

(see Materials and Methods) with X e n o p u s  oocyte nuclear extract. In 

experiments 1 and 2 , nuclear extract was obtained from two different 

batches of oocytes. Wild-type (WT) and mutant oligonucleotide competitors 

as well as the molar excess over probe used are marked. Mutant competitors 

are: (1) Bgl(TATA), (2) TATT, (3) TATG and (4) TATA-Nco. Non-specific 

competitor poly (dG-dC)- (dG-dC) was at 5pg/ml.

(B)  Gel retardation of the murine TIA 28 mer with the in vitro translated 

TBP component of human TFIID. The first lane shows the oocyte complex, 

and the adjacent lane shows control reticulocyte lysate unprogrammed with 

TBP RNA. The lanes are marked with competitors numbered as in A ,  which 

were used at a 500-fold molar excess over probe. Poly (dG-dC) ( d G - d C )  

competitor was used at lOpg/ml.
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a gel retardation assay, but was inconclusive (data not shown). In an

alternative approach, the binding specificities of TFIID and the oocyte

protein were compared. The 28mer probe was used in a gel retardation 

assay with the TATA-binding protein (TBP)-component of human TFIID. 

TBP was translated in vitro in a reticulocyte lysate and its binding 

specificity compared with that of the oocyte factor. The oocyte complex was 

able to form under the conditions used in this experiment, which were 

optimised for TBP-binding. The mobility of the oocyte complex was greater

than that of TBP (figure 4.12B). TBP bound to the probe and was competed 

with an excess of the wild-type element. The Bgl(TATA) competitor did not 

compete efficiently for TBP (competitor 1). By contrast, the TATA-Nco 

competitor (competitor 4) competed with an efficiency comparable to that 

of wild-type. Thus, alteration of the sequences flanking the TATA box in 

the TATA-Nco mutant did not significantly reduce the binding of TBP. This 

result is consistent with the fact that initiation at the P2 promoter appeared 

unaffected by the TATA-Nco mutation (figure 4.10B). More importantly, 

this result demonstrates that the specificity of the oocyte factor, which did 

not bind well to the TATA-Nco mutant competitor, differs from that of TBP 

which did bind effectively to this sequence. While this result distinguishes 

between the specificity of the oocyte factor and TBP, it does not rule out the 

possibility that TBP and/or another member of the initiation complex 

comprises part of the oocyte complex implicated in termination.

4.2.10 A factor present in a HeLa extract has DNA-binding  

properties similar to those of the oocyte factor

Another member of the laboratory (T. Purton) has demonstrated that 

termination also occurs at T IA  and B in vitro in a HeLa nuclear extract 

(Roberts and Bentley, 1992). Therefore, i f  the DNA-binding factor 

identified here is indeed the cause of termination at TIA, it is a reasonable 

assumption that a factor with binding properties similar to those of the 

oocyte factor should exist in HeLa cells. To test this hypothesis I employed a 

HeLa extract in a gel retardation assay with the 28mer probe used in the 

experiments in figure 4.12. A complex was detected in the Hela extract, 

with a mobility similar to that of the oocyte factor (figure 4.13). This was 

competed well by an excess of the wild-type 28mer, but less well by the 

Bgl(TATA) and TATA-Nco oligonucleotides. Therefore, both HeLa cells and 

Xenopus oocytes contain a factor with similar binding specificities for the
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Figure 4.13.  A D NA -binding  factor in HeLa extracts  with  

properties similar to the oocyte factor

Gel retardation with Hela whole cell extract was as described in figure 4.12A 

except that poly (dO-dC)* (dO-dC) was at 25pg/ml. The first lane contains the 

Xenopus oocyte complex. The molar excess of specific competitors over 

probe is shown in each lane.
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28bp region containing TIA and the c-myc  P2 TATA box. These results 

therefore suggest, but do not prove, that the factor identified in these gel 

retardation experiments binds to the element overlapping the TATA box 

and causes termination at TIA.
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CHAPTER 5 

DISCUSSION

1 3 5



At the start of this Chapter I mainly discuss two issues regarding the 

c - m y c  T2  termination site; specifically I address whether this site is

recognised in mammalian cells, and whether the prom oter contains 

elements necessary for termination. Secondly, the modulations in 

termination efficiency caused by distance and DRB are rationalized in 

terms of the hypothesis that c -m y c  and other genes are transcribed by 

elongation complexes heterogeneous with respect to processivity. The 

mechanism by which DRB inhibits transcription is also analysed. The final 

part of this discussion pertains to attenuation of transcription initiated at 

the PI promoter, its mechanism and potential physiological significance.

5.1. Termination of  P2 transcription

5.1.1 Location of the c - my c  T2 attenuation site

The location of the murine c-myc  termination site, mapped earlier to 

a T-rich sequence approximately 290bp downstream of the P2 promoter 

(Bentley and Groudine, 1988), was confirmed at the start of this work. The 

use of SI and RNAase protection assays, in addition to Northern blotting

experiments revealed that short murine c-myc  exon 1 RNAs approximately 

290 bp in length are made in injected oocytes. These products correspond 

to transcription initiated at the P2 promoter and terminated at the stretch

of T residues near the end of exon 1. As described in the Introduction, T- 

rich sequences on the non-template strand are commonly recognised as

term ination sites in prokaryotic  and certain eukaryotic transcription 

units. That the truncated transcripts were generated by termination 

rather than post-transcriptional processing, was demonstrated previously 

by nuclear run-off experiments in which post-transcriptional cleavage is 

minimal (Bentley and Groudine, 1988). This evidence was corroborated by 

experim ents  in which synthetic c - m y c  exon 1 transcripts remained 

uncleaved during incubation with Xenopus oocyte extracts (Chapter 4).

These procedures could not distinguish between termination versus a rapid 

co-transcriptional processing event, so the latter has not been formally 

ruled out. For convenience this RNA has been referred to as a product of 

termination; the arrest site is designated here as T2.

Studies performed by other groups in which purified polymerase or

Hela extracts were employed to analyse termination, have substantiated our 

evidence for termination in the oocyte. Purified polymerase intrinsically
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terminated in the absence of accessory factors at the T-rich region at the

end of exon 1 in the human c-myc  gene (Kerppola and Kane, 1988). This 

site functioned as a terminator also in Hela extracts in the presence of the

detergent sarkosyl or 200mM KCl (London et al., 1991). These authors

further demonstrated that termination rather than pausing is responsible 

for arrest at this position: the truncated RNAs were released from the 

template as judged by gel filtration of transcription complexes (London, et 

al., 1991).

In these two in vitro studies the absence of elongation factors or 

their removal by salt or sarkosyl, may have enabled the polymerase to

intrinsically  recognise T2 and terminate transcription. In vivo,  the 

presence of elongation factors may affect recognition of the terminator.

5.1.2 Does the T2 site cause termination in mammalian cells?

Mapping of  polymerase density along the length of the c-myc  gene 

by the nuclear run-off assay originally revealed transcription to be 

arrested somewhere in exon 1 (Bentley and Groudine, 1986; Kick and 

Bornkamm, 1986; Nepveu and Marcu, 1986). The exact location of this site 

was not mapped in mammalian cells due to technical difficulties; 

neverthe less  the stability  o f  prem aturely  te rm inated  transcrip ts  in 

Xenopus oocytes permitted isolation of truncated RNAs with 3' ends formed 

at the T2 site at the end of exon 1 (Bentley and Groudine, 1988; this work). 

However two recent studies have questioned whether this T2 termination 

site, although utilized in oocytes and Hela extracts as well as by purified 

polymerase II, contributes to premature arrest in mammalian cells. In 

experiments by Strobl and Eick (1992), high resolution nuclear run-off 

analysis revealed that elongation complexes transcribing the c -m yc  gene 

were arrested proximal to the promoter. When nuclei isolated from HL60 

cells induced to differentiate with DMSO were pulse-labelled for only 30 

seconds, all of the endogenous c-myc  signal was located in the first 50 bases 

o f  the transcription unit. This was determined by hybridising to the 

nascent RNA a set of 50 base oligonucleotides spanning human c-myc  exon

1. Therefore in the presence of DMSO, a differentiation inducer which 

causes c -m y c  transcriptional arrest, RNA polymerase was not arrested at 

the T2 site as previously supposed. Transcription was subsequently 

detected, within minutes of nuclear isolation, in the downstream regions of 

exon 1. The release of polymerases such that they transcribe the first exon 

and produce the high exon 1 signal detected in previous run-off assays, was
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therefore considered an artefact generated by the nuclear isolation 

procedure. In proliferating cells where c - m y c  t ranscrip tion  is

charac teris t ica l ly  higher, rather surpris ingly  most po lym erases  were 

similarly arrested proximal to the promoter; however a small fraction of 

polymerases appeared to be actively transcribing the gene at the time of 

nuclear isolation. Even at later times post nuclear isolation, not much 

transcription proceeded past exon 1 even in proliferating cells. These 

authors suggested that the gene may be transcribed by a non-processive 

polymerase (see below for discussion of polymerase processivity). To map 

the sites of 3' end-formation of transcription released from the block, RNA 

was purified from nuclei of HL60 cells subjected to run-off conditions, and 

hybrid selected with exon 1 DNA; the products were resolved by gel 

electrophoresis. Most polymerases released from arrest in both induced and 

uninduced cells subsequently terminated to a small extent at T2, but 

particularly at additional termination/pause sites located upstream of T2 in 

exon 1 (Strobl and Eick, 1992).

That polymerases are arrested in the P2 promoter-proximal region of 

the human c-myc gene in HL60 cells was recently implied also by a second 

study (Krumm, et al., in press). Cells were treated with potassium 
p e rm a n g an a te  (K M n 0 4 ) which modifies single-stranded DNA thereby 

detecting "transcription bubbles". This assay revealed that in both 

d ifferen tia ting  and proliferating cells polym erases were arrested at 

approximately +30 relative to the P2 start site. Nuclear run-off

experim ents  confirm ed that polym erases were paused at sequences 

upstream of position +169, which according to deletion analysis required 

only the sequences upstream of +47. Conditions of high salt or sarkosyl in 

run -o ff  experim ents released the paused polym erase. N evertheless 

transcription in retinoic acid-treated differentiated cells was not very 

processive, since most transcription appeared to arrest upstream of +169. 

These authors suggested that elongation complexes are paused at the 

promoter-proximal region, at which position complexes are modified to 

determine their elongation competence through intrinsic termination sites 

upstream of +169. At the pause site, the elongation competence of the 

paused polymerase may be modified by elongation or termination factors. 

The original nuclear run-off data indicating that exon 1 transcription is 

higher than downstream exons in differentiating cells, whereas all exons 

are transcribed uniformly in proliferating cells, can be explained in terms 

of this model. In proliferating cells arrest of the polymerase at the 

promoter would result in the modification of the paused polymerase to a
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form capable of overcoming the intrinsic arrest signal. In differentiating 

cells where expression of c-myc  is downregulated, elongation complexes 

arrested at the promoter-proximal site would not be modified to be 

elongation competent. The polymerase artefactually released by the 

nuclear isolation procedure may then transcribe up to an intrinsic 

termination site, past which only the modified polymerase can proceed. 

This would explain why release o f  the paused polymerase from the 

promoter in nuclear run-offs results in transcription past exon 1 only in 

proliferating cells.

It is possible that in certain situations, the promoter-proximal pause 

and adjacent termination sites are used, while in other contexts the T2 site 

is used in mammalian cells. Since T2 is intrinsically recognised by RNA 

polymerase, it may serve as a safety mechanism which functions to 

prevent aberrant release of P2-arrested polymerases from resulting in 

full-length c-myc  expression. This hypothesis is supported by experiments 

in which elongation blockage occurred when the P2 promoter-proximal 

region was absent, or in which abberant release from this arrest site 

resulted in termination at T2. With regard to the former, T2 may have been 

used in experiments by Wright and Bishop (1989). A ISObp region at the 3' 

end of exon 1 of the murine gene caused termination downstream of a 

heterologous promoter, in transfected Hela cells. In these experiments, the 

P2 promoter-proximal arrest site and control sequences were absent. In 

the latter case, a 77bp deletion which removed the T2 termination site and 

flanking sequences abolished termination in transfected Hela cells (Miller, 

et al., 1989). Therefore, in these experiments the elongation block required 

sequences downstream of those delineated by Krumm et al. as necessary for 

arrest. Since in the experiments of Miller et al. (1989) the run-off assay was 

employed, it is possible in light of the discussion above that polymerases 

arrested at the start site were released during nuclear isolation. However 

in the case of the 77bp deletion mutation, polymerases released from this 

putative arrest site did not recognise the upstream intrinsic termination 

sites implied from the studies of Krumm et al. (in press) and Strobl and Eick 

(1992). Thus in the study of Miller et al., the T2 site appears to have been 

the site at which polymerases released from promoter-proximal arrest 

subsequently terminated. Hence the involvement of the T2 site in control 

of elongation in mammalian cells cannot be ruled out and remains to be 

e s tab l ish ed .

In oocytes and Hela extracts, it is not clear whether any polymerases 

are arrested at the start site. It remains possible that promoter-proximal
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arrest and termination at T2 both occur in these systems. In any case the 

fact that the response of oocyte transcription to physiological control 

signals such as DMSO or retinoic acid cannot be studied illustrates a 

limitation of the oocyte system with regard to analysing the regulation of 

c - m y c  elongation. However the advantage of using microinjected oocytes 

as an in vivo transcription system is demonstrated particularly in its 

original use in defining an intrinsic termination signal (Bentley and

Groudine, 1988), which has since been confirmed by other systems. 

Furthermore, it has facilitated analysis of the mechanism by which RNA 

polymerase intrinsically recognises this termination-inducing signal.

5.1.3. Effect of the promoter on termination eff iciency at T2

Precedents suggesting that termination efficiency may be specific to 

the p rom oter  at which transcr ip tion  is in i t ia ted , prom pted  the 

investigation of promoter specificity described in Chapter 2. Previously, a 

95 bp region of human c-myc  exon 1 containing the T2 termination site

spec if ied  e ff ic ien t  te rm ination  in in jected  oocy tes,  when placed

downstream of the HSV TK promoter. By contrast, termination was 

inefficient when the same fragment was positioned downstream of the 

adenovirus promoter (Bentley and Groudine, 1988). We (Chapter 3) and 

others (Spencer et al., 1990) have also found that transcription from the P2 

promoter but not the PI promoter terminates at T2. As discussed below

however, the experiments in Chapter 3 have led to a reinterpretation of all 

of these apparent promoter effects. Nevertheless, certain promoters and 

prom oter elements do appear to influence termination effic iency by 

mechanisms which have yet to be defined. For instance the promoter 

specifies termination at the 3' ends of U snRNA genes (see Introduction). 

Recently it was found that substitution of the adenovirus major late 

promoter with that of the globin gene inhibited adenovirus termination in  

vi tro  (Wiest and Hawley, 1990). Of particular relevance to this discussion, 

the M E la l  element located in the c-myc  P2 promoter has been implicated in 

elongation blockage in mammalian cells (Miller et al., 1989; discussed 

b e low ).

I tested whether the T2 termination site was recognized by pol II 

when placed downstream of various heterologous promoters. A 180bp 

fragment of the murine c -m yc  gene containing the T2 termination site 

specified termination downstream of the HSV TK promoter (e.g. figure 2.3), 

confirm ing the results of previous experiments in which the human
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terminator was studied (Bentley and Groudine, 1988). Elongation arrest also 

occurred when the terminator was placed downstream of the human a -  

globin promoter in oocytes (Chapter 3) and in mammalian cells (Wright 

and Bishop, 1989). Importantly, the terminator functioned downstream of

the U1 snRNA promoter (figure 2.9) despite various qualities o f  snRNA 

promoters unlike conventional pol II promoters (see Introduction). This

apparent lack of promoter specificity was supported by analysis of a series

of linker scanning mutations of the HSV TK promoter which were fused to

the c-myc  attenuator. The results of this analysis suggested that the TATA 

box, CAAT box, SPl sites and sequences upstream of these elements in the TK 

promoter are not essential for termination (figures 2.3-2.6 ). An additional 

question addressed by these experiments was whether promoter strength 

influences termination efficiency. The frequency of initiation events may 

affect the effic iency with which elongation- or term ination-com petent 

initiation complexes can be generated. Since the variety of promoter 

strengths created by the TK promoter mutations did not appear to affect 

term ination, these data did not provide evidence for any significant 

influence exerted by the strength of the promoter. Furthermore, certain

mutations o f  the P2 promoter which reduced promoter strength had 

opposite effects on termination efficiency (D.B. and S.R., unpublished; see 

below). From these observations, it appears that should termination be

specified by some feature of the promoter, then this feature must be

inherent to all of the heterologous promoters tested in these experiments. 

Therefore, the implication of these data is that termination is specified by

sequences within the 180bp region of the terminator fragment. Indeed, 

purified pol II is capable of intrinsically terminating transcription at the 

human c -m yc  terminator in the absence of a promoter (Kerppola and Kane, 

1990). In addition, termination occurred in a Hela extract upon

transcription o f  a construct in which the T residues were the only 

component of the human c-myc  gene (London, et al., 1991). However, the 

mechanism of termination is probably not as simple to unravel as implied 

from the hypothesis that an element or structure located within the 180bp 

fragment causes termination: termination signals which reside within this 

region are influenced by the location of the attenuator relative to the start 

site (Chapter 3).

These SI protection experiments may have been inadequate for 

detection o f  subtle effects mediated by the different promoters. For 

instance it is possible that transcription initiating from upstream plasmid 

sequences contributed to the signal detected by SI protection. It is feasible
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that cellular signals modulate the efficiency o f  termination through 

activities of promoter elements; a basal level o f  termination may be 

specified at the termination site in oocytes and in vitro. RNAase protection 

of probes spanning both ends of the terminated transcript did reveal a 

subtle effect of a 93bp deletion (Pvu l l - B a m  HI) of the c-myc  P2 promoter. 

This de le tion  increased  the ra tio  o f  te rm inated  to read th rough  

transcription by two- to four-fold in injected oocytes (figure 2.11). The 

93bp region removed by the deletion contains a number of protein-binding 

sites, namely the E2F site (Nishikura, 1986; Moberg, et al., 1992), and the 

M E la l and MEla2 sites (Asselin, et al., 1989; Miller, et al., 1989; Hall, 1990; 

Pyre, et al., 1992). Mutation in these sites have recently been tested for 

their individual contributions towards termination effic iency. When 

assayed by RNAase protection, it was found that all of these mutations 

mimicked the effect of the larger Pvu l l -Bam  HI mutation (data not shown;

D.B and S R., unpublished). A similar but somewhat lesser effect of E2F

mutation was detected in a linker scanning analysis of the human c-myc  P2 

promoter (Meulia et al., 1992), but these authors deemed this effect 

insignificant. By contrast, a point mutation in the P2 TATA box inhibited 

termination at T2 by 10-fold (D.B., data not shown). These results support 

ev idence  w hich suggests  that d is t in c t ,  te rm in a t io n -co m p e ten t  or 

processive elongation complexes transcribe the c-myc  gene (Chapter 3; see 

below). It is possible that promoter elements influence the formation or

activity of these elongation complexes.

This effect of the M E la l  element on increasing the ratio of 

terminated transcription contrasts with studies in which removal of the 

sequence between -53 and -35 which binds the M E la l  factor in mammalian 

cell extracts, abrogated termination in Hela and MEL cells (Miller, et al., 

1989). Thus in mammalian cells, the M E la l  protein may disrupt

incorporation of an elongation factor or prom ote inclusion of a 

termination factor, into transcription complexes assembled at the c - m y c  

p rom oter in vivo. This hypothesis implies that M E la l  can induce 

termination when its cognate site is both upstream (Miller, et al., 1989) and 

downstream (Ashfield, et al., 1991) of the promoter. A sequence very 

similar to the M E la l site appears to be partially responsible for termination 

in mammalian cells between two closely spaced human complement genes; 

this element at the 3' end of the C2 gene binds M E la l  or a related protein 

(Ashfield, et al., 1991).

M E la l  is also a positive element for the P2 promoter in mammalian 

cells (Asselin, et al., 1989) (Moberg, et al., 1992); thus it is possible that
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deletion of M E la l  reduced termination because of the reduction in P2 

transcription. Deletion of M E la l also increased the ratio of P1/P2 promoter 

usage (Asselin, et al., 1989) (Miller, et al., 1989). Increased PI utililization 

could contribute to the relative decrease in termination caused by the 

deletion, since PI transcription does not normally terminate at T2 (Chapter 

3). This readthrough PI transcription may have masked termination from 

the reduced amount of P2 transcription. Deletion of M E la l  could increase 

PI transcription by weakening the P2 promoter, thus allowing PI to 

compete more effectively with P2 for limiting transcription factors. 

Alternatively, the M E la l  factor may specifically reduce PI transcription. 

In this regard, it was speculated that M E la l  may cause termination of PI 

transcription in the P2 promoter: this would be consistent with its proposed 

role as a direct termination factor for the C2 gene (Ashfield, et al., 1991). 

Termination of PI transcription was indeed mapped within the P2 promoter 

in oocytes (Chapter 4), and PI termination appears to occur also in 

mammalian cells (Wright et al., 1991). Although deletion of the M E la l site 

had no effect on this PI termination in oocytes (Chapter 4; see below), the 

effect of M E la l in mammalian cells remains to be determined.

That M E la l  is absolutely required for termination disagrees with 

data demonstrating that the c-myc  termination site functioned downstream 

of a number of heterologous promoters which did not contain the M E la l  

site, in oocytes (Bentley and Groudine, 1988; this work) and in mammalian 

cells (Wright and Bishop, 1989). To reconcile these promoter subsitution 

studies with the data of Miller et al., the heterologous promoters tested may 

contain sequences d istinct from M E la l  which direct formation of 

termination-competent complexes. However, this cannot easily explain the 

discrepancy between the effects of M E la l  mutation in oocytes and 

mammalian cells. A recent linker scanning analysis of the human c - m y c  

P2 promoter assayed in oocytes also detected no effect of M E la l  mutation 

(Meulia, et al., 1992). In oocyte experiments, a large increase in PI 

transcription as a result of deleting M E la l  was not observed; furthermore, 

the effect of M E la l  mutation on P2 promoter activity is lesser in the oocyte 

(figure 2.10) than in mammalian cells (Asselin, et al., 1989). Therefore it 

appears likely that an M E la l binding activity, if at all present in oocytes, 

functions in a different way from the activity in mammalian cells.

It was speculated that M E la l  could be involved in the recently 

d iscovered  prom oter-proxim al arrest of P 2-in itia ted  transcrip tion  in 

mammalian cells (Strobl and Eick, 1992; Krumm et al., in press; discussed 

above). As discussed, this phenomenon appears to account for the
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te rm ina tion  p rev ious ly  de tec ted  by nuclear  ru n -o f f  ana lyses  in

mammalian cells. The answer to whether M E la l  participates in this 

promoter-proximal arrest awaits a test of the effect on arrest of M E la l  

mutation. A number of models which are not mutually exclusive could 

explain the inhibitory effect of M E la l  deletion on term ination in 

mammalian cells. It is possible that M E la l causes polymerases to arrest and 

then a factor at the arrest site prevents paused polymerases from becoming 

com petent to elongate through downstream intrinsic termination sites; 

alternatively polymerases arrested by some other mechanism could be 

prevented by M E la l  from becoming competent to elongate through the 

termination sites.

5.1 .4.  Increasing the dis tance  between the transcr ip tion  start  

site and the terminator inhibits  termination

A reduction in the efficiency of the T2 attenuator was observed in 

each instance where the distance between the P2 start site and the 

termination site was increased. Within the c-myc  gene, insertion of one or 

more 290bp "spacer" fragments in either orientation upstream of the 180bp

autonomous terminator region reduced term ination effic iency severely 

(figures 3.1 and 3.2). Termination was likewise reduced when the

attenuator was positioned within the a-globin  gene at a certain distance 

from the promoter (figure 3.3). The same effect was observed in an 

analogous experiment in which the attenuator was placed into the

adenovirus major late transcription unit (D.B. data not shown; Roberts and 

Bentley, 1992).

These results have led to a reinterpretation of certain earlier 

experiments in which the promoter was implicated in controlling the

efficiency of termination. As mentioned above, the human T2 terminator 

spec if ied  e ff ic ien t  te rm ination  in in jec ted  oocy tes  when placed  

downstream of the HSV TK promoter; by contrast, termination was 

inefficient when the terminator was placed downstream of the adenovirus 

ML promoter (Bentley and Groudine, 1988). In the latter study, the

termination site was located at a greater distance from the adenovirus 

promoter than the TK promoter (approximately 600bp compared with 200bp 

respectively). The effect of distance on attenuation can now explain these

re s u l t s .

We had observed that in injected oocytes transcription from the PI

promoter did not terminate at the T2 site (figure 3.4A). Therefore the
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greater distance of the T2 site from the PI promoter offered a potential 

explanation for this lack of termination previously attributed to promoter 

specificity . Indeed, a deletion which reduced this distance induced 

transcription from PI to terminate at T2 (figure 3.4B). It remains possible 

that sequences removed by the deletion contribute to the lack of PI 

termination at T2. In particular, the discovery of the T1 terminator has

implications for this lack of termination, as discussed below. In Burkitt's 

Lymphomas there is frequently a relative increase in P I  transcription, 

which was correlated with increased readthrough transcription in oocyte 

experiments (Spencer, et al., 1990). The inhibitory effect of distance on PI 

te rm ina t ion  provides one potentia l exp lanation  for the increased  

t ran sc r ip tio n a l  read through .

The effect of distance on termination provides a feasible explanation 

for the fact that the natural distance between promoters and attenuation 

sites is usually less than lOOObp. One exception to this rule is the c - m y b  

gene, in which the termination site is approximately 2 kb from the start site 

(Watson, 1988). In this case, it is possible that some specific feature of this 

gene increases termination efficiency further from the promoter. Thus,

there may exist gene-specific variations in the stability of termination- 

prone elongation complexes at greater distances from the promoter. 

Indeed, the distance effect varied to some extent in our experiments 

according to the gene in which the attenuator was placed. Specifically, the 

effect of distance on c-myc  attenuation in the context of the a -g lob in  gene 

(figure 3.3) was somewhat less severe than in the context of the c - m y c

(figures 3.1 and 3.2) or adenovirus (D.B., data not shown) genes. 

Alternatively, a protein may bind at the c - m y b  term inator to cause 

te rm ination of otherwise elongation-com petent polym erases. In this 

regard, proteins were identified which bind to the first intron of the c -m y b  

gene, with the amount of protein present in d ifferent cell types 

correlating with the degree of elongation blockage (Reddy and Reddy,

1989).

The inhibitory effect of distance on attenuation does not support a 

mechanism in which a local protein-binding element or RNA structure 

induces termination at T2. However, it is possible that this type of 

mechanism is involved, but functions in conjunction with a property of 

polymerase which is masked or removed at greater distances from the 

promoter. Certainly, some intrinsic feature of the sequence of the

attenuator must facilitate polymerase release.
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5.1.5.  The effect  of transcription through tandem terminators:  

ev idence  for po lymerase  heterogene i ty

W hat is the reason for the inhibitory effect o f  distance on 

termination? One explanation is that a protein bound at the promoter or

the 5' end of the transcript interacts with a protein-DNA/RNA complex at 

the terminator to cause termination, with the consequent looping out of the 

DNA in between the promoter and terminator. We have no direct evidence 

against this model, which cannot be absolutely ruled out. An alternative

explanation which is supported by our experiments is that elongation

complexes closer to the promoter are more capable of terminating than 

those further downstream. This hypothesis requires that a heterogeneous

population o f  elongation complexes transcribe the c -m yc  (and probably 

other) genes. One prediction arising from the existence o f  such 

heterogeneous elongation complexes, is that placing two terminators in 

tandem would result in the loss of at least a proportion of the termination 

competent polymerases at the first terminator encountered. Thus, the 

percentage of termination at the second terminator would be lower than at 

a single terminator placed at the same distance from the promoter. In 

other words a greater percentage of the elongation complexes which 

encounter the second site would be capable of reading through. A 

precedent for this premise can be found in phage lambda Q protein- 

mediated antitermination. It was found that elongation complexes were 

modified by Q less efficiently in vitro than in vivo, such that a certain

percentage of complexes terminated at the first of two tandem terminators. 

Those complexes which had read through the first also read through the 

second terminator, indicating that the first terminator had removed the 

termination-competent subset of polymerases (Yang, et al., 1987). When a 

similar "double terminator" experiment was performed with tandem c -m y c  

attenuators, termination efficiency was 7% at the second of two terminators 

compared with 24% at a single terminator; the single terminator was placed 

at a similar distance from the promoter as the second terminator (Roberts

and Bentley, 1992). This evidence supports the idea that a heterogeneous

population of  elongation complexes transcribes the c -m yc  gene; such a 

population must consist of complexes which are either termination-prone 

or relatively competent to read through termination sites. This "double

terminator effect" could contribute towards the lack of termination by PI 

transcription at T2, since elongation complexes from PI have to encounter 

the T1 terminator before they reach T2 (see below). The inhibitory effect of
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d is tance on te rm ination suggests that as the elongation  com plex 

transcribes the gene, it becomes more processive. If  elongation- 

competence is determined prior to transcription initiation, the increased 

processivity with distance must be caused by discrete and/or random 

termination events early in transcription which remove the termination- 

competent subset of polymerases. If elongation competence is determined 

during elongation, loss of non-processive polymerases may occur by 

termination as well as by conversion of term ination-com petent into 

readthrough-competent complexes early in transcription.

A similar approach was undertaken to study termination in the 

adenovirus  m ajor la te  transcr ip tion  unit ,  w hich also invoked a 

heterogeneous population o f  elongation complexes (Wiest and Hawley,

1990). The detergent sarkosyl is required to detect termination at this site 

in vitro (Hawley and Roeder, 1985). It is not clear what alteration to the 

elongation complex is mediated by sarkosyl to cause termination in these 

experiments, although it may remove one or more elongation factors, such 

as TFHS, from the polymerase (SivaRaman, et al., 1990). When two 

termination sites were placed in tandem, termination effic iency was 

unequal at the two term ination sites over a range o f  sarkosyl 

concentrations. Surprisingly, for reasons unknown the effic iency of 

termination was higher at the second of the two sites. It was suggested that 

more than one protein may be responsible for the elongation properties of 

polymerase, a situation which would give rise to the differential effects of 

sarkosyl on termination at the tandem sites (Wiest and Hawley, 1990).

5 .1.6 , The effect of DRB on t r a n s c r ip t io n :  m o re  ev idence  fo r

p o l y m e r a s e  h e t e r o g e n e i t y ,  a n d  th e  m e c h a n i s m  o f  DRB 

i n h i b i t i o n

The ex is ten ce  o f  h e te ro g en eo u s  e lo n g a tio n  com p lex es  is 

substantiated by the differential effects of DRB on readthrough and 

terminated c-myc  transcription. The discovery of a DRB-resistant species 

of small RNAs led to the earlier suggestion that DRB may distinguish 

between resistant and sensitive subclasses of polymerase; the resistant 

polymerase would transcribe promoter-proximal regions of the gene while 

the sensitive polymerase would transcribe downstream regions of the gene 

(Tamm, 1977). This suggestion is supported by the experiments in Chapter 

3, in which addition of DRB to injected oocytes specifically and consistently 

inhibited readthrough transcription but not that which terminated at T2. A
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similar effect of DRB was also observed in mammalian cells by addition of 

DRB to the cells prior to the nuclear run-off reaction: DRB selectively

inhibited transcription downstream of the attenuator (Roberts and Bentley, 

1992) (D.B. data not shown). Thus, DRB-sensitive transcription correlates 

with read through  transcrip tion , suggesting  that some p roperty  o f  

readthrough transcription complexes is susceptible to the inhibitory effect

o f  DRB. Together with the effects of distance and transcription through

tandem terminators, these results support a model in which DRB selectively

inhibits a more processive class of polymerase, which is biochemically 

distinct from less processive elongation complexes.

The selective inhibition of processive transcription complexes by 

DRB could occur by inhibition of  such complexes prior to or during

elongation. The outcome of earlier research is controverskRl concerning

whether DRB inhibits the initiation or elongation stages of transcription. 

Originally, it was thought that DRB inhibits transcription initiation. For 

instance, radioactive labelling of heterogenous nuclear (hn) RNA from 

pulse-labelled DRB-treated cells disappeared first from low molecular 

weight RNA (Egyhazi, 1975; Egyhazi, 1976; Sehgal et al., 1976a; Sehgal et al., 

1976b). In other words, immediately following exposure of cells to DRB, 

new initiation represented by low molecular weight RNA appeared to be 

inhibited while the synthesis of longer RNA chains was completed. DRB

also inhibited transcription in vitro, at concentrations which correlated

with those required for inhibition in vivo (Zandomeni et al., 1982;

Zandomeni et al., 1983). In such in vitro experiments, no effect of DRB on 

partially purified RNA polymerase II was detected under conditions of non

specific transcription initiation; thus it was postulated that DRB is 

functional only on specific initiation by pol II (Zandomeni, et al., 1982).

Although in vitro transcription was inhibited when DRB was added at the 

same time as nucleotides, it was resistant to DRB if the drug was added to 

transcription complexes which had already initiated (Zandomeni, et al., 

1983). Prematurely terminated RNAs were observed which were resistant 

to but not enhanced by DRB (Zandomeni, et al., 1983). These latter 

observations are consistent with a model in which DRB inhibits the

formation or activity of a subset of complexes distinct from those committed 

to terminate prematurely, prior to initiation.

However, the detection of short promoter-proximal RNA species in 

Adenovirus-2 and SV40 resistant to or even enhanced by DRB suggested 

that DRB inhibits elongation, by inducing premature termination (Fraser, 

et al., 1978; Fraser, et al., 1979; Hay, et al., 1982). Zandomeni et al. (1983)
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also detected short, prematurely terminated RNAs which were resistant to 

DRB, but production of these RNAs was not enhanced by DRB. To reconcile 

their observations with studies suggesting that DRB enhances premature 

termination, these authors postulated that short transcripts are synthesised 

in the presence or absence of DRB but are more easily detected in its 

presence, due to inhibition of the long RNA. A study in which the effect of 

DRB on transcription from the adenovirus MLP was analysed in vitro 

argued that DRB-mediated inhibition occurs during elongation. In this 

study, the extent of inhibition was proportional to the length of the 

transcript; moreover DRB inhibited transcription when added to a pulse- 

chase reaction at the chase stage during which only elongation is detected 

(Chodosh et al., 1989). These authors therefore suggested that DRB causes 

premature termination of transcription. It was postulated that DRB affects 

termination at many discrete sites which may be used to a lesser extent in 

the absence of the drug. In the oocyte, we did not see any evidence for an 

increase in random termination events, although our assays may not have 

been sufficiently sensitive. The sole effect of DRB did not appear to be to 

induce premature termination, since although termination at T2 was 

sometimes increased, it was also unaffected in some experiments. However, 

this could be explained by the hypothesis that DRB-induced premature 

te rm ina tion  occurs random ly  (and undetec tab ly )  upstream  o f  the 

terminator, to a different extent in different experiments. If DRB does in 

fact directly induce premature termination, it could still be argued that 

since transcription which normally terminates at T2 is not inhibited by 

DRB, only the subclass of elongation complexes which normally reads 

through is being targeted by the drug.

In the oocyte, DRB did not alter the absolute levels of PI and P2- 

initiated transcription; in addition longer transcripts protected by the P2 

probe were sensitive to DRB (figure 3.7). The simplest interpretation of 

this result is that inhibition occurs during elongation. However it is also 

possib le  that inhibition of a processive polym erase occurs during 

initiation, where a simultaneous increase in initiation by a DRB-resistant 

polymerase would account for the unchanged levels of PI and P2-initiated 

transcription. If  DRB is assumed to inhibit a more-processive form of 

polym erase during elongation, the drug would presumably induce the 

polymerase to terminate prematurely at random or discrete sites. This 

could occur directly through some kind of destabilising effect of DRB, or 

indirectly where DRB would inhibit the conversion of a non-processive 

polymerase to a processive form of polymerase. A recent study has
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prov ided  ev idence  for D R B -d is tingu ished  he te rogenous  e longa tion  

complexes, with support for the latter model. Marshall and Price (1992) 

have confirmed that two classes of pol II elongation complexes exist which 

synthesise  either abortive or processive elongation com plexes. A 

proportion of pol Il-transcribed RNAs were found to be prematurely 

terminated in the absence of DRB; these RNAs were resistant to DRB. 

Templates containing preinitiation complexes were then immobilised and 

the isolated complexes were washed to remove associated factors. These 

isolated complexes synthesised only the prematurely terminated, abortive 

transcripts which were resistant to DRB. Addition of Drosophila Kc cell 

nuclear extract to the preinitiation complexes increased the processivity of 

these complexes, such that they were capable of synthesising full length

transcripts. These full length transcripts were sensitive to DRB. The 

existence of a protein in the nuclear extract called P-TEF was postulated 

which converts elongation complexes from an abortive to a processive 

mode; this conversion activity being the com ponent which confers 

sensitivity to DRB. The conversion appeared to occur early during 

elongation, since DRB could inhibit transcription when added to initiated 

RNA chains, but did not inhibit elongation of transcripts which had 

travelled further than 500bp (Kephart et al., 1992; Marshall and Price,

1992).

This type of model can account for most of the documented effects of 

DRB. However, the aspect of the model which requires that the conversion 

occurs early in elongation does not explain why DRB was required prior to 

initiation in the studies of Zandomeni et al. (1983). This requirement has 

since been directly contradicted by the studies of Chodosh et al. (1989) and 

Marshall and Price (1992); in both cases, DRB was able to inhibit 

transcription when added to the chase stage of a pulse-chase reaction, 

during which only elongation is detected. Observations which can be 

explained in terms of this model are as follows: (1) Enhancement of 

prematurely terminated transcription could be ascribed to inhibition of the 

conversion from abortive to processive elongation complexes. (2) The 

length dependent decrease in elongation observed in the studies of Chodosh

et al., (1989) was suggested by Marshall and Price (1992) to be caused by an

event early in elongation which was inhibited by DRB. Presumably, the 

DRB-induced gradual decline in transcription with length would reflect a 

gradual loss of non-converted abortive elongation complexes, since a 

strong termination site was not available. (3) The occurrence of a 

convers ion  event during early  e longation is cons is ten t w ith our
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experiments in which increased distance to T2 reduced termination 

efficiency. (4) An effect on elongation is consistent with the lack of 

inhibition by DRB of PI and P2 initiation (figure 3.7). (5) this model states

that the conversion to processive transcription is inhibited by DRB: hence 

those complexes which have already been converted prior to DRB 

treatment should be resistant to DRB. This could explain why the residual 

transcription through a terminator placed further from the promoter was 

not induced to terminate by DRB (figure 3.6). This transcription may 

com prise  a p rocess ive  com ponent which un like  most p rocess ive  

transcription, escaped inhibition by DRB. It is possible that a small subset 

of polymerases had already initiated transcription and had been converted 

into a processive mode before DRB had time to take effect; this subset of 

processive polymerases would be resistant to DRB and would read through 

the attenuator. (6 ) A similar phenomenon may account for a previous 

observation. As mentioned above, during early phases of inhibition of 

hnRNA by DRB, labelling of longer molecules increased (Sehgal, et al., 

1976a; Sehgal, et al., 1976b). This could be explained by the DRB-resistant 

nature of complexes which had already been converted by P-TEF or an 

analogous activity prior to DRB-treatment. (7) Although DRB inhibited 

transcription in HL60 cells, it had no effect when added not to the living 

cells but instead to the run-off reaction during which only elongation 

occurs (Roberts and Bentley, 1992; D.B. data not shown). This result could 

be explained by the premise that a factor which confers sensitivity to DRB 

such as P-TEF is lost or inactivated during nuclear isolation. Such an 

interpretation would imply that elongation would be non-processive in the 

run-off assay due to the lack of P-TEF. Since the in vitro elongation 

reaction is performed only for a short distance subsequent to isolation of 

nuclei, the degree of processivity of polymerases in this assay is unclear. 

An alternative hypothesis is that since transcription detected by nuclear 

run-off had already initiated (in the absence of DRB), most pulse-labelled 

transcripts had already been converted to a processive form before DRB 

was added or could take effect, so would be resistant to DRB.

Polymerases with differing processivities probably transcribe many 

different genes. For instance, a proportion of transcription was abortive 

but elongated upon addition of P-TEF when initiated from five different 

promoters (Marshall and Price, 1992). Transcription complexes initiated 

from the HIV-1 promoter also exhibit differing degrees of processivity. 

Non-processive transcription complexes may be induced in the absence of
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the Tat protein by an element between sequences -5 to +82 of the HIV 

promoter. This element, designated 1ST for inducer of short transcripts, 

activated transcription downstream of a number of heterologous promoters 

by increasing the amount o f  prom oter-proximal transcription without 

affecting the level of full-length RNA (Ratnasabapathy, et al., 1990). 

Although 1ST overlaps the TAR element (to which Tat binds), 1ST functioned 

independently  from Tat and was unaffected by a m utation which 

inactiva ted  TAR function. These observations  led to a model 

(Ratnasabapathy, et al., 1990) in which 1ST induces the formation of 

transcription complexes unable to elongate efficiently, resulting in short 

RNAs caused by random termination in the promoter-proximal region; 

these RNAs would be subsequently degraded upto the TAR stem-loop which 

would prevent further degradation, producing the truncated  RNAs 

identified previously (Kao, et al., 1987). It was suggested that IST-induced 

short RNAs may be targets for Tat transactivation, whereby Tat would 

in c re a s e  the  p ro d u c t io n  o f  p ro c e s s iv e  e lo n g a t io n  co m p lex es  

(Ratnasabapathy, et al., 1990). The mechanism by which 1ST promotes 

formation of abortive elongation complexes is not known; neither is that 

by which Tat may restore processivity. A study in which two types of 

elongation complex were invoked which differed in their processivities, 

provided evidence for Tat-mediated increased processivity of complexes. In 

the absence of Tat, elongation complexes were non-processive and 

terminated randomly in the first lOOObp of the transcription unit. Tat 

appeared to increase the abundance of a m ore-processive class of 

polymerase which could transcribe to the end of the gene. The implication 

of this result is that HIV-1 is transcribed by more than one type of 

elongation complex, one of which is acted upon by Tat (Marciniak and 

Sharp, 1991). Thus, variability in polymerase processivity may provide 

o ppo rtun i t ie s  for control o f  e longa tion -com petence  by regu la to ry  

elements. This effect of Tat on IST-mediated abortive transcription 

provides an example of a protein which binds to its cognate element to 

control processivity. Elements which function in a similar way may exist 

in 5' flanking or internal regions of cellular genes. These elements may 

promote the incorporation of elongation factors, or activities such as 

kinases which increases processivity during elongation, into transcription 

com plexes .

Recently, it was found that DRB also inhibits a Tat-dependent 

modification of HIV-1 TAR RNA in the nuclei of X e n o p u s  oocytes, which is 

required for translation of RNA containing TAR (Braddock et al., 1991). The
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relationship of this activity of DRB with its effects on transcription 

remains to be defined. Identification of the cellular substrates of DRB 

would facilitate the characterization of these processes which are inhibited 

by DRB.

5.1.7.  What are the biochemical  properties of  processive and 

n o n -p r o c e s s iv e  e l o n g a t io n  c om p lexe s?

N on-processive  e longation  com plexes  may sim ply  lack the 

modification or factor associated with processive complexes. Alternatively, 

the former may contain an additional property which actively causes them 

to prematurely terminate. It also remains to be established whether a factor 

which confers processivity (or non-processivity) does so by modification 

of the polymerase or accessory proteins for example by phosphorylation, 

or by direct association with polymerase. Modification of RNA polymerase 

at the promoter to an antiterminating form is a known function of phage 

lambda Q protein (Yarnell and Roberts, 1992). A precedent for the latter 

mechanism is also found in phage lambda, since the N protein associates 

with E. coli RNA polymerase, likewise rendering the polymerase capable of 

antitermination (Barik, et al., 1987).

It seems evident that the factor inhibited by DRB is the same factor 

which directly or indirectly increases the processivity of RNA polymerase

II. Therefore, the identification of physiological targets for DRB will 

facilitate analysis of the biochemical nature of processive and abortive 

elongation complexes. It is possible that DRB inhibits a number of proteins, 

of which only one or a few increase polymerase processivity. The P-TEF

factor described above is a candidate DRB substrate. P-TEF appears to be

distinct from the elongation factors SII and TFIIF (described in 

Introduction) on the basis that these factors were not inhibited in a

purified transcription system (Kephart, et al., 1992; Marshall and Price,

1992). A cellular fraction was identified recently which also conferred 

DRB-sensitivity to an in vitro transcription system (Chodosh, et al., 1989). 

This fraction contained RNA pol II. However when purified fractions 

including pol II were reconstituted, these were capable of initiating 

transcription but failed to retain DRB-sensitivity. From these data, it was 

suggested that DRB-sensitivity may be conferred by a factor which 

associates with pol II and which is removed during the purification 

procedure (Chodosh, et al., 1989). Whether this factor and P-TEF are one 

and the same is also a possibility which remains to be determined. These
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D RB-sensitive fractions may contain a kinase which increases the 

processivity of polymerase. For instance, concentrations of DRB which 

inhibited transcription also inhibited the activity of casein kinase II 

(Zandomeni et al., 1986). Since casein kinase II can phosphorylate RNA 

polymerase II (Dahmus, 1981) it is possible that the inhibition by DRB is 

mediated through this activity. I attempted to inject synthetic peptide 

inhibitors of casein kinase II into oocytes in order to determine whether 

these could mimic the effect of DRB. However, these experiments were 

inconclusive (data not shown). A kinase inhibited by DRB has also been 

identified in Hela extracts; this kinase phosphorylates the C-terminal 

domain (CTD) of the large subunit of pol II (Stevens and Maupin, 1989).

Interestingly, phosphorylation of the CTD is associated with the transition 

of pol II transcription from initiation to elongation in vitro (Payne, et al.,

1989). The elongation factor SII was also suggested as a potential target of

DRB. DRB inhibited phosphorylation of a protein in C h ir o n o m u s  cells with 

cross-reactivity with anti-SII antibodies (Egyhazi et al., 1984). However it

is not clear whether the phosphorylation of SII is required for its activity. 

Moreover as mentioned above, DRB did not appear to inhibit drosophila SII 

in vitro (Kephart, et al., 1992).

5.2. Premature termination of transcription initiated at the PI  

p r o m o t e r

5.2.1.  Characterization of termination at TI

Although PI transcription did not terminate detectably at T2 in 

injected oocytes, termination occurred when the distance between the 

promoter and T2 was reduced (figure 3.4). These data suggested that 

contrary to the idea that transcripts from the PI promoter possess an 

inhe ren t an tite rm ination  property , P I  transcrip tion  is capab le  of 

term inating at a site sufficiently  close to the promoter. Indeed, 

termination of PI transcription was found to occur in the wild-type gene at 

sites more proximal to the promoter than T2. A combination of nuclease 

mapping and Northern blotting experiments demonstrated 3' end formation 

of PI transcripts at two major sites in the P2 promoter. These sites flank 

the P2 TATA box (see figures 4.1 A and 4.2). TIB lies downstream of the TATA 

box and like the T2 site corresponds to a T-rich sequence on the coding 

strand. PolydT residues are commonly found at termination sites utilized by 

RNA polymerases II and III and by E. coli RNA polymerase (see
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Introduction). The TIA  termination site which spans the approximately 15

base region immediately 5' of the TATA box does not resemble previously

identified termination sites. Indeed, this sequence does not appear to be

essential for termination, since termination could occur in an unrelated 

sequence, apparently defined by the position of the P2 TATA box and 3'

flanking sequence (figures 4.7-4.10, discussed below). Termination at T l

was detected in both the murine and human genes (figure 4.1). These

transcripts do not appear to represent products o f  post-transcriptional

processing events, as judged by the following criteria: (1) When a

synthetic RNA comprising full-length exon 1 was injected into oocytes, it 

was not truncated (figure 4.3). Although this synthetic RNA was initiated 

upstream of the PI promoter, it is not true that correct initiation at the PI 

prom oter is required for term ination, since term ination can occur 

downstream of a heterologous promoter (figure 4.4). (2) Another group

has recently identified PI transcriptional arrest apparently corresponding 

to termination at T IA  and B. This was determined by nuclear run-off

analysis in which the level of RNA processing is minimal (Wright et al.,

1991; see section 5.2.4. below). (3) 3' end formation at TIA does not arise

from processing of TIB RNAs, since termination at T IA  can occur in the 

absence of TIB (figure 4.4). These assays are not capable of distinguishing 

between true termination and a co-transcriptional processing event which 

cannot be ruled out; however to facilitate this discussion these short RNAs 

are referred to as products of termination.

The nomenclature of these termination sites may be confusing to the 

reader. In the human gene, the terminator at the end of the exon consists 

of two sites which flank the splice site. These sites have been termed T l

and T2 (Meulia, et al., 1992). In this thesis, T l refers only to termination at

TIA  and B in the P2 promoter, while termination at the end of exon 1 is 

designated as T2.

5.2.2. Termination at TIA is inhibited by mutations in the P2 

TATA region

The mechanism of termination at T l  was investigated initially by 

mutagenesis of P2 promoter sequences. A number of mutations defined an 

element overlapping the P2 TATA box as obligatory for effic ient 

termination at TIA. Firstly, a 120bp fragment including TIA and the TATA 

box was sufficient to confer termination downstream of a heterologous 

promoter (figure 4.4), indicating that downstream sequences including TIB
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are not essential for termination at TIA. Mutation of the TATA box and 6bp 

of 3' flanking sequence significantly inhibited termination at T IA  (figure 

4.10). Furthermore, insertion of a lObp element between the TATA box and 

upstream sequences did not inhibit termination but rather 3' ends were 

formed in the inserted sequence, at a similar distance relative to the TATA 

box as in the wild-type gene (figure 4.9). These results indicate that 

termination is specified not by the sequence at which termination occurs, 

but by a signal downstream, contained in the TATA box and 6 bp of 3' 

flanking sequence. A 28bp sequence including this signal was sufficient to 

cause termination when inserted downstream of a heterologous promoter

(figure 4.11).

Sequences flanking the TATA region probably  increase the

efficiency of termination. For instance, the efficiency of the 28bp region 

as a terminator was very low. Presumably, important flanking sequences 

would reside within the limits o f  the 120bp P2 fragment (figure 4.4). 

However mutation of the upstream M E la l  and E2F sites within this region 

did not detectably inhibit termination (figure 4.5 and 4.6). It remains 

possible that these upstream elements contribute to termination efficiency

in a redundant manner. According to recent mutational analyses, it does 

not appear that the M Ela2 element situated upstream of the E2F site 

increases termination at TIA (D.B.; data not shown).

A recent study in which the human gene was transcribed in injected 

oocytes also reported 3' ends, designated as A and B, which appear to 

correspond to termination at TIA  and B (Meulia, et al., 1992). A series of 

linker scanning mutations of the P2 promoter revealed a number of 

similarities with and differences from our observations. Their data is in 

agreement with the involvement of the TATA box and 3' flanking sequence 

in termination at TIA. Meulia et al. found that a 6bp deletion of the P2 TATA 

box in the human gene abolished termination at TIA . Surprisingly,

mutation o f  the sequence immediately downstream of the TATA box 

increased termination. Interestingly however, this mutation resulted in a 

sequence with greater similarity to the wild-type murine equivalent. Thus, 

T AT A A A AGCCGGT was changed to TATAAAAGAATTC; the murine sequence is 

TATAAAAGAAGCT. However, the remainder of their analysis produced a 

more complex picture than that derived from our studies. Mutation of 

sequences between the P2 TATA box and the cap site increased termination 

at site A (TIA), presumably indicating that for some reason these sequences 

normally repress termination. I did not specifically  m utate these 

sequences, although they were removed in the g lobin-m yc construct
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(figure 4.4) which specified term ination at T IA . In contrast with the 

results of our studies on the murine gene, the A and B sites were 

interdependent, with m utations in one site affecting term ination at the 

other (Meulia, et al., 1992). Furtermore, mutation of the E2F site inhibited 

termination at the A and B sites. This observation was interpreted such that 

initiation at P2 and termination at A and B may be specified by the same or 

overlapping elements, since mutation of the TATA element and the E2F site 

reduced promoter activity as well as termination. Mutation of the 3' end of 

the M E la l site also reduced termination at site A, which was interpreted to 

suggest that this sequence defines the term ination site itself. This is in 

disagreement with our detailed mapping studies in which most termination 

occurred immediately 3' of the M E la l site. Furthermore, we found that the 

termination site is specified by the position of the TATA box. We do not 

know why some of these data differ from our results. The lack of effect of 

M E la l in our hands could reflect the fact that our deletion recreated a GA- 

rich sequence which despite being distinct from the M E la l sequence may 

resemble it sufficiently to have functionally replaced it. However, recent 

experiments in which this site was mutated without deleting any sequences 

revealed no effect of M E lal on termination at T l (D.B.; data not shown). A 

second potential explanation for the discrepancy may lie in differences 

between termination at T l between the human and murine genes.

5.2.3.  A factor present in oocyte nuclei  binds to the T l  

terminator and is implicated in termination

S in c e  the P2 TATA box was implicated in term ination at T IA , it 

seemed feasible that term ination is brought about by the P2 initiation 

compex. Thus, PI transcripts may encounter and be released by one or 

more components of the TATA-bound multiprotein complex at P2. Other 

protein-binding sites in the P2 promoter such as E2F which are utilized in 

the oocyte (Nishikura, 1986; D.B. data not shown), do not cause termination 

of PI transcripts, at least in our experience. This model requires that a 

significant number of templates injected into the oocyte are engaged at 

both promoters simultaneously; we do not know whether this is true. In 

any case by a number of criteria, TBP (the TATA-binding component of 

TFIID) was not im plicated in term ination at T IA  in these studies. In 

particular, the TATA-Nco mutation did not alter the core TATA element. 

Furtherm ore, an oligom er containing this particu lar m utation bound to 

TBP efficiently in a gel retardation assay (figure 4.12B). Consistent with
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this result, TATA-Nco did not reduce P2 promoter activity. Despite these 

facts, this mutation inhibited termination (figure 4.10) Thus, there was no 

apparent correlation between an active prom oter and term ination at TIA . 

Since an active initiation complex was not implicated in termination at TIA , 

we tested for a relevant activity in oocyte nuclear extracts. We identified a 

DNA-binding protein with a sequence specificity which correlated with the 

sequence requirements of termination at TIA . Thus, all of the mutations 

which inhibited term ination also exhibited reduced binding to this factor 

in the oocyte (figure 4.12A). An analogous activity was also detected in 

Hela nuclear extracts (figure 4.13), suggesting that termination at T IA  may 

occur by a sim ilar mechanism in mammalian cells. These experiments 

suggest but do not prove that this protein, designated TBF I (terminator 

binding factor I) binds to the element overlapping the TATA box and causes 

termination at TIA .

It is important to note that these experiments do not rule out that the 

P2 initiation complex is required for termination. These experiments only 

demonstrated that such a complex is insufficient to cause termination. All 

of the mutations in figure 4.10 inhibited termination; thus we did not find a 

m utation in which term ination occurred efficiently  w ithout a functional 

P2 promoter. This latter type of mutation would be required to demonstrate 

that the P2 initiation complex is not involved in termination. It is entirely 

possible that one or more members of the P2 initiation complex such as TBP 

are able to bind to the TATA element simultaneously with TBF I and cause 

term ination. A lternatively, the P2 in itia tion  com plex may induce PI 

polymerases to pause, following which TBF I can cause polymerases to be 

released. A purified in vitro transcription system, together with purified 

TBF I, will enable these speculations to be tested in future.

Several bases downstream  of the TATA box d iffer between the 

murine and human sequences, the significance of which is unclear. The 

murine sequence is TATAAAAAGAAGCTT while the human sequence is 

T AT A AAAGCCGGTT. The mutations described here replaced the first or last 

6bp of this murine sequence, while the point mutations replaced the fourth 

base of the TATA box. Therefore, only the fourth base in the TATA box and 

one or more bases o f AAGCTT have been implicated in termination with any 

certainty. Mutation of the TATA box inhibited termination not only in the 

murine but also in the human gene (figure 4.8). Furthermore, the human 

sequence appears to bind to the same protein as the murine sequence. The 

wild-type murine sequence competed efficiently for a protein bound to the 

human sequence in both oocyte and Hela extracts. This protein appears to
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have a h igher affin ity  for the m urine sequence, according to gel 

retardation assays (D.B., data not shown; Roberts and Bentley, 1992), and 

experim ents o f M eulia et al. (1992) in which m utation o f the region 

immediately 3' of the TATA box increased termination in the human gene.

As mentioned above, this mutation resulted in a sequence more similar to

the equivalent region of the murine gene.

There exist a few known precedents for term ination mediated by 

DNA-binding proteins, although the mechanism by which these proteins

induce term ination is unclear at present. Term ination by the protein 

im plicated in these studies superficially  resem bles term ination o f RNA

polymerase I transcription. The protein implicated in pol I termination is 

called T T F l, which like TBF I binds to a DNA elem ent im m ediately

downstream of the site of 3' end formation (Grummt, et al., 1986a; Kuhn, et 

al., 1990). It is interesting that a binding site for this protein is also 

present in the prom oter region o f the adjacent gene, a requirem ent

conferred by the existence o f pol I genes in tandem  arrays (see

Introduction). The mechanism of pol I term ination may be elucidated in 

the near future, since TTFl has been purified; it is presently thought that 

termination by purified TTFl occurs through a direct interaction between

TTFl and pol I (Kuhn, et al., 1990). A DNA binding protein has also been

im plicated in pol II term ination. The adenovirus m ajor late prom oter

contains a CCAAT box, an elem ent recognised by the CCAAT-binding 

protein. This element appears to be involved in term ination, although the 

position o f 3' end-form ation relative to protein-binding has not been

ascertained (Connelly and Manley, 1989a; Connelly and Manley, 1989b). It

remains to be seen whether any sim ilarities become evident between the

mechanisms of term ination by these proteins. In addition to a direct 

interaction between a terminator protein and polymerase (as in TTF I and 

pol I), there are other conceivable mechanisms by which a DNA-bound

protein could cause term ination. These include some kind o f steric

obstruction to the polym erase; alternatively a conform ational change in 

the template could be induced by the terminator protein. It is possible for 

instance that a protein which causes termination induces DNA to bend or

stabilizes bending inherent to the DNA sequence. In support o f this, 

bending o f DNA at T-rich sequences im plicated in term ination was 

suggested from a previous study (Kerppola and Kane, 1990).

At p resen t there are no apparen t s im ila ritie s  betw een the 

mechanisms of term ination at T IA  and T2. It is not known whether 

term ination by the non-processive polymerases at T2 is facilitated by a
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DNA-binding protein. The sequences of these sites differ from one another, 

and in contrast to TIA , termination at T2 requires sequences upstream of 

the site of 3' end-formation (Bentley and Groudine, 1988). It is more likely

that T2 and TIB  cause termination by similar mechanisms, since a T-rich 

sequence is found at both of these terminators. I attempted to compare the 

T l and T2 sites by increasing the distance between T l and the PI promoter, 

but this experiment was inconclusive (data not shown). It remains possible 

that like termination at T2, termination at T IA  and/or B requires a non-

processive polym erase.

5.2.4.  Potential  physiological  s ign if icance of  PI  termination

Since transcriptional arrest is an im portant control mechanism for 

P2 transcription, it would not be unprecedented to find that transcription 

from PI is controlled in an analogous manner. The likelihood that

prem ature term ination o f P I transcrip tion  has an im portan t cellu lar 

function  is substan tiated  by the recent finding that P I transcrip ts 

prem aturely term inate in vitro in Hela extracts (Roberts et al., 1992) (T. 

Purton, data not shown). Furtherm ore, the term inator-binding protein 

iden tified  here binds to the s ligh tly  d ivergen t hum an and m urine 

sequences, and the same or related proteins are present in both oocyte and 

Hela extracts. Termination of murine PI transcription may also occur in  

v ivo  in mammalian cells. Analysis of transcription in nuclei isolated from 

MEL cells revealed that most endogenous PI transcription did not proceed to 

exon 3 (Wright, et al., 1991). Specifically, the polymerase density between 

the PI and P2 promoters was similar to that across exon 3, in contrast with 

the steady-state ratio of P1/P2 RNA of 1:8 in MEL cells (Wright, et al., 1991). 

These resu lts  im plied  that P I transcrip tion  te rm inates p rem atu rely  

somewhere upstream of exon 3. These authors stated that the vicinity of 

the term ination region was not mapped more accurately by nuclear run

off due to the background transcription from P2. Indeed, we were also 

faced with this problem  when considering an attem pt to map P I 

termination in mammalian cells. In order to circumvent this problem we 

would have to transfect into cells constructs containing a mutated P2 

prom oter; how ever we had learned that part of this term ination is

abolished by a mutation of the P2 TATA box (figure 4.7). Wright et al. (1991) 

proceeded to map P I term ination in injected oocytes, and found an

analogous pattern of T l 3' ends to those identified here. This evidence
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corroborates our observations of PI term ination in oocytes, and suggests 

the likelihood that this phenomenon occurs in mammalian cells.

The ability of the terminator-binding protein to bind to the TATA 

box suggests the possibility  that it could function as a transcriptional 

repressor, by competing with TBP. In mammalian cells, a number of DNA- 

binding proteins are known to compete with TFIID in vitro', these include 

TARP (TA-Rich binding Protein) (M itchell and Benfield, 1990), engrailed 

(Ohkuma et al., 1990), P I transposase (Kaufman and Rio, 1991) and LBP-1 

which binds to the HIV-1 promoter (Kato et al., 1991). Where low levels of c- 

m y c  RNA are requ ired , binding o f the te rm inato r p ro te in  may 

simultaneously inhibit initiation at the P2 promoter and cause termination 

of PI transcription. This model is somewhat reminiscent of an activity of 

the E. co l i  lac  repressor, in which it binds to the 3' end of the lac I  gene at 

the prom oter of the lac Z  gene. In this position, it term inates lac I 

transcription and inhibits initiation of lac Z  transcription (Sellitti et al., 

1987; see Introduction). However if TBFl can compete with TBP, it might be 

expected that should the TBFl binding site be mutated without affecting 

binding of TBP, this would increase initiation from P2. The TATA-Nco 

mutation did not inhibit the binding of human TBP (figure 4.12B), yet did 

not increase P2 initiation (figure 4.10B).

It is feasib le that under certain  conditions, term ination at T l 

prevents PI polymerases from occluding transcription complexes at the P2 

promoter. It is known that transcription can be inhibited by polymerases 

initiated from upstream (Adhya and Gottesman, 1982; Cullen et al., 1984; 

Proudfoot, 1986; Corbin and Maniatis, 1989). Termination as a mechanism to 

prevent such interference occurs in the prom oter regions of pol I genes 

(Bateman and Paule, 1988; Henderson, et al., 1989). With regard to c -m yc  

transcription, this model has a number of implications. For instance, since 

term ination  would increase P2 transcrip tion  at the expense o f PI 

transcrip tion, this mechanism would only be im portant if  there is a 

functional difference between the P I and P2 transcripts. No differences 

betw een P I and P2-prom oted transcrip ts, for exam ple in stab ility  or 

propensity to be translated, have yet been noted. Secondly, the model 

implies that since a mutation which inactivates term ination at T l increases 

readthrough transcription from P I, this would occlude the P2 promoter, 

reducing P2 transcrip tion. The TATA-Nco m utation w hich inhibited  

term ination (w ithout affecting binding by TBP), did not decrease P2 

initiation. However in the injected oocyte, we do not know whether both 

prom oters are generally  occupied on the sam e tem plate; obviously
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sim ultaneous occupancy would be necessary to observe inhibition o f P2 

polymerases by PI polymerases. Such models in which c-myc  expression is 

m odulated by P I term ination may be testable in future using an assay 

system in which both promoters are occupied at the same time.

Termination at T l may have relevance to aberrant c-m yc  regulation 

in Burkitt lymphomas (BLs). Originally, a correlation was drawn between 

mutations at the 3' end of exon 1 and abnormal readthrough of the block to 

elongation in BL cell lines (Cesarman et al., 1987). Spencer et al. (1990) 

later dem onstrated that the block to elongation was recognised when the 

cloned alleles from BL cell lines were transfected into murine B cells or 

injected into Xenopus oocytes. Thus, these exon 1 m utations were 

in s u f f ic ie n t  per se to inhibit arrest in heterologous cells. An alternative 

correlation  was drawn betw een readthrough transcrip tion  and prom oter 

usage (Spencer, et al., 1990). Transcription from the PI promoter, usually 

considered to be the minor promoter of c-m yc ,  is equal to that from P2 or 

predominates in BL cell lines (Taub et al., 1984; Eick and Bornkamm, 1989). 

By contrast, transcription predominantly initiated at P2 in the transfected 

cells and oocytes. Thus, a correlation was evident between P2 initiation and 

the elongation block. Furtherm ore in agreem ent with our observations, 

when mutations of the PI and P2 TATA boxes were tested in oocytes it was 

found that transcription from PI does not terminate at T2. Thus a shift in 

promoter usage from predominantly P2 to the equimolar P1/P2 ratio could

contribute to the increased levels of readthrough transcription in Burkitt

lymphomas (Spencer, et al., 1990).

This hypothesis now has to be re-examined in light of the knowledge 

that P I transcription can term inate prem aturely at T l .  Specifically, it 

would be instructive to learn whether or not the block to PI elongation is 

utilized in BL cell lines compared with normal B cells. If P I transcription 

does not terminate at T l in BL cells, then this would be consistent with the 

hypothesis that increased PI transcription does contribute to readthrough 

transcription and high steady-state levels of c-m yc  RNA. However, the 

increase in P I transcription in BLs would not be a consequence of

increased utilization of the PI promoter, but would instead reflect loss of 

termination at T l. If termination of PI transcription is lacking in BLs, this 

would implicate T l in important regulatory events.

The increase in PI transcription by loss of premature termination or 

by other mechanisms may not account entirely for the increase in c -m y c

expression in BLs. It is possible that readthrough of P2 transcription is
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partially responsible. Indeed, the modulation of elongation arrest in HL60 

cells is accompanied by predominant P2 usage under conditions o f both 

differentiation and proliferation; under the latter conditions, readthrough 

transcrip tion is increased despite predom inant P2 usage (B entley and 

Groudine, 1986; Spencer, et al., 1990). Thus P2 transcription must normally 

be regulated, for instance by elongation or termination factors, such that it

can read through the elongation block w here appropriate. Therefore, 

arrest o f P2 transcription may also be lost in BLs; this could result from a

loss or reduced activity  o f trans-acting factors in these cells which

normally regulate this arrest.

As discussed earlier, transcription through a term inator rem oves 

term ination-com petent polym erases such that term ination efficiency at a 

second term inator is reduced. Where PI termination at the T2 site was 

induced by a deletion (figure 3.4), this deletion removed T l sequences. 

Thus, the induction of termination at T2 may have resulted not only from 

the reduced distance between P I and T2, but also from lack of termination 

at T l. This putative lack of termination at T2 mediated by T l could result 

from depletion of term ination-com petent polym erases according to the 

polym erase heterogeneity  model; alternatively  if  m ost P I transcrip tion 

terminates at T l, this would reduce the overall level of PI transcription 

such that detection of PI termination at T2 would be difficult. In oocyte

experiments by W right et al. (1991), the P2 promoter was deleted thereby 

rem oving the T l term inator, w hile the distance from PI to T2 was 

unchanged. Since this induced a detectable level of PI termination at T2, it 

was suggested that the normal lack of termination at T2 is caused by T l. 

However in the experiment shown in figure 3.4B, T l was partially removed

by a P2 TATA mutation which likewise did not alter the distance between PI 

and T2. Since T2 termination was not detected in this construct despite

reduced T l term ination, we are inclined to believe that the effect of 

distance probably also contributes to the lack of PI termination at T2. The 

distinction between mechanisms in which term ination at T2 from PI is 

inhibited by distance or the T l term inator is a potentially im portant one 

for loss of regulation of c-myc  expression. If distance accounts for the lack 

of P I termination at T2, then a loss of termination at T l could result in 

aberrant full-length PI transcription. A lternatively, P I transcription may

appear not to term inate at T2 because the T l term inator depletes 

term ination-prone PI transcription or simply depletes P I transcription. In
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this case, loss of termination at T1 would not necessarily result in full- 

length PI transcription, since it could now terminate at T2.

5.3. FUTURE PERSPECTIVES

Future identification o f physiological substrate(s) of DRB will clearly 

be inform ative; while defining the mechanism o f DRB-mediated inhibition 

of transcription, this would reveal the nature of the distinction between 

processive and non-processive elongation com plexes. In addition, if 

prom oter elem ents are found to stim ulate one or the other class of 

elongation complex, as appears to be the case for HIV-1 transcription, this

would imply that gene-specific transcriptional regulation can be mediated

through control of polymerase processivity. It would also be instructive to

compare the mechanisms of term ination at T1 and T2; for instance by 

studying the effects on T1 of distance, DRB or transcription through 

tandem terminators. Conversely, the signal which induces non-processive 

polymerases to terminate at T2 remains to be defined.

Purification and cloning of TBF I will be necessary to prove its

proposed role as a term ination factor, and to begin to elucidate the

m echanism  by w hich it causes term ination . For these purposes, 

purification of TBF I is underway in the lab, and a system which permits

term ination of c-m yc  transcription in vitro is currently being assembled.

Finally, a role for P I term ination in regulation of c -m yc  mRNA 

levels in mammalian cells remains to be established. It will be particularly 

in struc tive  to learn  w hether P I transcrip tion  no longer term inates 

prematurely in Burkitt lymphomas, and could thereby explain the increase

in PI transcription characteristic of these cells.
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CHAPTER 6 

MATERIALS AND METHODS

1 6 5



6.1. Chemicals  and enzymes

Most chemicals were analytical grade from Fisons, Sigma or BDH or 

as indicated below. Solvents were usually from Fisons. Radiolabelled

nucleotides were obtained from Amersham International PLC. Restriction 

enzymes were mainly from Boehringer Mannheim or New England Biolabs; 

the sources of other enzymes are indicated in the text.

6.1. Chemicals  and enzymes

Most chemicals were analytical grade from Fisons, Sigma or BDH or 

as indicated below. Solvents were usually from Fisons. Radiolabelled

nucleotides were obtained from Amersham International PLC. Restriction 

enzymes were mainly from Boehringer Mannheim or New England Biolabs; 

the sources of other enzymes are indicated in the text.

6.2. General Buffers and Solutions

Other solutions and buffers for enzymatic reactions are described in text.

Orange G loading buffer

50%w/v sucrose, 2% w/v Orange G (BDH), in TE

Formamide loading buffer

99% formamide (Fluka) containing lOmM EDTA, 0.1% w/v bromophenol 

blue (Biorad), 0.1% w/v xylene cyanol (Biorad).

Native acrylamide gel loading buffer

10% glycerol, 10mm EDTA, 0.1% w/v bromophenol blue, 0.1% w/v xylene 

c y a n o l.

L B r o t h

1% w/v Bacto-tryptone, 0.5% w/v NaCl, 0.5% w/v Bacto-yeast extract, 1% 
v/v IM MgCl2 , 0.5% v/v 2M Tris (pH 7.4).

LB agar
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As for L-broth, but with 1.5% w/v Bacto-agar. LB/amp plates contained 

lOOpg/ml am picillin.

MBS (M odified  B a rth s  Saline)

In lOx:

0.88M NaCl, lOmM KCl, 24mM NaHCOg, lOOmM Hepes, 8mM MgS04. pH 7.6.

In Ix, CaCl2  was added to 0.7mM and Gentamycin (Gibco BRL) to 50pg/m l.

IxS S C

150mM sodium chloride, 15mM sodium citrate

S ta rk 's  solution (Wahl et al., 1979).

5xSSC, 25mM NaH P0 4  (pH 7.2), 0.02% w/v BSA, 0.02% w/v Ficoll 400 

(Pharm acia), 0.02% w/v polyvinylpyrrolidone (PVP), 250pg/m l Torula 

Yeast RNA, 0.5% w/v non-fat milk, 4% SDS, 50% formamide (Fluka). Not 

autoclaved; stored at -20®C.

S u p e rb lo t  w ash

50mM Tris-H Cl (pH 7.8), 2mM disodium  EDTA, 0.5% w/v sodium 

pyrophosphate, 0.02% w/v BSA, 0.02% w/v PVP, 0.02% w/v Ficoll 400, 0.05% 

w/v SDS, 0.05% sarkosyl; adjust with HCl to pH 7.9, then add 0.01% w/v 

sodium azide.

TAE ru n n in g  b u ffe r

20mM Tris acetate, lOmM sodium acetate, 5mM EDTA. pH 8.0 

TBE ru n n in g  b u ffe r

89mM Tris borate, 89mM boric acid, 2mM EDTA. pH 8.3.

TE

lOmM Tris.HCl (pH 7.5), ImM EDTA. pH 7.5.

1 6 7



6.3.  General  procedures

All centrifugation steps were perform ed at full speed using an

E p p en d o rf 5415C bench top  m icro fuge un less  in d ica ted  o therw ise . 

Autoradiography was done with Kodak XAR-5 film at -70°C. Quantitation of 

dried gels was done where indicated in Results chapters, using an Ambis

s c a n n e r .

6.3.1 Gel el ectrophoresis

1-2% TBE/ or TAE/agarose gels were used for restriction digest 

analysis and the latter also for DNA purification. Gels were run in TBE or 

TAE buffer containing Ipg/m l ethidium bromide. DNA markers were Ikb 

ladder (BRL). Gels were run at lOv/cm.

5-6% denaturing acrylamide gels were used for RNA mapping, DNA 

sequencing, and purification of probes, and 1 2% gels for purification of 

s ing le-stranded oligonucleotides. Gel mix contained  7M urea, 20:1 

acrylam ide/bisacrylam ide ratio and IxTBE buffer, and gels were run in 

IxTBE buffer. Samples were boiled for 4 min at 9 5 °C before loading in 

formam ide loading buffer. M arkers were ^ ^ P -lab e lled  Msp I-d igested

pBR322. Long gels were run at 38W and short gels at 40v/cm. 12% gels

were run at 25W.

Non-denaturing short 5% acrylamide gels were used for purification 

of fragments of less than approx. 250bp (see below). Native gel mix was as 

above except without urea. Sample dye was Orange G buffer, and gels were 

run at 2 0 v/cm.

For gel retardation experim ents, annealed oligonucleotide probes

were purified on 12% native acrylamide gels. For the gel retardation 

experiment, the 4% native acrylamide gel mix consisted of 0.5xTBE and 

acrylamide/bisacrylamide ratio of 40:1, and gels (1.5mm thick) were run in 

0.5xTBE at 15v/cm without loading buffer at 4°C .

6.3.2.  DNA precipitation

W here stated, DNA was extracted  w ith an equal volum e of 

phenol/chloroform . Precipitation o f DNA from the aqueous layer was 

usually with 0.3M sodium acetate by addition of one-tenth volume of 3M

sodium acetate (pH 6.5) and 2.5 volumes of absolute ethanol, for 5-10 min on
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dry ice. Samples were then centrifuged for 6  min and pellets were washed 

w ith 70% v/v ethanol w ithout resuspension ; pe lle ts  w ere drained 

thoroughly by aspiration but not dried, and dissolved in TE. For removal of 

unincorporated nucleotides, precipitation was with one-tenth volum e of 

lOM ammonium acetate and 2.5 volumes of ethanol. Samples were pelleted, 

washed and resuspended as before. Where stated, 20pg of glycogen carrier 

was used. Carrier was not necessary if the sample contained oocyte RNA.

6.3.3.  Purif ication of DNA fragments

DNA fragments were normally purified for subcloning and probes. 

Fragments larger than 250bp were usually gel purified from 1-1.5% TAE 

gels. DNA was extracted from the gel slice using the Geneclean kit and 

method as directed by m anufacturers (Bio 101 Inc.), based on the 

observations of Vogelstein and Gillespie . 2.5 volumes of a sodium iodide

solution was added to the gel slice to obtain a final Nal concentration of 

approx. 4M; this was incubated at 55®C for 5 min with occasional vortexing 

until the agarose was completely dissolved. A silica suspension termed 

Glassmilk was used to bind the DNA, at 5pl per <5|xg DNA, and an additional 

1 pi for each additional 0.5pg. This was mixed and placed on ice for 15 min 

interrupted with occasional vortexing, followed by centrifugation for 5 sec. 

The pellet was washed by resuspension in ice-cold NEW wash (50% ethanol, 

lOmM Tris (pH 7.2), lOOmM NaCl and ImM EDTA) pelleted for 5 sec and the 

wash repeated two more times. To elute DNA, pellet was resuspended in 10- 

15pl of TE and incubated at 55®C for 15 min. Glassmilk was pelleted for 30 

sec and supernatant carefully removed without disturbing the pellet. This 

method typically yielded a maximum of 50% of input fragment.

For purification o f sm aller fragm ents or fragm ents up to 400bp 

where G eneclean yields w ere unsatisfactory , non-denaturing short 5% 

acrylamide gels were used. Following electrophoresis gels were soaked in 

IxTBE buffer containing Ipg/m l ethidium bromide for 20 min, and lifted 

carefully onto a 365nm (long wave) UV light box by applying Whatman 

3MM paper to either side of the relevant gel lanes. Fragments were eluted 

in 350|il of 0.5M ammonium acetate, 0.1% SDS and ImM EDTA shaking at 37®C 

overnight. DNA was recovered from the eluate by precipitation with 2.5 

volumes of ethanol and 20pg glycogen. This method yielded 50-80% of 

input fragm ent.

6.4.  Subcloning procedures
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See also gel purification of DNA fragments above.

6.4 .1  R e s tr ic tio n  d ig ests

R estriction digests were usually in universal "magic" restric tion  

buffer (Mirkovitch et al., 1984) consisting of 20mM Tris.HCl (pH 7.5), 70mM 
NaCl, 20mM KCl, lOmM M gCl2 , SO^iM spermine (Sigma) and 12.5^iM 

sperm idine (Sigma). In addition digests contained lOmM DTT and 3-4 

enzyme units per p.g of DNA, and were carried out at 37®C for 90 min. For 

enzymes which did not work well in this buffer, specific buffers were 

form ulated according to the enzyme m anufacturer's instructions.

6.4.2 P h o sp h a ta s in g  of vec to r DNA

Since phosphatasing is more efficient on 5' overhangs than on blunt 

ends, this step was carried out prior to filling in ends. Linearised vector 

DNA was gel purified as described above, and DNA was phosphatased to 

p reven t re c ircu la risa tio n  using  c a lf  in tes tin a l a lka lin e  phosphatase  

(Boehringer M annheim). Phosphatase was used at a concentration of 

lU /lO p g  DNA in a 10-20|il reaction containing lOOmM Tris pH 9.5 carried 

out at 45®C for at least 30 minutes. To inactivate the phosphatase, the 

reac tio n  was tran sfe rred  to 65® C fo r 15 m inu tes, tho ro u g h ly  

phenol/ch loroform  extracted  and ethanol p recip ita ted . Phosphatasing  

efficiency was checked by transformation o f vector subjected to a mock 

ligation in the absence of insert.

6.4.3. B lun ting  of DNA ends

R epair of 5' overhangs directly following restric tion digestion of 

DNA was perform ed in restriction buffer containing 100|xM appropria te  

dNTPs and approx. 3 un its/|ig  of Klenow polym erase (Pharm acia) or 5

u n it s /p  g of Sequenase (USB). A lternatively, Klenow buffer was used,
containing lOmM Tris.HCl (pH 7.5), lOmM MgCl2 , 25mM KCl and 5mM DTT. 

Reaction was for 15 min at room temperature, and enzyme was either heat- 

killed at 70® C for 10 min or phenol/chloroform  treated follow ed by 

am m onium  acetate/ethanol p recip ita tion .

6 .4 .4 . L ig a tio n s
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50ng of phosphatased vector was ligated to a 3-foId molar excess of 

insert DNA in a lOpl reaction containing 0.5mM ATP, 6 6 mM Tris.HCl pH 7.5, 

15mM DTT, lOmM MgCl2 , and 100 units of T4 DNA ligase for blunt ends or 10 

units for staggered ends. The reaction was carried out at 16°C overnight or 

for a minimum of 3 hours. Where multiple 290bp fragments were ligated to 

vector to create increased distance between prom oter and term inator, 

inserts were used at a 100 -fold molar excess over vector.

6.4.5.  Linkering DNA fragments

Linkers were ligated to DNA ends blunted by Klenow polymerase as

described above. Ligation was as described above except that a 50-fold

molar excess of kinased linkers over phosphatased vector was used. If

unphosphorylated , k inasing o f Ip g  of linkers was in a lOOpl reaction  
containing ImM ATP, 50mM Tris (pH 7.5), lOmM MgCl2 , 5mM DTT, lOOpM 

spermidine, lOOpM EDTA and 10 units of T4 polynucleotide kinase, at 37®C. 

After 30 min, reaction was phenol/chloroform  extracted and ammonium 

acetate/ethanol precipitated  with carrier.

6.4.6. Transformation of E. col:

Genotype of bacterial strain (X Ll-blue) used for transform ation: F'

Tn 10 pro A+B+ lac Iq D(lacZ)M15/recAl endAl gyrA 95(N aI^) thi hsd R17 

(rk -m k+ ) supE44 relAI lac

lOng of ligated plasmid (normally encoding am p^) was added to 50pl

of E. coll X Ll-blue competent cells (lab stock made competent by T. Purton),

and kept on ice for 30 min. Cells were then heat-shocked at 37®C for 3 min,

and returned to ice for 2 min; following this cells were diluted 5-fold in L- 

broth without antibiotic and transferred to a 37® C shaker for 1 hour to 

allow expression o f am p^ prior to plating. 50-100pl of cells were then

spread onto LB/ampicillin plates and incubated at 37®C overnight. 4-12 

colonies were picked; each was inoculated into 1.5ml of L-broth/ampicillin.

A m picillin (Sigma) was used at lOOpg/ml. Cells were grown in a 37® C 

shaker overn ight.

Where subcloning was directly into the polylinker of pVZ-1 which is 

situated within the B-galactosidase gene (e.g. to make pSX943), blue/white

selection was performed to assay for successful integration of the insert.
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25^1 of IPTG inducer (40mM stock) and 40^1 of X-gal substrate (20mg/ml 

stock) was added to 50jil of L-broth/transform ed cell m ixture Immediately 

before spreading onto plates. W hite colonies In which the 6 -gal gene 

should be disrupted by the Insert were picked and grown as above.

6.4.7. Miniprep of plasmid DNA

M lnlpreps o f plasm id DNA were prepared as a fast method for

restriction enzyme analysis of subcloning, by alkaline lysis (Blrnbolm and 

Doly, 1979). The 1.5ml culture derived from bacterial colonies as described 

above was centrifuged for 1 min. (The remaining few drops of the culture 

were kept at 4°C ). The supernatant was discarded and the bacterial pellet 

resuspended In lOOpl of an Ice cold solution containing 50mM sucrose, 

lOmM EDTA and 25mM Trls-HCl (pH 8) (solution 1). Tubes were left at room 

temperature for 5 min, following which cells were lysed In 200pl of a 

freshly made solution containing 0.2M NaOH and 1% SDS (solution 2). Tubes 

were mixed vigorously to produce a viscous solution, and left on Ice for 5 

min. The mixture was neutralised with 150pl of 2.7M potassium acetate (pH 

4.8) (solution 3) on Ice for 15 min, and then centrifuged for 5 min. The

supernatant was transferred to a clean tube and nucleic acids purified by 

heating at 65®C for 15 minutes followed by phenol/chloroform  extraction

and sodium acetate/ethanol precipitation. Pellets were washed twice with 

70% ethanol, resuspended In 20pl of TE and stored at -20®C. This procedure 

usually yielded approx. 20pg of DNA from each 1.5 ml culture. Cellular RNA 

was removed by addition of 40pg/m l RNAase A (B oehringer M annheim)

during restriction digestion. Success of cloning was usually analysed by

restriction digestion, unless the frequency of positive clones was too low In 

which case colony hybridization was used (see below).

6 .4 .8 .  M ax ip r ep  (ces ium ch lor id e  grad ie n t  p u r i f ic a t io n )  of  

plasmid DNA

A 5ml culture containing recom binant plasm id was Inoculated Into 

400ml o f L-broth containing lOOpg/ml am picillin and shaken at 37® C 

overnight. Bacteria were then pelleted In a Beckman J-6M/E centrifuge at 

4200rpm , 4®C for 10 min, following which the pellet was resuspended In 

50ml o f solution 1, as used for mlnlpreps. Cells were lysed with 100ml of 

freshly made solution 2 on Ice for 10 min, then neutralized by addition of 

75ml solution 3 on Ice for 10 min, and then pelleted In the J -6  centrifuge
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for 10 min at 42G0rpm. The supernatant was decanted through muslin 

gauze and an equal volume of isopropanol was added to precipitate nucleic 

acids at room temperature for 5 min, followed by centrifugation for 10 min 

as before. The pellet was resupended in 5ml of TE and transferred to a 15 ml 

tube. RNA was removed by precipitation with 5ml of ice cold 5M LiCl for 5 

min on ice followed by centrifugation in the J-6  at 3K for 10 min. DNA was 

precipitated from the supernatant with 2.5 volumes absolute ethanol at 

room temperature for 5 min, and pelleted in the J -6  for 15 min at 3000rpm; 

the pellet was drained well and dissolved in 2.5ml of TE.

For cesium chloride purification of plasmid DNA, 4.2g of CsCl was 

added to the DNA/TE solution and dissolved without warming, followed by 

addition of 200pl of a lOmg/ml solution of ethidium bromide. 8ml of 55% 

w/v CsCl in TE was first transferred through the wide end of a pasteur 

pipette into Beckman Quickseal 5/8x3inch tubes. The DNA solution was 

layered beneath this CsCl solution by transfer through the pasteur pipette. 

Tubes were balanced using 55% CsCl, heat-sealed and centrifuged for 16-18 

hours at 50,000rpm, 25°C in a Beckman L8-80M ultracentrifuge.

Tubes were then punctured at the top with a 24 gauge needle, and the 

red plasmid-containing band pulled out into a 5 ml tube using a 21 gauge 

needle on a 1ml syringe. Ethidium bromide was extracted with an equal 

volume of isobutanol saturated with IM NaCl. This procedure was repeated 
until the bottom layer was clear, following which 3 volumes of H2 O were 

added to dilute the CsCl and DNA was precipitated with 2.5 vols ethanol at 

-2 0 °C  for 30 min. DNA was pelleted by centrifugation for 15 min at 3K and 

the pellet was washed twice with 70% ethanol and resuspended in 500pl of 

TE, or according to the yield of DNA obtained as determined at 260nm. This 

procedure usually yielded between 1.5 and 5mg of DNA.

6.4.9.  Analysis of  cloning by colony hybridization

C olony h y b rid isa tio n  (G runste in  and H ogness, 1975) was 

occasionally used to identify positive subclones. The bacterial plate of 

recom binant colonies was chilled, marked asym m etrically with India ink 

and colonies lifted onto a nitrocellulose membrane; colonies were then 

regrown at 37° C. The membrane was then placed facing colony-side 

upwards onto Whatman 3MM paper soaked in the following solutions for 

the given time: 0.5M NaOH for 5 min, followed by lOx SSC (see section 6.2), 

0.5M Tris (pH 7.4) twice for 7 min each time, and then 2xSSC for 5 min. The 

membrane was air-dried and baked for 2 hours in a vacuum oven at 80° C ,
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followed by prehybridization in 5ml Stark's solution (see section 6.2) at 

4 2 for 1 hour, and then hybridization in 5 ml Stark's solution with 10% 

dextran sulphate and 2.5x10^ cpm random -prim ed denatured DNA probe 

(see below) at 42®C overnight. H ybridizations were in a sealed bag. 

Membrane was subsequently washed twice with 300ml of Ixsuperblot wash 

(see section 6.2) in a 65®C shaking waterbath, then autoradiographed with 

radioactive m arkers. Positive clones were identified  by aligning the 

autoradiogram  with the membrane using radioactive markers, marking on 

the autoradiogram the position of the India ink marks on the membrane, 

and thereby aligning the film with the original bacterial plate containing 

regrow n colonies.

6.5.  Preparation of  s ingle-stranded templates

Single-stranded DNA was prepared by infecting pSX943-containing 

cells with helper phage (pSX943 contains an M13 origin of replication). 

The rescued strand contains c-m yc  sequences in the antisense orientation; 

minipreps of this single-stranded DNA were prepared for sequencing and a 

maxiprep as a template for mutagenesis. Single-stranded DNA was later 

required in the sense orientation for the purpose of 5' end-labelled probe

synthesis; this was made by cloning a c-m yc  fragment into the replicative 

form of M l3 and subsequently purifying the single-stranded form. Both 

versions of single-strand preparation are described below.

6.5.1.  Helper phage rescue of s ingle-stranded DNA

A 2ml L-broth/amp culture was inoculated with a scraping from a

plateful of XL-1 colonies containing pSX943 and grown for 1 hour at 37®C, 

after which 5p l o f helper phage M13K107 (V ieira and M essing, 1987) 

(obtained from R. Pollock) were added and allowed to infect cells at 37®C for 

45 min-1 hour. Selection was then with 25pg/ml kanamycin for 5-6 hours

minimum, after which culture was centrifuged in a 2ml eppendorf for 5

min and the phage-containing supernatant retained and kept at 4®C. For a 

single-stranded maxiprep, a fresh 200ml L-broth/amp culture was derived 

from the plateful of XL-1 colonies and grown for approx. 3 hours shaking at 

37®C to an OD of 0.5. This culture was infected with the phage supernatant 

initially for 45 min at 37®C, after which 25pg/m l of kanamycin was added 

and phage were propagated overnight, shaking at 37®C. The bacteria were 

then pelleted in a Dupont Sorvall RC-5B centrifuge for 15 min at 9K; phage
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were precipitated from the supernatant by dissolving into it PEG8000 

(Koch-Light) to 4% and NaCl to 0.5M, and stirring at room temperature for 

20 min. The phage were pelleted by centrifugation in the Sorvall at 

9000rpm for 10 min, followed by one or more 2 min centrifugations to

rem ove all v isib le traces o f PEG -containing liquid. The pellet was

resuspended in 5ml TE, and thoroughly phenol/chloroform  extracted using 

a J-6  centrifuge. If the aqueous layer remained cloudy, it was centrifuged 

in the Sorvall at 10,000rpm for 15 min. Single-stranded DNA was sodium

acetate/ ethanol precipitated from the supernatant.

For single-stranded m inipreps, phage were recovered directly  from 

the 2ml phage culture by 4% PEG/0.5M NaCl precipitation (a 10 sec pulse 

follow ing rem oval of supernatant helped to rem ove rem aining PEG), 

resuspension of pellet in lOOpl TE and extraction with lOOp.1 chloroform

followed by 50p.l phenol/chloroform . DNA was sodium acetate/ethanol 

precipitated and resuspended in 20|il TE.

6.5.2. M13 single-stranded DNA

To obtain single-stranded M 13/c-m yc DNA, X L l-b lue cells were 

transformed with an M l3 RF-c-m yc ligation. Approx. half of cells were 

inoculated im m ediately after the heat-shock stage of transform ation into 

300pl of a culture of X Lls at an OD of 0.9. To produce a lawn of phage using 

blue/w hite selection to check for positive clones, 25p.l o f 20mg/ml IPTG 

inducer, as well as 40pl of 20mg/ml X-gal substrate and 4ml of hot top agar 

(0.7% agar in L-broth) were added to the cells and the mixture poured onto 

LB plates without antibiotics and grown at 37®C overnight. A 5ml culture of 

X L-Is in L-broth was also grown overnight for plaque purification. This 

culture was then diluted 1:100 into 1.5ml aliquots and grown for 30 min, 

into which white plaques from the lawn of phage were inoculated and 

grown for 6-8  hours. Centrifugation for 10 min at full speed separated the 

phage supernatant from the bacterial pellet containing RF M13 DNA. To 

check for positive clones, the pellets were subjected to the conventional 

m iniprep procedure (see above) followed by restric tion  digests. For 

production of single-stranded maxipreps of positive clones, an early log 

phase 5ml culture of XL-Is (30 min growth of 1:100 dilution of overnight 

culture) was infected with 50p l o f the appropriate phage supernatant; 

phage were grown for 6 hours in a 37® C shaker. This culture was then 

inoculated into a 400ml mid-log phase culture (maximum 3hr growth of 

1:100 dilution of the overnight culture), and grown overnight. Recovery of
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single-stranded DNA from this culture was by PEG/NaCl precipitation etc. 

exactly as described above for template produced by helper phage rescue.

6 .6  S i te -d ire c te d  m u ta g e n e s is

6.6.1. N akam aye and E ckstein  m ethod

S ite -d irec ted  m utagenesis was perfo rm ed  using  a k it from  

Amersham. This method utilizes inhibitory effects of phosphorothioate 

groups on restriction enzyme cleavage (Nakamaye and Eckstein, 1986).

For construction of deletions or replacem ent m utations, a prim er 

containing a mismatch was annealed to single-stranded DNA, extended 

using phosphorothioate dCTP which cannot be nicked by N c i  I, ligated and 

followed by removal of single strands. The non-mutant strand was then 

elim inated by nicking with N c i  I and digestion with exonuclease III, 

followed by repolym erisation with DNA polym erase I to produce mutant 

homoduplex closed circular molecules.

Approx. 40pmoles of primer was phosphorylated in a 50jil reaction 
containing ImM ATP, 50mM Tris.HCl (pH 7.5), lOmM MgCl2 , 5mM DTT, lOOpM 

sperm idine, lOO^iM EDTA and 10 units T4 polynucleotide kinase, for 30 min 

at 37°C. Enzyme was heat-killed at 70°C for 10 min, and then a 2-fold molar 

excess of prim er was annealed to lOpg single-stranded DNA in a 50pl 

reaction containing 0.12M NaCl and 0.12M Tris.HCl (pH 8.0). Annealing was 

performed by heating reactions to 70°C  for 5 min followed by 30°C for 25 

min. Extension and ligation was done by taking the reaction up to lOOpl 
containing lOmM MgCl2 , ImM ATP, 2mM DTT, 250^iM phosphorothioate dCTP, 

250pM  each of dGTP, dATP and dTTP, 15 units of T7 DNA polymerase (instead 

of Klenow, which I found to be less efficient; see Bebenek and Kunkel, 

1989), and 12 units of T4 DNA ligase, overnight at 15°C. 2pl of the reaction 

was subsequently removed for analysis o f extension efficiency on an 

agarose gel; a similar DNA concentration was removed later to check for 

success of subsequent steps. Reactions were increased to 300pl with 0.5M 

NaCl, and non-m utant single-stranded DNA was rem oved by filtration 

through two Hybond N nitrocellulose filters, prewetted with 0.5M NaCl in a 

Sartorius 13mm filter unit. Filtration was followed by a lOOp.1 wash of the 

filters with 0.5M NaCl, and DNA was precipitated with sodium acetate (28pl 

of 3M) and 700pl ethanol and resuspended in 50pl TE. Nicking of the non

m utant strand was accomplished by digesting lO pl of the 50pl double

stranded heteroduplex with 10 units N c i  I in a 50p,l reaction containing 

30mM NaCl, 12mM Tris (pH 8.0), 6mM MgCl2 , and lOmM DTT for 90 min at
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3 7 °C . The non-mutant strand was then removed by increasing the reaction 

volume to lOOp.1 containing the following to final concentrations: 90mM 
NaCl, 60mM Tris (pH 8.0), 6 mM M gCl2 , lOmM DTT, and 50 units of

exonuclease III; the reaction was incubated at 37®C for 15 min, followed by

heat-killing of the enzyme at 70°C  for 15 min. Repolym erisation and

ligation of gapped DNA was done in approx. lOOpl containing 250pM dNTPs, 
350pM  ATP, lOmM MgCl2 , 10 units of E. coli DNA polymerase I, 10 units T4 

DNA ligase at 15-16°C for a minimum of 3 hours. The mutant homoduplex 

DNA was then transformed into competent XL-1 cells, and double-stranded 

m iniprep DNA was prepared as above. Success o f the m utagenesis was 

monitored using restriction digestion and confirmed by sequencing.

6 .6 .2 . S ite -d ire c te d  m u tagenesis  by PC R

PGR was used to mutate the E2F site in pSX943, since repeated attempts 

at making this particular mutation by the method described above were 

unsuccessful. The oligonucleotide primer containing a mismatch of the E2F 

site also contained a restriction site for subcloning. The oligo was gel

purified on a 1 2 % denaturing acrylamide gel, annealed to single-stranded 

tem plate (M 13-EP943) and extended by the methods described above for

site-d irected  m utagenesis, except that reactions w ere scaled down into 

smaller volumes and the oligo did not need to be phosphorylated since no

ligation step was involved. Thus, a 2-fold molar excess o f prim er was 

annealed to 2.5pg of template in 0.12M NaCl, 0.12M Tris.HCl (pH 8.0) in a total 

volume of 12.5pl. Extension was as above except volume was 25p.l without 

ligase. 0 .5 |il (lOOng if  reaction went to com pletion) o f the extension

product was used in a PCR reaction initially containing 0.5pM  M l3 reverse 

primer, 0.5pM  E2F mutant oligo, and Taq polymerase buffer (70mM Tris.HCl 

(pH 8 .8), 2mM MgCl2 , 0.1% Triton X-100) in a total volume of lOOpl. This was 

heated at 95° C for 5 min and removed to ice prior to PCR, at which point 

dNTPs were added to 0.2mM, as well as Ip l Perfect Match and 2 units Taq 

po lym erase (Prom ega) fo llow ed by a drop o f p ara ffin  to reduce 

evaporation. PCR was performed for 30 sec at 9 4 °C, followed by 30 sec at 

6 0 °C  and then 60 sec at 72°C; these steps were repeated for 30 cycles. The 

reac tion  was rem oved from  beneath the paraffin , phenol/ch loroform  

extracted and sodium acetate/ ethanol precipitated with carrier. The yield 

was 1.5 pg  of the 550bp fragment. This fragment was restriction digested, 

gel purified by the Geneclean method, and subcloned (into pSX943 lacking 

the corresponding sequences). Sequencing of the m utant plasm id later
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revealed that the PCR had also introduced a point mutation into the M E la l 

s ite .

6.7. DNA sequencing

6.7.1.  Sequencing of s ingle-stranded DNA

DNA sequencing was performed by the method o f dideoxy chain- 

termination (Sanger et al., 1977), using a USB Sequenase kit according to 

the instructions provided. O.Spmol primer was annealed to l-2 |ig  template 

(approx. 1:1 ratio of primer: template) in a lO^il reaction containing 40mM 
Tris (pH 7.5), 20mM MgCl2  and 50mM NaCl, by warming to 65®C for 2 min 

and slowly cooling to below 35® C in a beaker o f water initially at 65®C . 

Labelling was done by increasing the volume o f the reaction to 2 0 p l , 

containing 5mM DTT, 0.15pM each of dGTP, dTTP and dCTP, 5pCi (32P) dATP 

and 2pl of sequenase diluted 1:8 in ice-cold TE, and allowing the reaction to 

proceed for 5-10 min at room temperature. 2.5^1 of 4 chain termination 

mixtures, each consisting of 50mM NaCl, 80p,M dNTPS and 8pM  appropriate 

ddNTP, was pipetted into 4 tubes. The labelling reaction was divided into 4 

aliquots for each chain termination reaction, by adding 3.5 til to each tube. 

Reactions were incubated at 37®C for 10 min, and stopped by addition of 4pl 

of stop solution (95% formamide, 20mM EDTA, 0.05% bromophenol blue, 

0.05% xylene cyanol). Samples were denatured at 95®C for 4 min before 

loading onto sequencing gels; gels were fixed in 1 0 % acetic ac id /1 0 %

methanol for 20 min, dried onto Whatman 3MM paper and exposed to Kodak

XAR-5 film at room temperature overnight.

6.7.2. Sequencing of double-stranded DNA

Sequencing o f double-stranded DNA was performed as follows. For 

CsCl-purified DNA, 3|ig was used. For sequencing of miniprep DNA, DNA was 

prepared from 1.5ml culture as described above, except that it was dissolved 

in 50^11 TE and treated with 40|i g/ml RNAase A. Approx one-third of 

m iniprep, or 3 |ig  maxiprep DNA was denatured in a 20|xl reac tion

contain ing  5^1 IM N aOH/lm M  EDTA at room tem perature for 5 min. 
Reaction was neutralized with 2.5pl of 2M NH4 OAC (pH 4.6), and DNA was 

precipitated with 60 |il ethanol on ice for 5 min. Pellet was resuspended in 

lOp.1 annealing reaction containing 5 |il of 1% NP40 and sequencing 

performed with Sequenase as above.
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6.8. Oocyte injection and RNA extraction

Xenopus leavis  oocytes were obtained from Clare Hall and kept in a 

solution of IxMBS (see section 6.2) at all times. Oocytes were separated by 

treatment with collagenase type II (Sigma) at 1 mg/ml in MBS for 5 hours or 

0.5 mg/ml overnight. Oocytes can then be maintained for 2-3 days by daily 

replacem ent of the MBS. All subsequent m anipulations were performed 

using a stereo microscope. For injection, 20-25 healthy oocytes were 

selected and placed onto a grid made from plastic netting to keep the 

oocytes in place; the grid was previously fixed in position by melting each 

corner onto a small petri dish with a flamed wire-loop. The oocytes were 

then centrifuged in a Beckman J-6 M/E at 1270rpm for 11 minutes at 20° C . 

This allows the nucleus to surface and become visible as a pale sphere in 

the animal (dark) pole and hence more reliably injected. For injection, 

capillary tubes (1.2mmx4in; World Precision Instruments Inc.) were pulled 

into m icrofine points using a needlepuller (N arishige Japan), loaded with 

approx. 4pl of a solution of circular plasmid DNA at 25ng/pl in TE, and fitted 

into a microinjection apparatus (Narishige Japan, No. 2186). Each nucleus 

was injected with a drop (= approx. 50nl or 1-1.5ng) of the DNA solution. 

W here a  -am anitin  (S igm a) was used, approx. 40nl was in jected  

cy top lasm ica lly  at 2 5ng /p l to a final concentration o f approx. Ing /p l 

(volume of one oocyte is approx. Ip l). Oocytes were then removed from 

grids and incubated in MBS, or in 75pM  DRB (Sigma) in MBS, at room 

temperature for approx. 16-18 hours. Since DRB was dissolved in ethanol, 

control oocytes were incubated in MBS containing the appropriate control 

volume of ethanol. RNA was extracted (Bentley, et al., 1989) from 15-20 

healthy  oocytes which were transferred  into an m icrofuge tube and 

homogenised in 250pl of 1% SDS, O.IM Tris (pH 8.0) and lOmM EDTA, followed 

by 250pl of 4M guanidinium isothiocyanate, 5mM sodium citrate (pH 7.0) 

and 0.5% sarkosyl. This m ixture was ex tracted  once with 500p 1 

phenol/chloroform  and once with 250pl chloroform ; the tube was filled 

with ethanol and RNA samples were usually stored as an ethanol slurry at 

-2 0 °C . Alternatively, samples were pelleted and stored in 2.5pl H2 O per 

oocyte at -70°C.

6.9. Radiolabelling of DNA and RNA for use as probes

6.9 .1.  3* end-label l ing
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6.9.1.1 3* labelling of  5* protruding ends for RNA mapping and

gel retardation probes

W here restriction digestion created a fragment with one end which 

could not be labelled with Sequenase or Klenow polymerase, DNA was cut 

w ith both restric tion  enzym es and fragm ents w ere gel pu rified  as 

described above. 3' end-labelling o f probes for RNA m apping was

performed using 100-200ng of DNA in a lOpl reaction consisting of 20pC i 

(a lp h a ^ ^ P )  dNTP (3000Ci/mmol), lOOpM of appropriate dNTPs, Klenow 
buffer (lOmM Tris (pH 7.5), lOmM MgCl2 , 25mM KCl, 5mM DTT) and 3 units

Klenow polymerase or Sequenase (USB). Reactions were term inated with

70pl 0.2% SDS and lOmM EDTA. Unincorporated nucleotides were removed 

by centrifugation of reactions through a 1 ml column of G-50-80 Sephadex 

in a Hettich Universal 25 benchtop centrifuge at 1600U/min for 3 min. 

(The column was initially packed by centrifugation at the same speed for 3 

min). The column eluate was sodium acetate/ethanol precipita ted  with 

carrier, and resuspended in TE at approximately 25,000cpm /pl.

A lternatively, to label one end of a fragm ent containing two 5' 

overhangs, DNA was digested with a restriction enzyme specific for the 

appropriate end, labelled in restriction buffer by addition o f dNTPs and 

enzym e, pheno l/ch lo ro fo rm  ex tracted  and am m onium  ace ta te /e th an o l 

precipitated. Labelled DNA was then resuspended in a lOpl restric tion  

digest to cut the other end, heat-denatured following restriction digestion 

in an equal volume of formamide loading buffer and the probe purified on 

a denaturing 5% acrylamide gel.

For gel retardation, lO^ig each of com plem entary oligonucleotides 

were annealed in a 50pl reaction containing 0.12M NaCl, 0.12M Tris.HCl (pH 
8.0) and 5mM MgCl2 : reactions were heated to 70°C for 2  min followed by 

gradual cooling to <30®C in a beaker of water initially at 65°C. The resultant 

double stranded oligos with 4nt overhangs were labelled by filling in with 

Sequenase to a specific activity o f 6x l0^cpm /pm ol in a lO pl reaction 

co n sis tin g  o f 80ng oligo  (5 pm ol), 3 0 p C i ( a lp h a ^ ^ P )  dC TP 

(3000Ci/mM ol=approx 10 pmol), lOOpM dNTPs, Klenow buffer as above, and 

10 units of Sequenase at room temperature for 15 min. 20pl of Orange G 

loading buffer was added to reactions and probes were gel purified on non

denaturing 12% acrylam ide gels. Probes were sodium acetate/ethanol

1 8 0



precipitated from the eluate with 2 0 mM M gCl2  and 20 |ig  glycogen, and 

resuspended in TE at 50,000cpm/pl.

6 .9.1.2. 3* labelling  of b lu n t ends fo r  RNA m ap p in g

Blunt ends were 3' labelled using T4 DNA polymerase (New England 

Biolabs). DNA was digested with an appropriate restriction enzyme and 

phenol/ch lo roform  ex tracted , p recip ita ted  and resuspended  in TE at 

1 mg/ml. 2pg of DNA was digested by the 3'-5' exonuclease activity of T4 DNA 

polymerase in a lOpl reaction containing T4 buffer (33pM Tris.HCl (pH 8.0), 
6 6 )iM potassium acetate, lOpM MgCl2 , 0.5mM DTT) lOOpg/ml BSA and 5 units 

of T4 DNA polymerase for 2 min at 37®C. Labelling was by addition of T4 

buffer, lOOpg/ml BSA, lOOpM of each of dATP, dGTP, dTTP and 25pCi of 32p_ 

dCTP (3000Ci/mmol), to a total volume of 15pl and allowing reaction to 

proceed for 5 min at 37®C. lOOmM dCTP was then added and the reaction left 

at 37® C for 5 min, follow ed by phenol/ch loroform  ex traction  and 

am m onium  ace ta te /e th an o l p rec ip ita tio n  w ith  ca rrie r . DNA was 

resuspended in lOpl restriction digest buffer and digested with the second 

restric tion  enzym e, denatured and gel purified  on a 5% denaturing 

acrylam ide gel.

6 .9 .2 . 5 ' en d -lab e lled  p rim e-cu t p robes fo r  RNA m ap p in g

O ligonucleotide primer annealed as above was 5' end-labelled in a 

lO p l reaction containing lOng primer (approx. 1.5 pmoles), 5p l (gamma- 
32p) ATP (3000Ci/mmol), 50mM Tris.HCl (pH 7.5), lOmM MgCl2 , 5mM DTT, 

lOOpM spermidine, lOOpM EDTA and 20 units of T4 polynucleotide kinase, at 

37®C for 30 mins. The reaction was then heated at 70®C for 10 min. The 

labelled primer was annealed to the template by adding Ip g  single-stranded 

DNA (M13-SX943) and NaCl to 50mM, heating reaction to 70®C for 2 min and 

cooling slowly from 65®C to room temperature. Extension was performed 

by addition of lOOpM dNTPs and 3 units of Klenow polymerase for 15 min at 

room temperature, followed by heat-inactivation o f the enzyme at 70®C for 

10 min. The reaction was diluted to a 30p 1 restric tio n  digest, then 

p h e n o l/c h lo ro fo rm  e x tra c te d  and am m onium  a c e ta te /is o p ro p a n o l 

precipita ted  with carrier. Probes were purified on a 5% denaturing 

acrylam ide gel.
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To label oligonucleotides containing blunt or recessed 5' ends, 50ng 

of dephosphorylated oligonucleotide was added to 20mM Tris (pH 9.5), ImM 

spermidine and lOOpM EDTA in 40pl, heated to 70°C and chilled quickly on 

ice. Reaction was then increased to 52pl by addition of blunt-end kinase 

buffer (50mM Tris (pH 9.5), lOmM MgC12, 5mM DTT, 5% glycerol), 50pC i 

(gam m a-^^P ) ATP (3000Ci/mmol) and 20 units T4 polynucleotide kinase, and 

incubated at 37®C for 30 min. Subsequently EDTA was added to 20mM, DNA 

was phenol/chloroform  extracted, precipitated by addition of 5p l of 3M 
sodium acetate (pH 5.2) and ethanol and dissolved in 12pl H2 O. For synthesis 

of prime-cut probes, volume was increased to 2 0 p l containing Ixblunt-end 

kinase buffer, 50mM NaCl and Ipg  single-stranded template, heated to 95°C 

and annealed by cooling from 70°C to <30°C. Extension was by addition of 

lOOpM  dNTPs and 5 units of Sequenase for 20 min at room temperature, 

followed by dénaturation of enzyme at 70°C for 10 min. Reaction volume 

was then increased to 30|il for the second restriction digest. Probes were 

gel purified as before.

6 .9 .3 . U n ifo rm ly -la b e lle d  p r im e -c u t p ro b e s

U niform ly-labelled prim e-cut DNA probes were made by annealing 

unlabelled primer to Ipg  of single-stranded template at a 2:1 molar ratio of 

primer to template. Annealing reaction also contained lOmM Tris (pH 8.5), 
50mM KCl, lOmM MgCl% and ImM DTT to a final volume of 5pl. Reaction was 

heated to 70° C for 2 min and cooled gradually to room temperature in a 

beaker of water initially at 65°C. For a low specific activity probe, reaction 

was increased to lOpl containing each of dATP, dGTP and dTTP at lOOpM, 

50pM  dCTP and 35|xCi (^^P) dCTP, and extension was performed using 3 units 

Klenow polymerase for 15 mins at room temperature. Unlabelled dCTP was 

used at lower concentrations where probes were required with a higher 

specific activity. Remaining steps were as for 5’ end-labelled prim e-cut 

probes described above.

6 .9.4. RNA probes fo r RN Aase p ro tec tio n  and  N o rth e rn  b lo ttin g

Ip g  linearised plasmid was mixed with 250pM each of ATP, UTP and 

CTP, 50pM OTP, 50pCi (^2?) gT P  (SOOCi/mmol), 40mM Tris.HCl (pH 7.5), 6 mM 

M g C l2 , 2mM spermidine, lOmM DTT, 10 units RNAsin (Pharmacia) and 50 

units T3 RNA polymerase (Statagene), in a lOpl reaction at 37°C for 1 hour. 

R e a c tio n s  w ere  p h e n o l/c h lo ro fo rm  e x tra c te d  and  am m onium
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acetate/isopropanol precipita ted  with carrier, resuspended in form am ide 

loading buffer and purified on a 5% denaturing acrylamide gel. Probes 

were precip ita ted  from the eluate with sodium acetate/ ethanol and 

resuspended in TE at 50,000cpm/pl.

6.9.5.  Random-primed probes for colony hybridization

Random-priming o f DNA (Feinberg and Vogelstein, 1983; Feinberg 

and V ogelstein , 1984) was perform ed using an B oehringer M annheim 

random priming kit. 25ng of DNA was denatured in 9pl H2 O at 9 5 °C for 4 

min, followed by addition of 50pM each of dATP, dTTP and dGTP, 2|il reaction 

m ixture (containing random hexanucleotides in reaction buffer), 50pC  i 

(^ 2 p )  dCTP and 2 units Klenow polymerase to a total volume of 2 0 p l, 

incubated at 37°C  for 30 min. Reaction was terminated with 60pl of 0.2% 

SDS/lOmM  EDTA and unincorporated  nucleotides w ere rem oved by 

filtration through a 1ml column of 050-80 Sephadex. The probe was not 

precipitated; it was denatured at 95°C for 4 min and 500,000cpm/ml used in 

the colony hybridization (see above).

6.10 .  RNA mapping  by S I ,  exon u c lease  VII and RNAase  

p r o t e c t i o n

All hybridizations were performed using one oocyte equivalent of

RNA.

6.10 .1. SI protection

Oocyte RNA was mixed with 50,000cpm probe and centrifuged for 5 

min. The pellet was washed with 70% ethanol and resuspended in 80% v/v 

formamide and hybridization buffer: 400mM NaCl, 40mM PIPES pH 6.4, ImM 

EDTA to a total o f lOpl. Samples were denatured at 95°C  for 4 min and 

hybridised overnight at 5 2 ° C or at a temperature according to the G+C

content of the probe. For SI protection analysis, the lOpl hybrid ization  

reaction was increased to lOOpl with SI buffer (300mM NaCl, 30mM NaAc pH

4.8, ImM  ZnS0 4 ) and 250U/ml SI nuclease (Pharmacia), and the digest

allowed to proceed at room tem perature for 30 min. R eactions were 

terminated by ethanol precipitation and pellets washed and resuspended in 

8 p i formam ide/dye mix. Samples were denatured at 9 5 °C for 4 min and 

electrophoresed on 5% denaturing polyacrylamide gels. Markers were 3 2 p .
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labelled Msp 1-cut pBR322, except where sequencing ladders of the probe 

were used for more detailed mapping. For A+G ladders of the probe, 

50,000cpm of probe was added to 72% v/v formic acid and lOOpg/ml of 

plasmid DNA as carrier, in a 30pl reaction for 5 min at room temperature. 

To terminate the reaction, 200pl of 0.3M sodium acetate was added, reactions 

were ethanol precipitated with 20pg glycogen, washed with 70% ethanol, 

resuspended in loading buffer and run on the gel alongside S I- or exo VII- 

digested products.

6.10.2.  Exonuclease VII protection

For exonuclease VII protection, hybridizations were as above. The 

exo VII digest was performed at 37° C for 1 hour in a 200pl reaction

containing 20mM Tris pH 8 , 25mM NaCl, lOmM EDTA with exonuclease VII

(BRL) at 6 U/ml. Reactions were sodium acetate/ethanol precipitated and

run on denaturing gels as before.

6.10.3.  RNAase protection

For RNAase protection, hybridization was as above except in a 

volume of 30|il. The volume was then increased to 350pl with lOmM Tris pH

7.5, 5mM EDTA, 300mM NaCl, 40pg/ml of RNAase A (Boehringer Mannheim) 

and 2|ig/ml of RNAase T1 (Sigma). After a 30 min incubation at 30°C, lOpl of 

lOmg/ml of proteinase K (Boehringer Mannheim) from frozen aliquots and 

lO pl of SDS were added and incubated for 15 min at 37°C. The reaction was 

phenol/chloroform  extracted, rem oving only 300pl so as not to disturb the 

interface, and ethanol precipitated without addition of salt. Reactions were 

electrophoresed as before.

6.11.  Northern Blotting

6.11.1 Northern blotting from formaldehyde agarose gels

B lotting of RNA run on denaturing form aldehyde agarose gels 

(Lehrach et al., 1977) was attempted; however better resolution of short

(approx. 140bp) RNAs resulted from use of the dry-blotting technique 

(described below). For the former approach, oocyte RNA was precipitated

and dissolved in 50% v/v formamide loading buffer, 0.5xMOPS running

buffer, and 17.5% v/v formaldehyde (from a 37% w/v stock solution: Fluka),
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at one oocyte equivalent per lane. MOPS running buffer contains 20mM 

MOPS (pH 7.0), 5mM sodium acetate, 0.5mM EDTA. Sample was heated at 65°C 

for 15 min and loaded onto a 1.5% agarose gel containing IxMOPS running 

buffer and 1 part in 5.6 of formaldehyde from the 37% w/v stock solution. 

Gels were run non-submerged in IxMOPS running buffer, covered with 
Saran wrap to prevent drying out. The gel was then washed in H2 O for 30 

min and blotted to Genescreen m embrane (Dupont) using a standard 

blotting technique. A large sponge was placed into a dish o f transfer 

buffer (IxSSC, lOOmM Tris.HCl (pH 7.4)) on top of which was placed in the 

following order: 3 sheets of wet Whatman 3MM paper, gel, membrane, 3 

more pieces of wet 3MM paper, dry 3MM papers, paper towelling, glass 

plate and a weight. The membrane was soaked in H2 O followed by transfer 

buffer prior to use, and 3MM papers were wetted in transfer buffer. 

Transfer was overnight, following which RNA was fixed to the membrane 

by exposure to long wave UV light for 10 min. The membrane was baked 

for 2 hours at 80® C and then prehybridised for 1 hour in a sealed bag in 

Stark's solution (see section 6.2) with 10% dextran sulphate (Pharmacia) at 

42®C for DNA probes or 65®C for riboprobes. Hybridization was done the 

same way but included 10^ cpm/ml of probe. The membrane was rinsed in 

cold Ix superblot wash, followed by one 30 min wash in superblot wash at 

60® C, and one for 15 min at 60®C. W here riboprobes were used and 

background was a problem, the membrane was washed with Ix superblot 

wash (see section 6.2) for 30 min at 65®C, rinsed with Ix SSC, followed by 

treatment with 1 Op g/ml RNAase A, 300mM NaCl, lOmM Tris (ph 7.5) and 

5mM EDTA in a sealed bag for 30 min at 37®C. RNAase was removed by 

washing with IxSSC for 15 min at 65®C. Membrane was air-dried and 

a u to ra d io g ra p h e d .

6.11.2.  Semi-dry Northern blotting

Northern blots for better resolution of short RNAs were performed 

using a Bio-Rad semi-dry electrophoretic transfer cell. RNA isolated from

injected oocytes was precipitated and dissolved in form am ide loading

buffer, and fractionated on a 1.5mm thick 5% denaturing acrylamide gel, 

using 2 oocytes equivalent of RNA per lane. The gel was equilibrated by

soaking in 0.5xTBE for 20 min and then placed on Genescreen membrane 

and sandwiched between 3MM papers, with the membrane larger than the 

gel by approx. 0.5cm on all sides. Prior to use the membrane was soaked 

thoroughly for 20 min in 0.5xTBE, and 3MM papers, approx. 1cm larger
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than the membrane on all sides, were also wetted in O.SxTBE. Each layer 

was smoothed out carefully with a pipette to remove air bubbles. The 

apparatus was sealed and the DNA electrophoretically transferred onto the 

membrane at 10 volts for 40 min; the voltage was in itia lly  increased 

gradually to this level. The membrane was then air-dried, UV-treated for 

10 min and prehybridised in a sealed bag for 1 hour in Starks solution at 

6 5 ®C, followed by overnight hybridization in Starks with 10% dextran

sulphate and a riboprobe (transcribed by T3 RNA polymerase from pSX943) 

at 10^cpm/ml. The membrane was washed with superblot wash for 30 min 

at 65®C, rinsed in IxSSC, air-dried and autoradiographed.

6.12. Preparative in vitro transcr ip t ion

S ynthetic  RNAs w ere transcribed  w ith T7 RNA polym erase

(Pharmacia) from pSX943, for the purpose of injection into oocytes to test 

for processing activities (figure 4.3; RNA was labelled), or as controls for 

artefactual SI cleavage (RNA was not labelled). The TBP-component of 

human TFIID was transcribed with T3 RNA polym erase (Stratagene) from 

plasmid pKB104 (Kao et al., 1990) for in vitro translation and gel retardation

assays. This protocol was obtained from Dr. R. Treisman.

5 |ig  o f linearised tem plate was transcribed in a 50p l reac tion  
comprising 40mM Tris (pH 7.5), 6mM MgCl2, 2mM spermidine, 0.5mM each 

of ATP, rCTP, rUTP, O.lmM rGTP, Ip C i (32P) GTP (400Ci/mmol) for 

quantitation of RNA yield, lOmM DTT, 50 units RNAsin, lOOpg/ml BSA, 0.5mM 

GpppG cap analogue and 50 units T3/T7 polymerase. Where labelled RNA 

was required, 5 Op Ci (32P) GTP was used. Reactions were incubated at 37®C 

for 45 min, then unlabelled GTP was added to 0.5mM and the reaction 

allowed to continue for 45 min. 2pl of the reaction was removed to quantify 

yield from incorporation of ^ ^ P  GTP (this was done by precipitation of

incorporated counts in 1ml of 10% TCA containing 0.5mg/ml BSA on ice for

10 min, followed by filtration through Whatman 2.4cm GF/C filters washed 

p rio r to filtra tion  w ith 10% TCA and satu rated  w ith te trasodium

pyrophosphate). The reaction was then diluted to 300p l with H2 O , 

phenol/chloroform  extracted and precipitated with IM  ammonium acetate

and ethanol. The pellet was resuspended in 20pl H2 O, reprecipitated with 

sodium acetate/ethanol, and dissolved in lOpl H2 O (0.1-0.4mg/ml).

6.13. In vitro transla t ion
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5p,g of Asp718-linearised pKB104 template was transcribed by T3 RNA 

polymerase as described above. 0.5pg RNA was translated in a 50pl reaction 

containing 35pl of rabbit reticulocyte lysate and 20pM  amino acids for 90 

min at 30°C. 4pl was used per lane in gel retardation assays, and remaining 

protein was stored at -70°C in 20% glycerol.

6.14. Cell extracts used for gel retardation

6.14.1.  Oocyte nuclear extracts

Oocyte nuclei (germinal vesicles) were isolated by dissection under 

mineral oil (Lund and Dahlberg, 1989). Each individual oocyte was 

carefully blotted with a corner of Whatman 3MM paper wetted in MBS to 

remove excess MBS, then submerged completely under a drop of paraffin 
oil (Boots) saturated with 20mM Tris.HCl (pH 7.5), 75mM KCl, 2mM MgCl2, 

2mM DTT and 2% w/v polyvinylpyrrolidone. The oocyte was then cut with 

the point of a 22 gauge needle in the animal (dark) pole. The spherical, 

clear nucleus is visible as it comes out and can be isolated from the oocyte 

by gentle squeezing on either side, taking care not to allow it to collapse 

back onto the oocyte. Once the nucleus was separated from the oocyte, it 

was recovered using a Gilson pipette and immediately extracted on ice in 

d ig itonin  lysis buffer (G. Evan, personal com m unication), contain ing 

200mM NaCl, 25mM Tris (pH 8), ImM EDTA, 0.1% Digitonin (Fluka), O.lmM 

DTT, protease inhibitors (0.3mM PMSF, 2mM Leupeptin, ImM Benzamidine, 
lOmM E64); phosphatase inhibitors (5mM NaF, and ImM N a3V 04) at approx. 

1 nucleus per p i of lysis buffer. The paraffin oil which collects on the 

surface of the solution was discarded. A fter b rie f centrifugation, the 

supernatant was quick-frozen in liquid nitrogen and stored at -7 0 °C in the 

lysis buffer.

6.14.2. Hela whole cell extract

Hela whole cell extract (WCE) which was a kind donation from Bruno 

Amati, was made as follows: cells were washed twice in cold PBS and lysed at 

a concentration of 3x10^ cells/m l in digitonin lysis buffer w ithout the 

phosphatase inhib itors or E64 contain ing  additional 0.5mM  Soybean 

Trypsin Inhibitor and O.lSmM aprotinin (Sigma). Follow ing a 10 min 

incubation on ice, the sample was homogenised by pipetting, transferred to 

a microfuge tube and centrifuged for 5 min. at 4 °C . The supernatant
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(16mg/ml) was aliquoted, frozen in liquid nitrogen and stored at -70°C until 

use .

6.15. Gel retardation assays

Probes for gel retardation assays were annealed and labelled as 

described  above. The sequences o f the two annealed w ild-type 

o ligonucleotides were:

5’GATCCTGAGTCGCAGTATAAAAGA3' and 

5AGCrTCriTTATACTGCGACTCAG3'.

Mutant competitors were homologous pairs o f oligonucleotides with 4 

base overhangs w hich w ere not filled  in. The sequences o f these 

com petitors were:

BglCTATA): GATCCTGAGTCGCAGAGATCTAGAAGCT,

TATT/TATG: GATCCTGAGTCGCAGTAT(T/G)AAAGAAGCT,

TATA-Nco: GATCCTGAGTCGCAGTATAAAACCATGG.

Extract from l.5-2  oocyte nuclei (approxim ately 5pg) or 16 pg  Hela 

WCE were incubated for 5 min on ice in a volume of 18pl containing 5-25 

pg/ml poly (dG-dC)' (dG-dC)(Pharmacia) as non-specific competitor, lOOmM 

NaCl, lOmM Tris pH 7.5, ImM EDTA, ImM Benzamidine, ImM DTT and 5% 

glycerol. Specific competitor was added in a 10 min incubation on ice 

followed by addition of 50,000 cpm of probe to a total volume of 20pl, for a 

further 20 min on ice. Reactions were loaded onto 1.5mm thick 4% native 

polyacrylamide gels and run at 4®C in 0.5X TBE buffer at 15v/cm.

In Fig 4.1 IB the buffer used for the oocyte and TFIID binding 

reactions was 12 mM TrisHCl, 40mM HEPES, 60 mM KCl, 12% glycerol, 8mM 

M gC l2 (Horikoshi et al., 1989). Gel electrophoresis was as described above.

6.16.  Plasmid construct ions

p S X 9 4 3 was the parent plasmid from which many of the plasmids listed

below were derived, and from which some probes were derived; in addition 

this plasmid was used to synthesise T7 sense and T3 antisense RNAs. pSX943 

contains the 943 base S m a  l-Xho  I fragment of mouse c-myc  exon 1 which 

extends from 425 bases upstream of the PI start site to 360 bases downstream 

of the P2 start site cloned into the S m a  l-Sa l  I sites of the Bluescribe

derivative pVZ (H enikoff and Eghtedarzadeh, 1987). Im portant restriction

sites in pSX943 are shown in the diagram in figure 4.1 A.
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pRB16.8 (figure 2.1) consists of a murine c-myc  genomic clone (Bentley, et 

al., 1989).

p P X 4 9 0  contains the 490bp Pvu l l -Xho  I fragment of mouse c-myc  exon 1 

which starts 24 bases downstream of the PI start site inserted into the S m a  

I- Sal  I sites of pVZ.

p V Z - m v c N o t /S a c  constructed to derive 3' end-labelled probes for SI 

mapping contains the 167bp N o t  l-Sac  I fragment of pSX943 cloned into the 

corresponding sites in the polylinker of pVZ.

pV Z -N ot/N si (D.B.) also used to derive 3’ end-labelled probes for SI mapping 

contains the 430bp N o t  l -N s i  I fragment spanning exon 1/intron 1 of

murine c-myc  in pVZ.

M 13-S X 943  contains the Eco Rl-Ps t  I fragment of pSX943 in m pl8. Single

stranded 5' end-labelled probes for mapping the PI and P2 5' end were 

synthesised by primed extension on this template followed by restriction 

cutting. The 272 base PI probe was prim ed with the oligonucleotide

5'CTGCCCTTCAGGAGGCAGGA3' 75 bases downstream of the start site and cut 

with R s a  I. The 160 base P2 probe was primed with oligonucleotide

5 CTCTCACTCCAGAGCTGCCT3' 113 bases downstream of the start site and cut 

with Bam  HI.

p T K L S -1 1 5 /m v c . -1 0 5 /m y c . -7 9 /m v c . -5 6 /m v c . -2 9 /m y c  and -2 1 /m y c  were 

derived from a series of plasmids containing linker scanning mutations in

the promoter of the HSV TK gene in pBR322 (McKnight and Kingsbury, 

1982). The c-myc  terminator was a N ot  l-Kpn  I 173bp fragment from pVZ- 

mycNot/Sac, blunted at the N ot  I site and inserted into Bgl l l -K p n  I digested 

TK plasmids, blunted at the Bgl  II site. The B g l  II site lies at position +52 

from the transcription start site, and the Kpn  I site at +636, thus the 584bp 

fragment in between these sites was deleted.

pT K L S- 1 05 /-56 /m yc which removed both SPl sites, was made by combining 

the parent LS mutations in the same plasmid, using the E co  RI site at -79. 

The approx. 400bp E c o  RI fragm ent of pTK LS-105/m yc contain ing  

sequences upstream of -79 and extending to the Eco  RI site in pBR322, was 

fused to E c o  R l-digested pTKLS-56/myc vector, containing all sequences 

downstream of -79 extending to the aforementioned Eco  RI site in pBR322.
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It was found that the TK fragment in pBR322, which is a H in d  III fragment 

containing TK sequences from -480 to +1799, was present in the opposite 

orientation from other clones. To make pTKLS-105/-56/m yc, this H i n d  III 

fragment needed first to be reoriented in pBR322.

pT K C A T -m v c  was derived from pTKCAT (R. Miksicek) which contains TK 

sequences from -109 to +51 in pUCS. The N o t  l - H i n d  III term inator 

fragment from pSX943 was inserted by blunt-end cloning into the B g l  II 

site at +51.
p T K -4 8 0 C A T -m v c was constructed by cloning the H ind  lU-Bam  HI fragment 

from pTKLS-115/myc consisting of TK promoter sequences from -480 to 

-115, into the H ind  \ \ \ -Bam  HI sites of pTKCAT-myc which lie immediately 

upstream of -109.

pU 1 -m y c . pT K + 6-m yc and pT K -2-m vc are derivatives of wild-type U l, HSV 

tk+6 and HSV tk-2 plasmids respectively (figure 1 of Neuman de Vegvar et 

al., 1986). HSVtk+6 differs from HSV tk-2 only in that it contains 9bp more 

TK promoter sequences at the transcription start site than HSV tk-2. c -m yc  

containing derivatives of these plasmids are diagrammed in figure 2.7; the 

N o t  l-Sac  I terminator fragment was inserted with linkers into the X h o  I 

site at position 27 of the human U l snRNA sequence. All plasmids encode 

virtually identical RNAs driven by the U l or TK promoters.

p S X 9 4 3 A P v u -B a m  was made by deleting the 93bp P2 promoter fragment 

between the Pvu  II site at -140 and the B a m  HI site at -47. The sites were 

filled in and the plasmid recircularized.

p S X 943B gl contained si Bg l  II linker inserted into the N ot  I site in exon 1. To 

make this plasmid, the N o t  I site in the polylinker was first removed by a 
N ar  l-Eco  RI polylinker deletion to produce the plasmid pSX 943A N ar-E co . 

pS X 943A B am -N ot was derived from pSX943Bgl. This plasmid was digested 

w ith  Bam HI and N o t  I and recircularized to delete 225bp. 
p S X 9 4 3 /5 8 5 A . /5 8 5 B . 7875 and 71165 were derived by insertion of one or 

more copies of a 290bp B g l  l l -B a m  HI fragment into the B g l  II site of 

pSX943Bgl. The inserted fragment corresponded to bases 346-637 of the p47 

chronic granulomatous disease cDNA clone in Rodaway et al. (1990). All 

copies of the fragment were inserted in the sense orientation except for 

pSX94375 8 5B.
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p g -m y c  153 contains the N o t  l -H in d  III term inator fragm ent inserted by 

blunt-end ligation into the N c o  I site at position 35 in exon 1 of the human

a-1 globin gene. The globin gene extended from -118 to +913 cloned in

pSP64. To make this plasmid, the N c o  I site present in SV40 sequences in 

the plasm id was first removed by deleting an approx. 500bp P v u  II
fragment to create p S P 6 4 -a A P v u II .

p q -m y c 5 6 0  contains the same N o t  l -H ind  III term inator fragment inserted 

into the H in d  II site at position +445 of exon 2 of the a-globin gene. To make 

this plasmid, the H i n d  II site in the polylinker was initially removed by 
deletion of the X b a  l-Sal  I polylinker fragment to create p g A P v u II /A X b a - 

SâL

The following plasm ids were derived from the w ild-type parent plasmid

pSX943 by mismatched oligonucleotide directed m utagenesis (see section 

6 .6 .1.):

In pSX 943/A M Elal the 14bp sequence 5'AGAAGGGAGGGGAG3' (see Fig 2) was 

dele ted .
In pSX 943/B gl (TA TA ) the sequence TATA A A o f the P2 promoter was 

replaced with AGATCT.
In pS X 943 /T A T A -N co  the sequence GAAGCT adjacent to the TATA box was 

replaced with CCATGG.
In p S X 9 4 3 /+ 10 the sequence TCAGATCTGC was inserted im m ediately 

upstream of the first T of the P2 TATA box.

The H i n d  III site in the polylinker of pSX943 was removed by partial 

digestion, filling in with Klenow fragment and ligation, to make plasmid 
pS X 943 /A H 3 which has a unique B a m  HI and H in d  III site at positions -44 

and -20 relative to P2.
The plasmids p S X 943 /T A T T  and /T A T G  were made by replacing the 24 base 

B am H I-H indlll fragm ent o f pSX943/AH3 with the corresponding single 

point mutations in the fourth position of the TATA consensus.

pS X 943A E 2F  was made by PCR as described in section 6.6.2.; the sequence 

GGCGGGAA was replaced with ACCATGGT. The PCR inadvertently introduced 

a point mutation (G to A) in the M E lal site at position -53 relative to P2.

p G C l HR and pm ycA T  AT A (Bentley, et al., 1989) contain the wild-type 

human c-myc  gene and a 7 bases deletion of the P2 TATA box repectively.

1 9 1



pocT 1 A - 120 is a derivative of pSP64 containing the human al-globin  gene 

from -118 to +913, into which a P vu  l l -H ind  III fragment of the mouse c- 

m y c  P2 promoter extending from -140 to -20 was inserted by blunt-end 

ligation into the Nco  I site at position +35 of the globin gene. 
p a T l  A -120B gK T A T A ) was made by the same method except that the Pvu  II- 

H ind  III fragment was from the mutant pSX943/Bgl(TATA) (above).

p a T lA -2 8 S .-2 8 A  and -28S S  (D.B.) were derived from the same û.1-g lo b in  

plasm id by insertion  o f a 28 base double-stranded  o ligonucleo tide  

GATCCTGAGTCGCAGTATAAAAGAAGCT into the Hind  II site in exon 2 in the 

sense (S) or antisense (A) orientation. The -28SS construct contains two 

copies in the sense orientation.
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A protein-binding site in the c -m y c  
promoter functions as a terminator 
of RNA polymerase II transcription
Sadia Roberts, Tracey Purton, and David L. Bentley^

Imperial Cancer Research Fund, Lincoln's Inn Fields, London WC2A 3PX, UK

Termination of transcription not only allows polymerases that have completed RNA synthesis to recycle, but 
it also has important functions in transcriptional regulation and in preventing promoter interference. The 
molecular basis for termination by RNA polymerase II (pol II) is unclear, however. We have identified a 
termination site in the promoter region of the c-myc gene, whose function correlates with DNA binding by a 
nuclear factor. When the c-myc gene was transcribed in injected Xenopus oocytes or a HeLa nuclear extract, a 
fraction of RNA initiated at the first promoter, PI, terminated at two positions, TIA and TIB, which flank 
the TATA box of the second promoter, P2. TIB is a T-rich sequence that resembles previously identified 
attenuation sites, but TIA appears to represent a different class of termination site. TIA is situated ~10 bases 
upstream of an element that overlaps the P2 TATA box. Mutagenesis of this element affected both the 
efficiency and the position at which termination occurred. A 28-base sequence including this element caused 
a low level of termination when inserted into the a-globin gene in either orientation. This sequence bound a 
factor called TBF I (terminator-binding factor), whose binding specificity correlated with TIA terminator 
function. We suggest that TBF I may function as a pol II termination factor.

[Key Woids: RNA polymerase II; DNA-binding factor; termination; transcription; c-myc]
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Termination of transcription by RNA polymerase has 
been observed at the 3' ends of genes, at attenuation sites 
within genes, and in their 5'-flanking promoter se
quences. Attenuation has been documented in a number 
of cellular and viral genes transcribed by polymerase 11 
(pol 11), where it can be modulated by a variety of stimuli 
(for review, see Spencer and Groudine 1990). For in
stance, c-myc expression is down-regulated during dif
ferentiation of HL60 and mouse erythroleukemic cells 
by increasing the efficiency of termination at a site near 
the end of the first exon (Bentley and Groudine 1986a; 
Watson 1988). Termination has also been observed in the 
5'-flanking sequences of several genes (McGeady et al. 
1986; Connelly and Manley 1989a,b), where it may serve 
to prevent disruption of transcription complexes by poly
merases reading through from upstream promoters. 
There is evidence that pol 11 can interfere with the func
tion of promoters through which it transcribes (Adhya 
and Gottesman 1982; Cullen et al. 1984; Proudfoot 1986; 
Corbin and Maniatis 1989); however, a specific termina
tion site that functions to prevent such interference has 
only been conclusively demonstrated in the promoter of 
rRNA genes transcribed by polymerase 1 (pol 1) (Bateman 
and Paule 1988; Henderson et al. 1989).

^Corresponding author.

The mechanisms that arrest and release pol 11 from its 
template are, in most cases, obscure, although RNA sec
ondary structure, DNA bending, and DNA-binding pro
teins have all been suggested (Eick and Bornkamm 1986; 
Kerppola and Kane 1990; Ashfield et al. 1991). On the 
other hand, termination by pol 1 is relatively well under
stood. The polymerase stops 15-25 bases upstream of 
short consensus sequences for which cognate DNA- 
binding factors have been purified from mouse and Xe
nopus (Grummt et al. 1986; Labhart and Reeder 1986; 
Bartsch et al. 1988; McStay and Reeder 1990). Termina
tion by the mitochondrial RNA polymerase is also 
caused by a sequence-specific DNA-binding protein 
(Hess et al. 1991). One case has been reported of pol n 
termination in response to a naturally occurring protein- 
binding element, in the adenovirus major late promoter 
(MLP). In this promoter the CCAAT box functioned as 
an orientation-specific termination signal (Connelly and 
Manley 1989a,b), although the site of termination with 
respect to the binding site could not be determined ac
curately. No other consensus sequence with a pol 11 ter
minator function in vivo has been clearly defined, with 
the exception of the 3' box (Hernandez 1985), which lies 
~14 bases downstream of the 3' end of the longest small 
nuclear RNA (snRNA) precursors. It is not known 
whether the 3' box functions by binding a termination 
factor. In genes that produce mRNA, the polyadenyla-
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Factor-dependent transcription term ination

tion signal or histone 3' processing site is necessary but 
not sufficient for termination, which may occur >1 kb 
downstream (Citron et al. 1984; Whitelaw and Proudfoot 
1986; Logan et al. 1987; Connelly and Manley 1988; 
Chodchoy et al. 1991). It is not yet clear how these pro
cessing sites exert their effects at a distance.

The c-myc gene is transcribed from two promoters, PI 
and P2, whose start sites are -150 bases apart. Transcrip
tion from P2 but not PI is regulated by attenuation at a 
T-rich sequence called T2 near the 3' end of the first 
exon (Bentley and Groudine 1986a, 1988; Eick and 
Bornkamm 1986; Nepveu and Marcu 1986; Wright and 
Bishop 1989; Spencer et al. 1990; Roberts and Bentley 
1992). A factor called MElal has been implicated in the 
function of the P2 promoter as well as termination at T2 
and at the 3' end of the human complement C2 gene 
(Asselin et al. 1989; Hall 1990; Miller et al. 1989; Ash
field et al. 1991). The T2 site of the mouse and human 
c-myc genes was mapped using transcripts made in in
jected Xenopus oocytes, and a 95-base sequence 5' of T2 
in the human gene was shown to program accurate ter
mination (Bentley and Groudine 1988). The oocyte sys
tem transcribes the c-myc gene efficiently and accu
rately and, unlike mammalian cells, does not rapidly de
grade the truncated products of premature termination 
events. In this paper we have used injected oocytes, as 
well as a HeLa nuclear extract, to show that a significant 
fraction of transcripts initiated at the PI start site also 
terminates prematurely at two positions, TIA and TIB. 
Similar observations have been reported by Wright et al. 
(1991). TIB resembles the T2 attenuator, whereas TIA 
resembles the terminators for pol 1 and the mitochon
drial polymerase in that it requires a protein-binding el
ement downstream of the site of 3'-end formation.

Results

Termination of transcription from the PI promoter

The possibility that transcription from the PI promoter 
is subject to premature termination was initially inves
tigated by analyzing RNA made in Xenopus oocytes mi
croinjected with c-myc plasmids. In the experiment 
shown in Figure IB, RNA from oocytes injected with the 
mouse gene was analyzed by SI nuclease and exonu
clease VII protection of 3 '-end-labeled probes specific for 
RNA from the PI promoter as diagramed in Figure 1 A. A 
similar experiment with the human c-myc gene is 
shown in Figure ID. In both the mouse and human 
genes, a substantial fraction of PI transcripts apparently 
terminated at two positions labeled TIA and TIB. Be
cause the nuclease protection mapping data generated by 
an endonuclease (SI) and an exonuclease agree com
pletely, it is very unlikely that they represent artifactual 
nuclease cutting. Further support for genuine 3 '-end for
mation at TIA and TIB was obtained by Northern blot
ting of RNA from injected oocytes fractionated on dena
turing acrylamide gels (Fig. 1C). In this experiment two 
RNA species of -160 and 123 bases were detected in 
oocytes injected with the wild-type mouse c-myc gene 
(lane PI) but not in oocytes injected with a construct

lacking the PI promoter or in an uninjected control 
(lanes API and UN). The lengths of these two RNAs 
correspond to those predicted for transcripts initiated at 
PI and terminated at TIA and TIB, respectively (see Fig. 
2). Nuclease protection of uniformly labeled probes over
lapping both ends of the RNAs supports the Northern 
blotting data for the sizes of these short PI transcripts 
(data not shown). The RNAs terminated at T1 were syn
thesized by pol n  as shown by their sensitivity to 1 |xg/ 
ml of a-amanitin (Fig. ID and data not shown). The re
sults of the 3'-end mapping experiments are summarized 
in Figure 2. Although T1 occurs at homologous positions 
in the mouse and human genes, the sequences differ sig
nificantly in this region. TIB corresponds to the se
quence TTTTTTT in the mouse gene and TTTAT in the 
human gene. This abundance of T residues is a feature 
shared with the T2 attenuation site. TIA does not appear 
to resemble previously described pol 11 termination sites.

The possibility that truncated PI transcripts arose by 
the processing of longer RNAs was tested by injecting a 
1000-bp ^^P-labeled, capped synthetic RNA that in
cluded most of exon 1, as well as 425 bases upstream of 
the PI start site, into the nucleus of oocytes. (It is not 
necessary for the RNA to start at the PI initiation site for 
TIA and TIB 3' ends to be made, as shown in Fig. 3A.) 
After a 20-hr incubation the RNA was reisolated and 
analyzed by acrylamide gel electrophoresis. No cleavage 
products were detected, suggesting that processing at T1 
is unlikely (data not shown), although we cannot rule 
out the possibility that 3' ends are generated by rapid 
cotranscriptional processing. For the purpose of this dis
cussion, we refer to the 3' ends at T1 as products of 
termination.

a-Glohin-promoted transcription terminates at T1 
in vitro and in oocytes

To test whether the T1 termination site was recognized 
by a mammalian pol 11 transcription system, we tran
scribed this region of the mouse c-myc gene in vitro with 
a HeLa cell nuclear extract. Because the PI promoter is 
very weak in this extract, we used a template in which 
the PI promoter and 20 bases downstream of the start 
site were replaced by the human al-globin promoter plus 
35 bases of globin mRNA sequence. The 3' ends of tran
scripts from the globin promoter were mapped by SI pro
tection (Fig. IE). a-Amanitin-sensitive pol II transcrip
tion terminated at both TIA and TIB, although a rela
tively diffuse pattern of 3' ends upstream of TIA was 
also detected in contrast to the oocyte results. Thus, T1 
functions as a terminator in a mammalian transcription 
system and is independent of the PI promoter.

TIA differs from most sites of premature termination 
in that it does not correspond to a run of T residues. We 
chose to investigate the sequence determinants of termi
nation at this position. A 120-base fragment (-2 0  to 
-140 relative to the P2 start) of the mouse c-myc gene 
containing TIA but not TIB was inserted into the hu
man al-globin gene and assayed for termination in in
jected oocytes. The result in Figure 3A, lane 7, shows
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Figure 1. Transcripts from the c-myc PI pro
moter terminate prematurely. |A| Map of mouse 
c-myc exon 1 sequences in pSX943. The 3'-end 

a v  mapping strategy used in B is diagramed. The pro
moters PI and P2 and the termination sites TIA/B 
and T2 are marked, as well as restriction sites for 
Smal (S), Rsal (R), PvuII (V), MspI (M), BamHl (B), 
Hindlll (D), Hhal (H), Notl (N), Xhol (X), and PstI 
(P). The thick and thin lines indicate c-myc and 

vector sequences, respectively. The 3' end of the c-myc sequence corresponds to the Xhol site at 
+ 360 relative to P2. (B) Exonuclease VII protection and SI protection of mouse c-myc RNA from 
oocytes injected with pSX943. The probe was a 498-bp PvuII-PstI fragment 3 '-end-labeled at PvuII. 
Readthrough (RT) and terminated (TlA/B) RNAs are marked. The RT band includes renatured probe 
and is therefore an overestimate of the true amount of RT RNA. (Lane M] Mspl-cut pBR322 size 
markers. (C) Northern blot of mouse c-myc RNA from injected oocytes. RNA was fractionated on 

|.-nA a 5% denaturing acrylamide gel along with labeled Mspl-cut pBR322 markers, electroblotted, and 
hybridized to a 742-base antisense RNA transcribed from Rsul-cut pSX943. Oocytes were injected 
with pSX943 (lane PI] and pPX490 (lane API), which lacks PI. (Lane UN] Uninjected oocyte RNA. 
(D) SI nuclease protection of human c-myc RNA from oocytes injected with pGCIHR without ( - 1 
and with ( + ) I |xg/ml of a-amanitin. The probe was a 160-base Xhol-Hindlll fragment containing 
the 140-base Xhol-Nael fragment and 20 bases of polylinker. It was 3'-end-labeled at the Xhol site 

at position -9 5  relative to the P2 start site. (£) Termination at TI in a HeLa nuclear extract. The supercoiled plasmid paPX490 was 
transcribed in vitro without ( - )  and with ( + ) I p.g/ml of a-amanitin and RNA 3' ends mapped by SI protection with the 210-base 
Mspl-Hhal probe (see A] 3 '-end-labeled at the MspI site. An A + G Maxam-Gilbert sequencing ladder of the probe is shown.
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that this fragment is sufficient to program accurate ter
mination at TIA at a comparable efficiency to the wild- 
type c-myc gene and, therefore, eliminates the possibil
ity that 3' ends at TIA are generated by the nibbling back 
of TIB RNA. Thus, TIA can operate independently of its 
natural promoter in vitro and in oocytes and does not 
require TIB or other sequences downstream of position 
-20  (see Fig. 2).

An element overlapping the P2 TATA box is required 
for termination at TIA

The sequence immediately downstream of TIA is the 
TATA box consensus of the P2 promoter. The role of this 
element (TATAAA) in specifying termination was stud
ied by replacing it in the mouse gene with a Bglïl site 
(AGATCT). This mutation, Bgi(TATA), does not disrupt
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Figure 2. Sequence of P2 promoter region 
and positions of termination at TIA/B in 
the mouse (M) and human (H) c-myc 
genes. The binding site for the M Elal fac
tor and the TATA box are underlined. 
Bases are numbered relative to the P2 ini
tiation site, except those in parentheses, 
which are relative to PI.

the actual termination site but, rather, the sequence im
mediately downstream of it. When the mutation was 
assayed in injected oocytes, termination in the 5' region 
of TIA, T1A[S), but not the 3' region, TIA(L), was se
verely reduced relative to the wild-type gene (Fig. 3A, cf. 
lanes 3 and 5 with lanes 4 and 6), whereas TIB was rel
atively unaffected. Termination was also reduced when 
the TATA box was similarly replaced in the a-globin- 
myc construct (Fig. 3A, lane 8). A 7-base deletion of the 
sequence TATAAAA in the P2 promoter of the human 
c-myc gene abolished all termination at TIA without 
inhibiting TIB (Fig. 3B). In summary, replacement or de
letion of the P2 TATA box caused a large reduction in 
the extent of termination at TIA in the mouse and hu
man genes. In the mouse gene this effect was confined to 
the shorter TIA(S) class of termination products.

TATA box and 3'-flanking mutations 
inhibit termination

Further analysis of the TATA region was performed to 
define in more detail the elements reponsible for termi
nation at TIA. To distinguish between requirements for 
a specific sequence versus a region rich in A and T, two 
point mutations were made in the fourth position of the 
TATA box, which altered the sequence TATA to TATT 
or TATG. When tested in injected oocytes, both point 
mutations inhibited termination at TIA(S) but not 
TIA(L). The TATG mutation was more effective than 
TATT if TIA is compared with TIB (Fig. 4A). We cannot 
exclude the possibility, however, that these mutations 
also affect termination efficiency at TIB.

We have established that a fragment comprising bases 
-140 to -2 0  relative to the P2 initiation site is suffi
cient for termination at TIA (Fig. 3A, lane 7). This frag
ment includes 6 bases 3' of TATAAAA, which could 
play a role in specifying termination. This sequence, 
GAAGCT, was changed to an JVcol site, CCATGG, and 
the mutation was tested in oocytes. The TATA-Nco 
mutation inhibited termination at TIA(S) as effectively 
as complete replacement of the TATA box in the 
Bg](TATA) construct (Fig. 4A). None of our mutations of 
the mouse c-myc gene significantly reduced production 
of the TIA(L) RNA, whereas they all inhibited TIA(S). 
We do not know how TIA(L) RNA is produced, but it 
does not appear to be a precursor of TIA(S) RNA, as 
mutation of the sequence 7-12 bases beyond the 3' end 
of TIA(L) in the TATA-Nco mutant inhibited produc
tion of the TIA(S) transcript. In summary, these results 
define a sequence-specific element that overlaps the 
TATA box and 6 bases of 3'-flanking sequence that is

necessary for efficient termination of transcription at 
TIA(S).

Because the sequences involved in termination at TIA 
and initiation at P2 overlap one another, we investigated 
whether termination only occurred in the presence of an 
initiation complex at P2. Initiation at the mutant P2 
promoters was measured relative to PI by 5'-end map
ping (Fig. 4B). The Bgl(TATA) mutation, which com
pletely replaces the TATA box, abolished P2 promoter 
activity while the TATA-Nco mutation had no detect
able effect. The protected band of -140 bases in the 
Bgi(TATA) lane corresponds to PI transcripts protected 
by the wild-type P2 probe, which is cleaved at the 6-base 
mismatch. The TATT and TATG mutations both re
duced P2 promoter strength relative to PI without af
fecting the aecuracy of initiation, although the effect of 
the TATT mutation was weak. In summary, the data in 
Figure 4 suggest that there is no correlation between P2 
promoter strength and termination at TIA. This point is 
illustrated best by the TATA-Nco mutation, which se
verely reduced TIA termination but had a negligible ef
fect on promoter strength. These results demonstrate 
that an active initiation at P2 is not sufficient to cause 
termination at TIA.

The element downstream of TIA determines 
the position of termination

The experiments described above show the importance 
of a sequerice element that overlaps the 3' end of the 
TATA box for efficient termination at TIA. We have 
investigated whether this element'also determines the 
position of 3 '-end formation. For this purpose, the dis
tance between TIA and the element was increased by 
inserting 10 bases, TCAGATCTGC, in front of the first 
T of the TATA box and analyzing termination in oocytes 
(Fig. 5). The efficiency of termination was unaffected by 
the insertion. Interestingly however, the site of 3 '-end 
formation was shifted -10  bases downstream into the 
inserted sequence. Termination therefore occuned at ap
proximately the same distance upstream of the TATA 
box as in the wild-type gene. These experiments show 
that termination can occur in a sequence apparently un
related to its natural site. Furthermore, they suggest that 
an element downstream of TIA plays a role in determin
ing where polymerases arrest.

Effect on termination of elements upstream of TIA

We have also tested whether the sequences immediately 
upstream of TIA function in termination of transcrip-
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Figure 3. Mutation of the P2 TATA box reduces termination at TIA in the mouse and human c-myc genes. (A) SI protection of RNA 
from oocytes injected with wild-type and mutant mouse c-myc genes (see diagram). (Lanes 1,2] A -I- G sequencing ladders of 3'-end- 
laheled 210-base Mspl-Hhal probes. The TATA box in the wild-type sequence is marked. In experiments 1 and 2, different batches of 
oocytes were injected. The plasmids injected were pSX943 (lanes 3,5) and pSX943/Bg7(TATA) (lanes 4,6). In lanes 7 and 8, transcripts 
of the a-glohin-myc chimeric plasmids paTl A-120 and paTl A-120Bg7(TATA) were analyzed with the Mspl-Hhal probes. TIA(L) and 
TIA(S) refer to long and short components of TIA, respectively. Transcripts reading through the TIA site protect a fragment of 118 
bases, which has been nibbled by the SI nuclease to give a diffuse band. [Diagram] The P2 promoter region with the sequences of the 
wild-type and mutant TATA boxes and the positions of Mspl (M) and Hhal (H) sites. (B) 81 protection of RNA from the wild-type and 
TATA deletion mutant human c-myc genes. Injected plasmids were pGClHR (lane 1] and pmycATATA (lane 2), which has a 7-base 
deletion. The probes were Xhol-Xholl fragments derived from the two plasmids 3'-end-labeled at the Xhol site at position -  95 relative 
to P2 in the wild-type gene. In lanes 4 and 5, wild-type and mutant probes were hybridized to uninjected oocyte RNA as a negative 
control. TIA, TIB, and readthrough (RT) are marked.

tion. To the 5' side of TIA lies the GA-rich binding site 
for the MElal factor (Asselin et al. 1989; Hall 1990; see 
Fig. 2). The importance of this sequence for TIA termi
nation in oocytes was tested by making a 14-base dele
tion between positions -  62 and -  49 relative to the P2 
start (Fig. 6). Termination at TIA and TIB was not re
duced nor was its position affected by this deletion. (The 
apparent increase in termination was not reproducible.) 
Clearly, the sequences immediately upstream of TIA do 
not have an appreciable affect on termination at this site 
in oocytes. However, because we do not know whether 
the MElal-binding activity exists in oocytes, we cannot 
eliminate the possibility that this factor plays some role

in termination in mammalian cells. Our deletion recre
ates a GA-rich sequence which, although distinct from 
the MElal sequence, has not been ruled out as a possible 
MElal-binding site. A binding site for the E2F factor lies 
immediately upstream of the MElal sequence. This se
quence was also mutated, and preliminary experiments 
did not reveal any effect on termination at Tl (data not 
shown).

A 28-base element is sufficient to signal 
low-level termination

Having shown that the sequences downstream of -20
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Figure 4. Effect of mutations of the P2 TATA region on initiation and termination. (A) Termination at Tl was assayed by SI 
protection of Mspl-Hhal probes (see Fig. I A) from the respective plasmids. Oocytes were injected with pSX943 (WT) and four mutants 
as indicated. (B) The 5' ends of the RNAs analyzed in A  were mapped by SI protection as diagramed below. Restriction sites for Rsul 
(K) and BamHl (B) are marked. Single-stranded 5'-end-labeled probes were made from the wild-type c-myc template M13 SX943. The 
positions of PI- and P2-initiated transcription are marked.

and the MElal element between -4 9  and -6 2  (see Fig. 
2) are not essential for TIA function, we tested whether 
a 28-bp sequence from -20  to -4 7  was sufficient to 
signal termination. This short segment of the mouse 
c-myc gene containing TIA, the TATA box, and 6 bases 
downstream was inserted into the al-globin in both ori
entations, and the constructs were assayed by SI protec
tion of single-stranded 3'-end-labeled probes (Fig. 7). A 
control for artifactual SI cleavage within the c-myc ele
ment is shown in lane 6, which has been overexposed. A 
low level of 3'-end formation was detected in the globin 
sequence downstream of the Hmdll site where the c-myc 
sequences were inserted (lane 1). Additional 3' ends were 
detected within the c-myc element in both orientations

(lanes 2-4). Two sets of 3' ends were observed when tan
dem copies of the oligonucleotide were inserted in the 
sense orientation (lane 3). The 3' ends were mapped rel
ative to A -f G sequencing ladders of each probe, al
though only that for construct 3 is shown. The 3' ends 
map to the 15-base region upstream of the TATA box in 
constructs 2 and 3 just as they do in the intact c-myc 
gene, although the exact pattern of 3' ends within this 
region differs slightly from the intact gene. Inversion of 
the c-myc element (construct 4) resulted in termination 
of transcription in the 4-base region immediately up
stream of the inverted TATA motif. Thus, in both ori
entations, termination occurred upstream of the TATA 
element. Similar observations were made when the 28-

g e n e s  & DEVELOPMENT 1567



Roberts et al.

.o'

WT +10  W W

TI B-

TIA-

termination factors that bind to this site. For this pur
pose, gel mobility-shift assays were conducted with the
28-bp sequence ( -2 0  to -47; Fig. 2) of the mouse c-myc 
gene as a probe, which can cause termination (Fig. 7). 
DNA-binding activity was assayed in a Xenopus oocyte 
nuclear extract and a HeLa whole-cell extract (WCE) in 
Figure 8, A and B, respectively. The major complexes 
detected in both extracts had similar mobilities (Fig. 8B) 
and sequence specificities. Sequence specificities were 
assessed by competition with excess unlabeled 28-mers 
corresponding to the sequences whose termination prop
erties were determined in Figure 4. The results in Figure 
8A show that all four mutant oligonucleotides competed 
for the oocyte-binding factor significantly less well than 
the wild-type sequence. The TATT mutation competed 
slightly more effectively than the other three mutants. 
Similarly, the Bgi(TATA) and TATA-Nco mutant oligo
nucleotides competed less efficiently for the HeLa factor 
than the wild-type sequence (Fig. 8B|. In summary, we 
detected related DNA-binding activities in Xenopus 
oocytes and HeLa cells that bind an element of the 
mouse c-myc gene that functions as a transcription ter
minator. The DNA-binding affinity of these factors to 
wild-type and mutant sequences closely correlated with 
their terminator function.

M WT AMel al

P2

Tl A TIB RT-

TATA 1

M l Obp  i n s e r t i o n  h

Figure 5. Termination at TIA shifts in response to an insertion 
upstream of the P2 TATA box. Transcripts of pSX943 (WT) and 
the 10-base insertion mutant pSX943/-M0 from injected 
oocytes were analyzed by exonuclease Vll protection with their 
respective Mspl-Hhal probes 3'-end-labeled at Mspl. A -f- G se
quencing ladders of the two probes are shown. The diagram 
shows the position of the 10-base insertion and the Mspl (M) and 
the Hhal (H) sites.

base c-myc element was inserted into the adenovirus 
major late transcription unit (data not shown). The level 
of termination in these chimeric constructs was signifi
cantly lower than it was in the context of the complete 
c-myc gene, suggesting that sequences outside the 28- 
base element contribute to the efficiency of termination. 
In summary, a 28-base sequence, including TIA and se
quences downstream, behaves as an autonomous though 
quite inefficient terminator of pol II transcription in the 
oocyte.

A factor with DNA-binding specificity 
that correlates with termination

Because the sequence overlapping the TATA box is nec
essary for termination by pol II, we looked for candidate

TIB-

T1A-

•I -RT

- TI B

- TI A

Figure 6. Deletion of the upstream GA-rich element does not 
affect termination at Tl. SI protection of RNA from oocytes 
injected with pSX943 (WT) or pSX943/AMElal, which has a 
14-base deletion. The probes were 325- and 311-base Pvull-Notl 
fragments 3 '-end-labeled at Pvull (see Fig. lA) made from the 
respective templates.
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Figure 7. A 28-base c-myc element induces a low level of ter
mination in the aj-globin gene. SI protection of RNA from 
oocytes injected with plasmids pSP64a-globin, paTlA-28S, 
paTlA-28SS, and paTlA-28A is shown in lanes 1-4, respec
tively. The probes were single-stranded, 3'-end-labeled Taql 
fragments that span the Hindll site where the 28-base mouse 
TIA element was inserted (see Materials and methods). An 
A -I- G sequencing ladder of the -28SS probe is shown, with the 
positions of the two c-myc TATA boxes marked and the 5' 
position of insertion of the most 5' element denoted by the 
arrowhead. In lane 5, the -28S probe was hybridized to RNA 
from uninjected oocytes as a negative control. In lane 6, the -288 
probe was hybridized to SP6 RNA transcribed from paTIA-288, 
together with uninjected oocyte RNA as a control for artifactual 
SI cleavage. The arrows (right) mark termination sites within 
the c-myc sequences. [Diagram] Plasmids used in lanes 1-4, 
respectively.

TIA termination occurs at homologous positions in 
the mouse and human c-myc genes, although the se
quences outside the TATA box are not very highly con
served between the two genes in this region (see Fig. 2). 
Only 3 of the 6 bases downstream of the TATA box are 
conserved, and there is a 3-base insertion in the mouse 
gene relative to the human upstream of the TATA box at 
the termination site itself. If a DNA-binding factor is 
responsible for termination at TIA, then the divergent 
human and mouse sequences should both bind the same

factor. We looked for a factor in oocyte and HeLa extracts 
that binds the human TIA sequence and tested whether 
it also bound the mouse sequence in a competition as
say. A gel mobility-retardation assay with a radiolabeled
29-mer oligonucleotide of the human TIA sequence is 
shown in Figure 9. In this experiment the oocyte nuclear 
extract was compared with a chromatographic fraction 
of a HeLa nuclear extract. The result shows that DNA- 
binding factors with identical mobilities in both oocyte 
and HeLa nuclear extracts bind to both the human and 
mouse sequences. More importantly, the wild-type 
mouse sequence competed efficiently for the factor bind
ing to the human terminator element in both extracts 
(Fig. 9, lanes 5,6,13,14). The TATA-Nco mutation of the 
mouse sequence competed less well than wild type 
(lanes 7,8,15,16). The 28-mer mouse-binding site used in 
these studies consistently showed a higher affinity for 
the putative termination factor than the human se
quence.

Because the binding site of this factor overlaps the 
TATA box, it was necessary to test the possibility that it 
was the basal transcription factor TBP, which is a com
ponent of TFIID. The oocyte factor was compared with 
in vitro-translated human TBP in a gel mobility-shift 
assay by use of the same 28-mer probe under conditions 
optimized for TFIID binding (Fig. 8C). The complex with 
the oocyte factor had a significantly higher mobility than 
the TBP complex, as well as altered sequence specificity. 
The TATA-Nco mutant oligonucleotide competed for 
TBP about as efficiently as the wild-type sequence, 
whereas the Bgl(TATA) mutant competed poorly. This 
observation contrasts with the results in Figure 8, A and 
B, which show that the TATA-Nco mutant competes 
poorly for the oocyte and HeLa factors implicated in ter
mination. In conclusion, it is most likely that the higher 
mobility complex that correlates with termination is 
distinct from TBP. We refer to this DNA-binding activity 
as TBF I for terminator-binding factor.

Discussion

We have identified two sites of termination, TIA and 
TIB, for transcription from the PI promoter of the c-myc 
gene. These sites occur in the region between 5 and 45 
bases upstream of the initiation site for the P2 promoter. 
TIB corresponds to a T-rich sequence that superficially 
resembles the T2 site (Fig. lA), where P2 transcripts are 
attenuated. TIA has an unrelated sequence and func
tions independently of TIB. Termination of PI tran
scripts has also been reported recently by Wright et al. 
(1991). A previous report of termination of PI RNA at T2 
in the human c-myc gene was incorrect (Bentley and 
Groudine 1988), probably because of poor resolution of 
the size-fractionated material used for mapping. We do 
not know the function of termination at Tl, but it is 
possible that it regulates PI transcription. Because the 
T2 site specifically regulates P2 transcription (Spencer et 
al. 1990; Roberts and Bentley 1992), it was thought pre
viously that PI RNA was not subject to control by at
tenuation. The idea that the c-myc gene escapes normal
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Figure 8. A DNA-binding factor with specificity that correlates with termina
tion. (A) Gel retardation of a 28-bp probe, including the mouse c-m yc  TIA site 
with Xenopus oocyte nuclear extract. Wild-type (WT) and mutant oligonucle
otide competitors, as well as the molar excess used, are marked. Poly(d(G- 
C) • (G-C)] was at 5 p,g/ml. {B) Gel retardation with HeLa WCE as in A, except 
that poly(d(G-C) • (G-Cj) was at 25 |xg/ml. The first lane contains the Xenopus 
oocyte complex. (C) Gel retardation of the mouse TIA 28-mer with the in 
vitro-translated human TBP component of TFIID. The first lane shows the 
oocyte complex. Lanes are marked + / -  competitors, which were used at a 
500-fold molar excess. ( -  RNA) Control reticulocyte lysate. Poly[d(G-C) • (G-C)) 
competitor at 10 |xg/ml and reticulocyte lysate at 4 |xl per reaction were used.

attenuation controls in Burkitt's lymphoma and rat im- 
munocytoma (Bentley and Groudine 1986b; Cesarman et 
al. 1987; Axelson et al. 1991) by a promoter switch from 
P2 to PI (Spencer et al. 1990) may need to be re-examined 
in light of the potential PI attenuation sites identified 
here. In summary, the identification of T l raises the pos
sibility that transcription from both c-myc promoters is 
regulated by attenuation at independent positions in the 
gene.

The mechanism of termination at TIA was investi
gated in detail. The fact that relatively large insertions 
and deletions near TIA (Figs. 5 and 6) did not affect the 
efficiency of termination implies that polymerase arrest 
does not have a stringent RNA secondary structure re
quirement in agreement with previous studies of pol II

termination conducted in vitro (Dedrick et al. 1987). Ter
mination at TIA occurs at a relatively constant distance 
upstream of a sequence element that overlaps the TATA 
box and 6 bases of 3 '-flanking sequence. A 28-base se
quence that includes this element was sufficient to pro
gram accurate but inefficient termination when it was 
inserted downstream of the al-globin or adenovirus MLP 
(Fig. 7 and data not shown). A factor, TBF 1, which binds 
to this element in a manner that closely correlates with 
termination at TIA, has been identified in nuclear ex
tracts of Xenopus oocytes and HeLa cells (Figs. 8 and 9). 
Each of the four mutations that inhibited termination at 
TIA in the oocyte resulted in reduced affinity for the 
factor present in oocyte nuclei.

Although its binding site overlaps the TATA box, TBF
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Figure 9. The divergent mouse and human TIA sequences 
bind the same factor in HeLa and Xenopus oocyte nuclear ex
tracts. Binding reactions with fractionated HeLa nuclear extract 
or oocyte nuclear extract were with 25 |ig/ml of poly[d(G- 
C) • (G-C)). The mouse TIA 28-mer ^^P-laheled prohe (lanes 1,9) 
was compared with the human TIA 29-mer (lanes 2-8,10-16). 
Competitors were the human and mouse wild-type oligonucle
otides (H-wt and M-wt, respectively), and the mouse TATA- 
Nco oligonucleotide (M-Nco). (Arrow) The TBFI complex.

I is distinct from the TBP component of TFIID by the 
following criteria: Disruption of its binding site does not 
necessarily inhibit P2 promoter function (Fig. 4), and its 
sequence specificity and mobility in a gel retardation 
assay differ from in vitro-translated TBP (Fig. 8). There 
are several precedents for DNA-binding proteins that 
compete in vitro with TFIID for various binding sites, 
including TARP (Mitchell and Benfield 1990), LBP-I 
(Kato et al. I99I), engrailed (Okhuma et al. 1990), and PI 
transposase (Kaufman and Rio I99I). It is possible that 
under some conditions TBF I might also compete with 
TFIID; however, we have no evidence to support this 
possibility. The TATA-Nco mutation, which is a poor 
binding site for TBF I, does not have increased P2 pro
moter activity in the oocyte. The consequences of TBF I 
binding for P2 promoter function are unknown, but there 
may be an interplay between termination at TIA and 
initiation at P2. It would be interesting to know whether 
PI transcription can interfere with the P2 promoter un
der some conditions and whether TBF I could prevent 
such interference. We have not observed promoter inter
ference; however, our transcription assays are not effi
cient enough for both promoters to be simultaneously 
active on the same template.

A DNA-binding factor has been implicated previously 
in pol II termination in the adenovirus MLP. In this case,

an inverted CCAAT box functioned as an orientation- 
specific termination element (Connelly and Manley 
1989a). The sequence specificity of termination corre
lated with DNA binding by the CPI factor (Connelly and 
Manley 1989b). Other promoter and enhancer elements 
tested by these investigators failed to induce termina
tion. The inverted CCAAT terminator is completely ori
entation specific, unlike the TBF I terminator.

TIA resembles pol I terminators in that it entails a 
protein-binding site situated 10-20 bases downstream of 
where polymerases are released (Grummt et al. 1986; 
McStay and Reeder 1990), although the element is ori
entation specific in the latter case. The termination sig
nal at TIA contrasts with the T-rich terminator at the 
end of the first exon of the human c-myc gene, where the 
sequences necessary for termination are located entirely 
upstream of the site of polymerase release (Bentley and 
Groudine 1988). Further studies are required to deter
mine the function of the TI termination site. Moreover, 
purification of TBF I will enable us to test directly 
whether it causes termination in an in vitro transcrip
tion system.

Materials and methods

Oocyte injection and RNA mapping

Injection of centrifuged oocytes and RNA extraction were per
formed as described (Bentley et al. 1989). DNA (1.5 ng) was 
injected into each oocyte and incubated overnight at room tem
perature. Under these conditions, all transcription is by pol 11. 
SI protection was generally carried out on one oocyte equiva
lent of RNA as described (Bentley and Groudine 1988), except 
that 81 nuclease was used at 250 U/ml. Digestion was done at 
room temperature for 30 min. Exonuclease Vll protection (6 
U/ml) was carried out at 37°C for 1 hr in a 200-p.l reaction 
containing 20 mM Tris (pH 8.0), 25 mM NaCl, and 10 mM EDTA. 
Reactions were terminated by ethanol precipitation and elec- 
trophoresed on 5% denaturing polyacrylamide gels.

Plasmids and probes for RNA mapping

pSX943 contains the 943-base Smal-Xhol fragment of mouse 
c-myc exon 1, which extends from 425 bases upstream of the PI 
start site to 360 bases downstream of the P2 start site cloned 
into the Smal-Sall site of the Bluescribe derivative pVZ (Heni- 
koff and Eghtedarzadeh 1987).

pPX490 contains the 490-base Pvull-Xhol fragment of mouse 
c-myc exon 1, which starts 24 hases downstream of the PI start 
site (see Fig. lA) inserted into the Smul-Sail site of pVZ.

M13 SX943 contains the Smal-Xhol fragment of pSX943 in 
mpl8. Single-stranded 5'-end-labeled probes for mapping the PI 
and P2 5' ends (Fig. 4B) were synthesized by primed extension 
on this template followed by restriction cutting. The 272- 
base PI probe was primed with the oligonucleotide 5'-CTG- 
CCCTTCAGGAGGCAGGA-3 ' 75 bases downstream of the 
start site and cut with Rsal. The 160-base P2 probe was primed 
with oligonucleotide 5'-CTCTCACTCCAGAGCTGCCT-3' 
113 bases downstream of the start site and cut with BamHl.

The following plasmids were derived from the wild-type par
ent plasmid pSX943 by mismatched oligonucleotide-directed 
mutagenesis (Nakamaye and Eckstein 1986): In pSX943/ 
AMElal (Fig. 6), the 14-base sequence 5' AGAAGGGAGGG-
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GAG-3' (see Fig. 2) was deleted. In pSX943/Bg](TATA) (Figs. 3 
and 4), the sequence TATAAA of the P2 promoter was replaced 
with AGATCT. In pSX943/TATA-Wco [Fig. 4), the sequence 
GAAGCT adjacent to the TATA box was replaced with 
CCATGG. In pSX943/-l-10 (Fig. 5), the sequence TCAGATC
TGC was inserted immediately upstream of the first T of the P2 
TATA box,

The Hindlll site in the polylinker of pSX943 was removed by 
partial digestion, filling in with Klenow fragment, and ligation 
to make plasmid pSX943/AH3, which has unique BamHl and 
Hindni sites at positions - 4 4  and - 2 0  (Fig. 2).

The plasmids pSX943/TATT and pSX943/TATG were 
made by replacing the 24-base BamHI-HmdHI fragment of 
pSX943AH3 with the corresponding single point mutations in 
the fourth position of the TATA consensus.

pGClHR and pmycATATA (Fig. 3B) (Bentley et al. 1989) con
tain the wild-type human c-myc gene and a 7-base deletion of 
the P2 TATA box, respectively.

pSP64a-globin (Fig. 7) is a derivative of pSP64 containing the 
human al-globin gene from -1 1 8  to 4-913. paTIA-28S, 
paTlA-28A, and paTIA-28SS (Fig. 7) are derived from pSP64a- 
globin by insertion of a 28-base double-stranded oligonucle
otide, GATCCTGAGTCGCAGTATAAAAGAAGCT, into the 
Hindn site in exon 2 in the sense (S) or antisense (A) orientation. 
The paTIA-28SS construct contains two copies in the sense 
orientation.

The 3 '-end-labeled Taql fragments derived from these plas
mids were strand-separated by hybridization with single- 
stranded M13aTflg, which contains the Taq fragment of 
paTlA-28S cloned in the antisense orientation into the AccI 
site of MI3 mpl8.

paTlA-120 (Fig. 3A) was derived from pSP64a-globin into 
which a PvuII-Hindlll fragment of the mouse c-myc P2 pro
moter extending from -1 4 0  to - 2 0  was inserted by blunt-end 
ligation into the Ncol site at position 4-35 of the globin gene. 
paT 1 A-120Bgl(T AT A) was made by the same method, except 
that the PvuII-Hindin fragment was from the mutant pSX943/ 
Bgi(TATA) (above).

paPX490 (Fig. IE) contains the al-globin promoter in place of 
the c-myc PI promoter. A fragment of the globin gene from 
-1 1 8  to 4-35 was inserted upstream of the mouse c-myc 490- 
base Pvull-Xhol exon 1 fragment (see Fig. I A) in the pVZ vector.

In vitro transcription

Reactions were carried out at 30°C, for 45 min in 20 fil contain
ing 140 fig of HeLa nuclear extract (20 mg/ml) made by the 
method of Shapiro et al. (1988), supplemented with 1 jxl of in 
vitro-translated human TBP (Kao et al. 1990). The reactions 
contained a final concentration of 7 mM  HEPES (pH 7.9), 7% 
glycerol, 75 mM KCl, 0.07 mM  EDTA and EGTA, 0.7 mM di- 
thiothreitol, 3.6 mM MgCl ,̂ 2.85% polyvinyl alcohol, 2.5 mM 
creatine phosphate, 0.5 mM NTPs, and 0.5 |ig of supercoiled 
DNA. The reactions were terminated by digestion with 7.5 
units of DNase for 15 min at 37°C, digested with proteinase K, 
and phenol/chloroform extracted. RNA was then ethanol pre
cipitated.

Cell extracts and gel retardation

Oocyte nuelei were isolated by dissection under mineral oil 
(Lund and Dahlberg 1989). Nuclei were extracted on ice in dig- 
itonin lysis buffer (G. Evan, pers. comm.) containing 200 mM 
NaCl, 25 mM Tris-HCl (pH 8.0), 1 lUM EDTA, 0.1% digitonin, 
0.1 ruM DTT, 0.3 mM PMSF, 2 p,M leupeptin, 1 mM benzamidine, 
10 p,M E64, 5 mM NaF, and 1 mM Na^VO^. After brief centrifu

gation, the supernatant was quick-frozen in liquid nitrogen and 
stored at -  70°C in the lysis buffer.

HeLa WCE was made as follows: Cells were washed twice in 
cold PBS and lysed at a concentration of 3 x 10  ̂ cells/ml in 
digitonin lysis buffer without the phosphatase inhibitors or E64 
containing additional 0.5 (jlm soybean trypsin inhibitor and 0.15 
p,M aprotinin. After a 10-min incubation on ice, the sample was 
homogenized by pipetting, transferred to a microcentrifuge 
tube, and centrifuged for 5 min at 4°C. The supernatant (16 
mg/ml) was aliquoted, frozen in liquid nitrogen, and stored at 
-  70°C until use. HeLa nuclear extract (Shapiro et al. 1988) was 
fractionated on Bio-Rex 70, and the 0.1 M KCl flowthrough frac
tion (20 mg/ml) was used in Figure 9.

For gel retardation, double-stranded oligonucleotides with 
4-base overhangs were labeled by filling in with Klenow frag
ment or Sequenase by using [a-^^P]dCTP to a sp. act. of 6 x 10® 
cpm/pmole. The two annealed oligonucleotides for the mouse 
sequence used in Figure 8 were 5 ' -GATCCTGAGTCGCAG- 
TATAAAAGA-3' and 5'-AGCTTCTTTTATACTGCGACTC- 
AG-3'. For the human sequence used in Figure 9, they were 
GATCGCGCTGAGTATAAAAGCCGGT and GATCACCG- 
GCTTTATACTCAGCGC. Mutant competitors were homolo
gous pairs of oligonucleotides with 4-base overhangs, which 
were not filled in. The sequences of these competitors were 
Bgi(TATA), GATCCTGAGTCGCAGAGATCTAGAAGCT; 
TATT/TATG, GATCCTGAGTCGCAGTAT(T/G)AAAGAA- 
GCT; and TATA-Nco, GATCCTGAGTCGCAGTATAAAAC- 
CATGG. Extract from 1.5-2 oocyte nuclei (~5 fxg), 16 jjug of 
HeLa WCE, or 10 |xg of fractionated HeLa nuclear extract was 
incubated for 5 min on ice with 5-25 |xg/ml of poly[d(G-C) ■ (G- 
C)] (Pharmacia) as nonspecific competitor, in 100 mM NaCl, 10 
mM Tris (pH 7.5), 1 mM EDTA, 1 mM benzamidine, 1 mM DTT, 
and 5% glycerol. Specific competitor was added in a 10-min 
incubation, followed by the addition of 50,000 cpm of probe, in 
a total volume of 20 |il, for an additional 20 min on ice. Reac
tions were loaded on 4% native polyacrylamide gels and run at 
4°C in 0.5 X TBE buffer (45 mM Tris, 45 mM  boric acid, 1 mM 
EDTA at pH 8.0).

Human TBP was transcribed and translated in vitro from plas
mid pKB104 as described (Kao et al. 1990). In Figure 8C the 
buffer used for the oocyte and TFllD-binding reactions was 12 
mM Tris-HCl, 40 mM HEPES, 60 mM KCl, 12% glycerol, and 8 
mM MgClj (Horikoshi et al. 1989). Gel electrophoresis was as 
described above.
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Premature termination of transcription by RNA 
polymerase II (pol H) occurs in the 5' region of many 
viral and cellular genes. Modulation of this process, or 
attenuation, is an important means of transcriptional 
control, hut its mechanism is unknown. Using injected 
Xenopus oocytes, the efficiency of the mouse c-myc 
attenuator was tested when it was placed at various 
distances from the transcription initiation site. The 
attenuator functioned with each of six different pol 
n  promoters tested; however, termination efficiency 
declined markedly when it was placed more than ~ 400 
hases from the start site. This decline in attenuator func
tion with distance from the start site coincided with 
increased sensitivity to the pol II inhibitor 5,6-dichloro- 
l-/3-D-rihofuranosyl henzimidazole (DRB). Thus 
transcription complexes situated further from the 
promoter appear to have a lower ability to recognize the 
attenuator and a greater sensitivity to DRB. Further
more, polymerases which have read through one attenua
tion site have a reduced ability to terminate at a second 
site. The results imply that a discrete subset of elonga
tion complexes is capable of premature termination, and 
that this subset exists only within the first few hundred 
bases of the transcription unit. Regulation of termina
tion efficiency may he effected by changing the balance 
between the Wo modes of transcription committed either 
to read through or to terminate prematurely.
Key words: DRB/c-wyc/RNA polymerase Il/termination/ 
transcription

Introduction

Intragenic termination of transcription by RNA polymerase 
II is a widespread phenomenon (reviewed in Spencer and 
Groudine, 1990) which is manifested by higher polymerase 
density at the 5' end than at the 3' end of a gene. It was 
first detected in the adenovirus major late transcription unit 
(Evans et a l , 1979) and has since been observed in a large 
number of viral and cellular genes including c-myc, L-myc, 
c-fos, c-myb, adenosine deaminase (ADA), EOF receptor, 
porphobilinogen deaminase, |8-globin, polyoma early and 
late, SV40 late and HIV-1 (Bentley and Groudine, 1986a; 
Nepveu and Marcu, 1986; Krystal et a l ,  1988; Fort et a l,  
1987; Bender et a l,  1987; Watson, 1988a; Chinsky et a l, 
1989; Wright and Bishop, 1989; Haley and Waterfield, 
1991; Beaumont et a l ,  1989; Lois et a l ,  1990; Skames 
et a l, 1988; Hay et a l,  1982; Kao et a l,  1987; Laspia

et a l,  1989). Discrete termination sites near the 5' ends of 
all these genes have been identified by the nuclear run-on 
transcription assay.

Control of the efficiency of premature termination or 
attenuation is an important mechanism of transcriptional 
regulation. Tissue specific variation of the level of attenuation 
contributes to the cell-type specificity of expression of the 
c-myb (Bender et a l,  1987; Watson, 1988a), ADA (Chinsky 
et a l,  1989), porphobilinogen deaminase Beaumont et a l,  
1989) and j3-globin genes (Lois et a l ,  1990). Activation of 
HIV transcription by tat and upregulation of c-myc by EGF 
stimulation are both mediated by reduced intragenic 
termination (Kao et a l ,  1987; Laspia et a l,  1989; Nepveu 
et a l,  1987a). Conversely, down-regulation of c-myb and 
c-myc during differentiation of MEL and HL60 cells 
respectively is caused by increased termination (Watson, 
1988b; Nepveu et a l, 1987b; Bentley and Groudine, 1986a).

Study of termination in mammalian cells has been 
hampered by the fact that the terminated RNAs are highly 
unstable. However, injected Xenopus oocytes produce stable 
pol n  RNAs with discrete 3' ends that are consistent with 
the positions of termination sites mapped in mammalian 
cells by the run-on assay. Using the Xenopus system, 
sequences sufficient to programme pol II termination have 
been identified for the c-myc (Bentley and Groudine, 1988) 
and ADA (Chen et a l,  1990) genes, though the mechanism 
remains unclear. Intragenic termination differs from 
termination at the 3' end of a mRNA transcription unit in 
that it does not depend on a functional polyadenylation signal 
(Logan e ta l ,  1987). As yet no consensus sequence 
analogous to the 3' box of snRNA genes (Hernandez, 1985) 
or the Sal box of 45S rRNA genes (Grummt et a l ,  1986) 
has been identified for intragenic terminators. One class of 
premature termination sites typified by the c-myc and c-fos 
genes has a run of five or more T residues where the 3' 
end is formed (Bentley and Groudine, 1988; Mechti et al., 
1991). This conserved feature is not essential, however, since 
it can be deleted from the human c-myc exon 1 site without 
abolishing termination (Bentley and Groudine, 1988). A 
second class of premature termination sites do not have runs 
of I s  and appear to occur at the 3' ends of stable RNA 
secondary structures. Examples of this type include the 
HIV-1 R region and the first exon of the ADA gene. In these 
cases the secondary structure may stabilize RNAs which have 
terminated at positions further downstream.

Usually only a fraction of polymerases terminate at 
intragenic sites. It is not known if this is a purely stochastic 
process or whether two distinct subsets of polymerase 
respectively terminate and read through. A precedent for the 
latter possibility is the Escherichia coli RNA polymerase 
whose elongation properties can be regulated by modifica
tions of the enzyme (Grayhack and Roberts, 1985; Barik 
et a l ,  1987; Horvitz et a l ,  1987). For instance, in the Pl 
and Pr transcription units of phage lambda, polymerase is 
modified at Nut sites by the addition of extra subunits, N,
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nus B and SIO, which confer anti-termination properties 
(Barik et al., 1987; Horvitz et a i, 1987). Thus polymerases 
upstream and downstream of a Nut site have different 
elongation properties. We have looked for possible position- 
dependent heterogeneity of pol If transcription complexes 
in the c-myc gene in two ways: first by examining the 
function of the attenuator sequence when it is placed at 
various distances from the start of the gene, and second by 
examining the sensitivity of transcription complexes at 
various positions to the inhibitor, DRB. This analogue of 
adenosine significantly inhibits elongation by RNA pol II 
(Chodosh et a i, 1989) but unlike a-amanitin only -60% 
of pol II activity is inhibited in treated cells (Tamm, 1977; 
Fraser et al., 1978, 1979). It was originally proposed that 
DRB distinguishes between sensitive and resistant subclasses 
of pol II transcription (Tamm, 1977). In this paper we 
show that polymerases at different positions in a gene have 
different properties; those which are close to the initiation 
site are more resistant to DRB and better able to recognize 
the c-myc attenuator than those which have proceeded further 
into the gene.

Results

A deletion within exon 1 of c-myc induces 
termination of PI RNAs
Transcription from the PI and P2 promoters of the murine 
c-myc gene was analysed in injected Xenopus oocytes (Figure
1). An RNase protection assay (Figure lA) distinguishes 
RNAs which terminate from those which read through the 
termination site previously defined in exon 1 (Bentley and 
Groudine, 1988). Extra RNase protection products in Figure 
lA correspond to artefactual cleavage at regions of high 
A -T  content upstream of the PI and P2 start sites. 
Typically, 15 to 20% of stable P2 transcripts terminate with 
a small amount of variability between batches of oocytes. 
On the other hand, termination of PI transcripts at the same 
site is almost undetectable. This behaviour of PI transcripts 
from the wild-type murine c-myc gene confirms previous 
observations of a mutant human c-myc gene in which the 
P2 promoter had been inactivated (Spencer et al., 1990).

We investigated whether RNAs from the PI promoter 
could be induced to terminate by mutating sequences within 
the transcription unit. Plasmids were constructed in which 
the P2 promoter was disabled either by replacing the TATA 
box with a linker that did not affect spacing (ATATA) or 
by deleting a 225 base restriction fragment (ABam-Not, 
Figure 1, lower panel). 5' end mapping confirmed that in 
both constructs all RNAs initiate correctly at the PI promoter 
(data not shown). Termination of PI RNAs in both constructs 
was measured by SI nuclease protection using a 3' end- 
labelled probe and quantified. Termination efficiency is 
defined as the fraction of terminated RNA divided by 
terminated plus readthrough RNA. The result in Figure IB 
shows that termination of the ATATA mutant is very low 
(3.6%), but termination of the ABam-Not deletion mutant 
is comparable to that normally observed for P2 RNAs (19%). 
(In fact the value of 3.6% termination for the ATATA mutant 
is significantly overestimated due to the background level 
of SI nuclease cleavage at the A -T  rich termination site.) 
These data show that pol II initiating at the PI promoter is 
capable of terminating efficiently when bases 110-335 
downstream of the start site are deleted. Inactivation of the
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Fig. 1. Attenuation of PI transcripts is induced by a deletion between 
the promoter and terminator. A: RNase protection of mouse c-myc 
RNA from oocytes injected with wild-type plasmid, pSX943. Lane M: 
Mspl digested pBR322 size markers; P: X hol-R sal antisense T3 RNA 
probe. Readthrough (RT) and terminated (TM) RNAs from the PI and 
P2 promoters are marked. B: SI nuclease protection of c-myc RNA 
from ATATA and ABam-Not. The probe was 430 bp N o tl-N s il  
fragment 3' end-labelled at Notl. The Si mapping strategy is outlined 
in the bottom panel. Bottom panel: maps of wild-type and mutant 
c-myc genes. The promoters PI and P2 and the termination site, T, 
are marked as well as restriction sites for Rsal (R), BamHl (B), Notl 
(N), Sad  (S), Xhol (X) and Nsil (Ns).

P2 promoter without altering the distance between PI and 
the termination site has no effect.

Attenuation is inhibited by increasing the distance 
from the P2 promoter
The results shown in Figure 1 may suggest that PI transcripts 
normally fail to terminate as a result of encountering a 
specific sequence element that has been deleted in the ABam- 
Not mutant (see Discussion). Alternatively, simply reducing 
the distance between the PI promoter and terminator from 
455 bp to 230 bp may have increased the termination effi
ciency of this mutant. The effect of distance to the terminator 
on its function was tested in two sets of constructs where 
transcription was driven by the c-myc P2 promoter or the 
adenovirus major late promoter (MLP). In the first set, one 
or more copies of a 290 bp fragment was inserted in both 
orientations at the Notl site 120 bases upstream of the 
termination site in exon I of the c-myc gene (Figure 2). This 
insertion does not disrupt any c-myc sequences necessary 
for terminator function. The inserted DNA fragment was
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Fig. 2. Termination of P2 transcripts is inhibited by increasing the 
distance to the attenuator. SI protection of RNA from the wild-type 
c-myc gene pSX943, in the lane marked 310, is compared with 
insertion mutants pSX943/600A, /6G0B, /890 and /1 180. aA: pSX943 
plus 1 fig/ml a-amanitin (final) injected cytoplasmically. The probe 
was a 3' end-labelled N o tl-N s il  fragment (see Figure 1).

chosen because it lacked splicing consensus sequences in both 
orientations. In Figure 2, termination efficiency in injected 
oocytes was monitored by SI protection as in Figure IB. 
The results showed a reduction in termination of P2 
transcripts from 17% for the wild-type gene to a background 
level of <4% when the distance between the start site and 
termination site was increased from its natural value of 310 
bases to 600 bases or more. This effect was independent of 
the orientation of the inserted fragment. Similar results 
obtained in another batch of oocytes are shown in Figure 5.

We also tested whether the position of the c-myc terminator 
affected its function when it was inserted into another gene. 
A 190 bp N otl-Sad  fragment containing the c-myc 
terminator (see map in Figure 1) was inserted at three 
positions downstream of the adenovirus MLP and assayed 
in injected oocytes by SI protection (Figure 3A). The MLP 
is transcribed from the correct start site in oocytes (Bentley 
et a i, 1989) and this was confirmed for the three constructs 
by RNase protection (data not shown). Termination 
efficiency of the adenovirus-myc chimeric genes declined 
from 22.8 to 18.2 to 4.4% as the distance between the start 
site and the termination site increased from 168 to 310 to 
654 bases (Figure 3A).

Termination at tandem attenuators
One explanation for reduced termination efficiency at greater 
distances from the promoter is that the polymerases which 
can terminate are lost during transcription of the first part 
of the gene. If only a subset of polymerases could terminate 
at an attenuation site, then this subset would be depleted in 
the population of polymerases that read through such a site. 
To test this idea, a construct was made with two tandem 
c-myc attenuators in the human a-1 globin gene. The 
efficiency of termination at the more distal of the two 
attenuators was compared with that at a single attenuator at 
a similar distance from the start site. In Figure 3B termination 
at the second of two tandem terminators situated 155 and 
374 bases from the start site is compared with single 
terminators 407 or 565 bases away. The SI protection probe 
labelled at the Hindlll site (H in Figure 3B) is completely 
specific for the second of the two terminator sites in the 
155/374 construct. The tandemly repeated terminator at 
position 374 functioned less than one-third as well (7%) as 
a single site at position 407 (26%). In fact, it only worked 
about as well as a site 190 bases ftirther from the promoter 
at position 565 (6%). This is the only example we have 
encountered of a more proximal termination site functioning 
less well than a more distal site.

DRB selectively inhibits readthrough but not 
attenuated transcription
Figures 1-3  show that the mouse c-myc terminator functions 
in a position-dependent way in a number of different 
sequence contexts. As mentioned above, one possible 
explanation for this behaviour is that, as in phage lambda, 
polymerases at different positions in a gene have different 
elongation properties. We have looked for distance- 
dependent heterogeneity of polymerases in the c-myc gene 
by measuring sensitivity to the iÂibitory adenosine analogue, 
DRB. In the experiment shown in Figure 4, five plasmids 
containing the c-myc attenuator downstream of different 
promoters were injected into oocytes; half the oocytes were 
incubated in 75 pM DRB and the rest in an equivalent 
amount of solvent. Termination at the correct site was 
observed for all promoters tested: c-myc P2, adenovirus 
MLP, U1 snRNA, HSV thymidine kinase (TK) and a-l 
globin. The distances from the initiation to termination 
sites in these five genes are 310, 168, 137, 165 and 145 
bases respectively. Accurate initiation at each of these 
promoters occurs in injected oocytes (data not shown). In 
each case, DRB increased the amount of terminated RNA 
relative to readthrough RNA which accumulated during the 
course of the experiment (18 h). In lanes 3 -6 , a Xenopus 
tropicalis U6 snRNA gene transcribed by pol 111 was coin
jected with c-myc and Ad-myc 168 (see Figure 3A). Since 
pol 111 is unaffected by DRB (Tamm, 1977; Zandomeni 
et al., 1982), it acted as an internal control for injection effi
ciency. The 5' end-labelled U6 probe did not detect any RNA 
in uninjected X.laevis oocytes (data not shown). Comparison 
of the c-myc SI protection products with this internal control 
showed that the amount of RNA which read through the 
termination site was severely inhibited by DRB while that 
which terminated was either unaffected or slightly increased.

Virtually all polymerases which read through the c-myc 
termination site in the U l-m yc chimeric gene, terminated 
correctly at the U1 3' box, yielding an RNA 370 bases long 
(data not shown). The observation that transcription of this
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Fig. 3. A. Increased distance between the adenovirus MLP and the attenuation site inhibits termination. Transcripts of Admyc-168, -310 and -654 
were analysed by SI protection as in Figure IB. U: RNA from uninjected oocytes. Termination efficiencies are marked below the tracks.
B. Comparison of one versus two terminators in the a-globin gene. SI protection of transcripts from pa-myc407, 565 and 155/374. The 
H M lll-A p a l  probe derived from pVZ a-mycHind/Sac was 3' end-labelled at the Mndlll site marked H in the maps.

gene was sensitive to DRB (Figure 4, lanes 7 and 8) implies 
that a long readthrough transcript is not required for this 
inhibitor to work.

The effect of DRB on transcription at two different 
distances from the promoter was analysed using the plasmids 
in which the distance between the c-myc P2 promoter and 
terminator was increased from 310 to 600 bases (see Figure
2). Injected oocytes were divided into control ( - )  and 
DRB-treated (+) samples and the termination efficiency was 
assayed by SI protection with the U6 snRNA internal 
control. The results shown in Figure 5 showed that read- 
through transcription was highly sensitive to DRB regardless 
of the position of the attenuator. Significantly, no terminated 
transcripts of 6(X)A or 600B were detected in the presence 
of DRB although a small amount of readthrough transcrip
tion was observed (lanes 4 and 6). In conclusion, DRB did 
not induce readthrough transcripts to terminate at the c-myc 
attenuator in these two constructs.

Inhibition of transcription by DRB is position- 
dependent in oocytes and mammalian cells
Nuclear run-on assays were performed to confirm that 
the effect of DRB on steady-state RNA levels was due 
to inhibition of transcription rather than some post- 
transcriptional event. The run-on assay was performed 
with nuclei dissected from injected oocytes that had been 
incubated in the presence or absence of DRB. ^^P-Labelled 
nascent transcripts were hybridized to a panel of single
stranded M13 clones to measure polymerase density over 
different segments of the gene (Figure 6B). The results show 
that DRB significantly inhibited transcription downstream
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of the termination site (probe C) relative to upstream of this 
site (probe B).

The effect of DRB on initiation of transcription at the PI 
and P2 promoters in oocytes is shown in Figure 6A. PI and 
P2 5' ends were simultaneously mapped with single-stranded 
end-labelled probes by SI protection. No effect of DRB on 
either the relative strength of the promoters or the position 
of the start sites was observed. DRB apparently inhibited 
the small amount of transcription which protected the full 
length of the probes. Although little inhibition of PI or P2 
transcription by DRB was seen with an assay that detected 
RNAs which extended a short distance (75 bases for PI and 
113 bases for P2 in Figure 6A), significant inhibition was 
observed in other assays that detected longer transcripts. 
These experiments demonstrate that the effect of DRB on 
steady state RNAs seen in Figures 4 and 5 are due to selective 
inhibition of readthrough transcription probably at the level 
of elongation.

The transcription of individual cellular genes in the 
presence of DRB has not been extensively studied previously. 
We therefore wished to confirm that the results obtained for 
c-myc in injected oocytes accurately reflect the effect of DRB 
on the chromosomal c-myc gene in mammalian cells. Nuclear 
run-on transcription assays were done for two human cell 
lines, HL60 and Daudi, which show high level c-myc 
transcription (Figure 7). Polymerase density over segments 
of the gene, A -F , was measured relative to a 5S rRNA 
control which is transcribed by pol III. In Daudi and 
undifferentiated HL60 cells, most polymerases read through 
the premature termination sites near the exon 1-intron 1 
boundary (Figure 7A control panel and 7B lanes 1 and 5).
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Fig. 4. DRB specifically inhibits transcription reading through the c-myc attenuator. SI analysis with the N o tl-N s il  probe of c-myc RNA from 
oocytes injected with various terminator-containing plasmids and incubated overnight in medium containing 75 DRB (-b) or solvent only ( - ) .  In 
lanes 3 - 6 ,  transcripts of a coinjected X.tropicalis U6 gene were detected with a 5' end-labelled X bal-F spl probe. Bands corresponding to 
readthrough (RT) and terminated (TM) RNA ware marked. P: U6 and c-myc probes; M: Mspl cut pBR322; lanes 3 and 4: pSX943; lanes 5 and 6, 
Admyc-168; lanes 7 and 8, pUlmyc; lanes 9 and 10, pTK-2-myc; lanes 11 and 12, pa-mycl55.

(A greater proportion of readthrough transcription was 
detected in the HL60 cells tested in panel 7B than in those 
of panel 7A.) Addition of DRB (100 pM) to the medium 
1 h before harvesting the cells, resulted in a gross re
distribution of polymerases on the gene (Figure 7A, middle 
panel, and 7B lanes 3 and 6). While polymerase density 
over exon 1 was unaffected or even increased relative to 
the 5S control, very few polymerases elongated past 
exon 1 (probes D, E and F). Transcription of region D posi
tioned immediately downstream of the attenuator shows a 
much greater sensitivity to DRB than the adjacent region 
C which is upstream of attenuator (Figure 7A). All c-myc 
transcription in the presence of DRB was by pol II and was 
abolished by adding 5 ^g/ml a-amanitin to the run-on reac
tion. Addition of DRB to the run-on reaction had no effect 
(Figure 7B, lane 2). The effect of DRB was completely 
reversible; 1 h after washing out the drug, c-myc transcrip
tion had resumed normally (Figure 7B, lane 4). In conclu
sion, DRB had the same effect on c-myc transcription in 
injected oocytes and mammalian tissue culture cells; namely 
to inhibit transcription at positions more distant than -400 
bases from the RNA start site.

3 1 0  6 0 0 A  6 0 0 B

-  + -  + -  + M P

( -RT

-TM.

-U 6

Discussion

Attenuation occurs with any promoter but depends 
on distance from the start site
The results described here demonstrate that the function of 
the c-myc terminator sequence is highly dependent on its 
position relative to the site of initiation. Moving the 
terminator from its natural position 310 bases from the P2 
promoter to 600 bases away resulted in a > 5-fold decrease 
in termination efficiency (Figure 2). An identical result was 
obtained when it was moved from 310 to 654 bases

2  3  4  5  6  7

Fig. 5. DRB does not induce termination at a distant attenuator. The 
plasmids pSX943 (lanes 1 and 2), pSX943/6(X)A (lanes 3 and 4) and 
pSX943/&X)B (lanes 5 and 6) were injected and oocytes incubated with 
(-b) or without ( - )  75 pM RB. c-myc RNA was analysed by SI 
protection as in Figure IB. M; Mspl cut pBR322; P; c-myc 
A^o/I-A^5/T and U6 Sau 'iA -Fspl probes. The U6 probe was 
contaminated with a larger partial digestion product. Bands 
corresponding to readthrough (RT) and terminated (TM) RNA are 
marked.
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Fig. 6. A: DRB does not affect PI or P2 promoter usage. 5' end 
mapping by SI protection using two single-stranded end-labelled 
probes shown in the diagram. Ooctyes injected with the wild-type 
c-myc gene, pSX943, were incubated with ( 4 - )  or without ( - )  75 /im 
DRB. B: DRB specifically inhibits transcription downstream of the 
termination site. Nuclear run-on analysis of oocytes injected with pRB 
16.8 containing the entire murine c-myc gene (pRB 16.8, Bentley 
eî a i ,  1989) and a Xenopus 58 gene were incubated overnight with or 
without 75 DRB. Nascent RNA was hybridized to single-stranded 
M13 clones of the Xborealis 58 rRNA repeat, and the c-myc 
fragments A -C  shown in the map. The PI and P2 promoters and the 
termination site, T, are marked as well as restriction sites for Pvull 
(P), Hinü (H), NlalV (Nl) and Nsil (N). The U content of the RNA 
complementary to probes A -C  is 65, 42 and 94 respectively.

downstream of the adenovirus MLP (Figure 3A) and a 4-fold 
reduction in termination efficiency was observed when it was 
moved from 407 to 562 bases downstream of the ocl globin 
promoter (Figure 3B). The extent of reduction of termina
tion efficiency with distance differed somewhat between the 
three transcription units tested. These differences could 
reflect effects of sequence on the rate of elongation through 
these genes. Moving the terminator closer to the adenovirus 
promoter (310 to 168 bases) resulted in an -20% increase 
in termination efficiency. Because a consistent effect on 
termination efficiency was observed in constructs where the 
terminator was placed in 10 different sequence contexts, we 
believe it is due to distance from the RNA start site, not 
to the presence of flanking sequences which alter termination 
efficiency.

It is noteworthy that the U1 snRNA promoter as well as 
a variety of mRNA promoters (PI, P2, adenovirus MLP, 
HSV TK and a l globin) were all able to support transcription 
that terminated accurately in the c-myc attenuator sequence. 
These data, in addition to studies of mutations in the HSV 
TK and c-myc P2 promoters (S.Roberts and D.Bentley, in 
preparation), have not provided any evidence of specific
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Fig. 7. Effect of DRB on c-myc transcription in the HL60 and Daudi 
cell lines. Nuclear run-on products were hybridized to single-stranded 
cloned fragments A - F  of the human c-myc gene and the X.borealis 
58 gene. The U content of RNA complementary to probe A - F  is 
135, 35, 49, 134, 134 and 68 respectively. A: HL60 cells treated with 
75 iM  DRB or solvent only for 45 min. Run-on products were 
hybridized to M13 clones complementary to sense (+ ) and antisense 
( - )  transcripts. In the right hand panel, 5 /ig/ml a-amanitin was added 
to the run-on reaction. B: Lanes 1 and 5, solvent treated controls; 
lanes 3 and 6, 1 h DRB treatment (100 /tM); lane 2, 100 /xm DRB 
added to the in vitro run-on reaction; lane 4, 1 h DRB treatment 
(100 /iM) followed by washing and 1 h recovery. 8ense strand 
transcripts only are shown. Map of the human c-myc gene showing 
PO, PI and P2 promoters, exons I and 2 and probes A -F .

promoter elements required for premature termination to 
occur at this position in the oocyte. Rather, it appears to 
be a general feature of pol 11 transcription complexes in this 
cell, that a fraction are capable of terminating accurately if 
the c-myc attenuator is placed sufficiently close to any 
promoter. We previously failed to see termination of RNAs 
initiated at distant cryptic plasmid promoters or at the 
adenovirus MLP when it was situated 600 bases from the 
human c-myc terminator (Bentley and Groudine, 1988). 
These results can now be explained by the effect of distance 
on terminator function.

RNA from the PI promoter of the human c-myc gene 
terminates at much lower efficiency than RNA from the P2 
promoter. This observation has important consequences for 
the control of c-myc expression in Burkitt’s lymphoma, 
where there is frequently a switch in promoter usage from 
mainly P2 to mainly PI (Spencer et al., 1990). The reduced 
termination efficiency we observed at greater distances from 
the start site probably contributes to the low level of PI
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termination relative to P2. The PI and P2 start sites in the 
human c-myc gene are situated 530 and 367 bases from the 
terminator I (Bentley and Groudine, 1988) respectively. 
Another factor which may contribute to the low termina
tion efficiency of PI transcripts is a newly identified termina
tion site situated just upstream of the P2 start site, PI RNAs 
must read through this site before encountering the second 
site further downstream (S.Roberts and D.L.Bentley, in 
preparation). In Figure 3B it is shown that polymerases 
reading through one terminator have diminished ability to 
terminate at a second one.

Though we have not directly tested the effect of distance 
from the start site on termination in mammalian cells, our 
observations in oocytes provide an attractive explanation for 
the fact that all known examples of intragenic termination 
occur in the 5' region of the gene usually within 1 kb of 
the start site (i.e. c-myc, c-fos, ADA and porphobilinogen 
deaminase). The most distant termination site mapped so far 
is that of the mouse c-myb gene ~ 2  kb from the start site 
(Watson, 1988a). This termination site also functions in 
injected oocytes as determined by nuclear run-on analysis 
(D.L.Bentley and R.Watson, unpublished) implying that the 
very sharp decline in termination efficiency at distances 
>3(X) bases seen for c-myc, globin and adenovirus MLP 
constructs (Figures 2 and 3) may not be universal.

Implications for the mechanism of attenuation: 
ewdence for functionaliy distinct modes of 
transcription
The dependence of terminator function on distance from the 
promoter is not easily reconciled with the mechanism of 
termination elucidated for pol I which requires only a 
termination factor bound at a specific DNA sequence to 
signal transcript release. In this case, the position of the 
protein-binding site relative to the promoter is irrelevant to 
its terminator function (Grummt et a l ,  1986). Two classes 
of termination mechanism are consistent with the distance 
dependence: those involving looping interactions and those 
involving polymerase heterogeneity along the transcription 
unit. If termination required interaction between the 5' end 
of the gene and the attenuator by looping or wrapping of 
DNA or RNA, then it might be inhibited if the distance 
between them were too great. Although we cannot absolutely 
exclude this idea, we favour the alternative hypothesis that 
polymerases close to the promoter are on average more 
efficient at terminating than those which are further away. 
The transcription through a double terminator and the effects 
of DRB both support the latter hypothesis.

DRB specifically reduced polymerase density at positions 
more than 300-5(X) bases from the beginning of the c-myc 
gene in injected Xenopus oocytes and mammalian cells 
suggesting that the two systems behave similarly (Figures 
6 and 7). Polymerase density closer to the start site, i.e. 
upstream of the attenuator was reduced far less and in some 
cases was increased by DRB treatment. Our results obtained 
in vivo are consistent with the in vitro data of Chodosh et al. 
(1989) who observed that transcription far from the 
adenovirus major promoter was more sensitive to DRB than 
transcription close to the promoter in a HeLa cell extract. 
In the oocyte, DRB caused a dramatic reduction in the 
absolute level of steady-state readthrough RNA while the 
level of terminated RNA was unaffected or shghtly increased 
(Figures 4 and 5). We found no evidence that DRB induced 
termination at the c-myc attenuator by polymerases which

would otherwise have read through (Figure 5). These data 
indicate that DRB selectively inhibited a subset of transcrip
tion complexes that is committed to readthrough the c-myc 
attenuator, while another subset committed to terminate 
prematurely is either unaffected or stimulated by the drug. 
According to this model, the ‘terminator’ class of transcrip
tion complexes is confined to the 5' end of the gene because 
it is subject to multiple termination events in this region. 
The c-myc attenuator is a particularly strong termination site 
which yields a stable product.

Other workers have also provided evidence for a DRB- 
resistant class of pol II molecules situated at the 5' ends of 
genes (Tamm, 1977; Zandomeni et a l, 1983; Skames et a l, 
1988). Previously it has been difficult to establish whether 
the short transcripts made in the presence of DRB were 
artefacts induced by the drug or were made normally and 
only revealed by inhibiting the background of polymerases 
reading through. The c-myc gene attenuator allows us to 
clearly distinguish a class of transcription complexes which 
naturally terminates prematurely in die absence of the dmg 
and is resistant to its inhibitory effects.

The way that DRB inhibits elongation is unknown. 
Paradoxically, the drug was only effective when living 
cells were treated and not when it was added to the nuclear 
run-on reaction in which elongation but not initiation 
occurs (Figure 7B, lane 2; Tamm, 1977). Possibly a factor 
required to mediate the effect of DRB was lost during 
nuclear isolation. Alternatively DRB could inhibit elongation 
indirectiy by inhibiting initiation of the polymerase subclass 
committed to readthrough transcription while stimulating 
those polymerases which terminate. The mechanism of DRB 
action will only be resolved by identifying its targets in the 
cell. In this respect, it is interesting to note that a pol II large 
subunit C-terminal domain kinase actvity and casein kinase II 
are both inhibited by the drug (Stevens and Maupin, 1989; 
Zandomeni e ta l ,  1986).

If there is a heterogeneous population of transcription 
complexes along a gene, then it is predicted that the 
subpopulation which can terminate will be preferentially lost 
at the c-myc attenuator. Therefore, if two attenuators are 
placed in tandem, the second wUl function less efficiently 
than a single attenuator at the same distance from the start 
site. This prediction is supported by the experiment shown 
in Figure 3B which shows that when two attenuators were 
placed at positions 155 and 374 bases into the a-globin gene, 
the second one functioned significantly less well than a single 
attenuator at position 407.

Heterogeneity of elongation complexes with respect to 
their ability to recognize the c-myc attenuator could arise 
by modifying the polymerase either before or after initiation 
either by gain or loss of subunits or by covalent means. This 
model is analogous to the effects of the N and Q proteins 
on phage lambda transcription (Grayhack et a l , 1985; Barik 
et a l,  1987; Horvitz et a l ,  1987). In considering possible 
biochemical differences between transcription complexes, 
it is interesting to note that the elongation factor SII which 
associates with pol II (Horikoshi et a l , 1984), is able to work 
when added to an in vitro reaction after initiation has 
occurred (Reinberg and Roeder, 1987). In addition, 
phosphorylation of the C-terminal domain of the pol H large 
subunit accompanies the transition from initiation to elonga
tion (Payne e ta l ,  1989).

Intragenic termination efficiency in c-myc, c-myb, c-fos 
and HIV can be regulated to control the overall level
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of transcription (see Introduction). The data presented 
suggest that this regulation could be exerted by changing the 
relative levels of transcription by two subpopulations of 
transcription complex committed to read through or 
terminate transcription prematurely. Promoter or enhancer 
elements could specifically stimulate initiation by one of the 
two subpopulations and thereby affect termination efficiency.

Materials and methods

Oocyte injection and RNA mapping
Injection of centrifuged oocytes and RNA extraction were as described in 
Bentley et al. (1989). 1.5 ng of DNA was injected per oocyte and incubated 
overnight at room temperature. Under these conditions all transcription from 
the c-myc promoters is by pol H. DRB (Sigma) was dissolved in ethanol 
at 50 mM and used at 75 /iM in the medium bathing the oocytes. SI and 
RNase protection was as described (Bentley and Groudine, 1988) except 
that SI nuclease was used at 250 U/ml and RNase A was used at 5 /ig/trü. 
Both types of digestion were done for 30 min at room temperature. 
Quantification of dried gels was done with a Molecular Dynamics 
Phosphorimager.

Piasmids and probes for RNA mapping
pSX943 contains the 943 base S m a l-X h o l  fragment of the mouse c-myc 
gene which starts 425 bases upstream o f the P I start site cloned into 
the S m a l-S a ll  site of the Bluescribe derivative pVZ (Henikoff and 
Eghtedarzadeh, 1987). T3 transcription of this plasmid gave the probe used 
in Figure lA.

M13SX943 contains the Sm al-X ho l  fragment in m pl8. Single-stranded 
5 ' end-labelled probes for mapping the P I and P2 5 ' ends (Figure 6) were 
synthesized by primed extension on this template followed by restriction 
digestion. The 272 base P I probe was primed with oligonucleotide 
5'-CTGCCCTTCAGGAGGCAGGA-3' 75 bases downstream o f the start 
site and cut with Rsal (see Figure 1). The 160 base P2 probe was primed 
with the oligonucleotide 5'-CTCTCACTCCAGAGCTGCCT-3' 113 bases 
downstream of the start site and cut with BamHl.

pSX943ATATA was derived from the wild-type parent plasmid by 
mismatched oligonucleotide directed mutagenesis (Nakamaye and Eckstein, 
1986) which substituted the TATAAA of the P2 promoter with AGATCT.

pSX943ABam-Not was derived from pSX943Bgl in which a BglU  linker 
was inserted into the N otl site in exon I. This plasmid was digested with 
BamHl and BglU  and recircularized to delete 225 bases.

pSX943/600A, /600B, /890 and /1 180 (Figures 2 and 6) were derived 
by insertion of one or more copies o f a 290 bp BglU-BamYU  fragment 
(see Figure 2) into the BglU  site of pSX943Bgl. The inserted fragment 
corresponded to bases 346 -6 3 7  of the p47 chronic granulomatous disease 
cDNA clone in Rodaway et al. (1990). All copies o f the fragment were 
inserted in the sense orientation except for pSX943/600B.

pVZ-Not/Nsi contains the 430 base N o tl-N s i l  fragment spanning exon 
1 -in tron  1 of mouse c-myc and was used to derive the 3 ' end-labelled 
fragment for SI mapping.

Admyc-168, -310 and -654 (Figure 3A) contain the 190 base N o tl-S a c l  
terminator fragment of exon 1 inserted respectively at the 5cal, H M U l 
and Sm d  sites downstream of the adenovirus MLP. The adenovirus promoter 
fragments extend to the Smal site 1930 bases upstream of the start site. 
The N o tl-S a c l  fragment was cloned into pVZ and the adenovirus MLP 
fragments were inserted by blunt-end ligation into the filled in Aarl site 
adjacent to the N otl site in the polylinker.

pa-m ycl55 (Figure 4) contains the N o tl-X h o l  terminator fragment 
inserted by blunt-end ligation into the Ncol site at position 35 in exon 1 
of the human a l  globin gene. The globin gene fragment extended from 
-1 1 8  to -1-913 cloned in pSP64.

pa-myc565 contains the same c-myc fragment inserted into the Tfindlü 
site at position +445 in exon 2 of the globin gene.

pa-myc407 is a derivative of the previous plasmid in which the 159 
base F o k l-H in ilU  fragment of exon 2 was deleted and replaced by 
a HiruSU linker.

pa-mycl55/374 contains two tandem c-myc N o tl-X h o l  terminator 
fragments. It was made by combining the 690 base HinàUl-PvüU  fragment 
from the 3 ' end o f the pa-myc565 with the 5 ' end o f the pa-m ycl55 gene.

pVZa-mycHind/Sac is a subclone of the 200 base H /ndÊ l-5acl fragment 
containing the terminator from pa-myc565 in pVZ. The ///« d il l- /(p a l 
fragment of this clone 3 ' end-labelled at the HinàTU site was used for SI 
mapping in Figure 3B. 

pU6-l (Carbon et al., 1987) contains the Xtropicalis U6 snRNA gene.

Either a 780 base X&al-Fspl (Figure 4) or a 345 base Sau2A-Fspl (Figure 
5) fragment 5 ' end-labelled at Fspl was used for SI protection.

pUl-myc and P T K -2 -m y c  (Figure 4) are derivatives of wild-type 
U1 and HSV TK-2 respectively (Figure 1 of Neumann de Vegvar et a i ,  
1986) in which the N o tl-S a c l  terminator fragment was inserted with linkers 
into the M o l  site at position 27 of the human U1 snRNA sequence. 
Both plasmids encode virtually identical RNAs driven by the U1 and HSV 
TK promoters respectively.

Nuclear run-on analysis
Oocyte nuclei were isolated by dissection under mineral oil (Lund and 
Dahlberg, 1989). Tissue culture cell nuclei were prepared by lysis in 10 mM 
T ris-H C l, pH 7 .5 ,10  mM KCl, 0.5 mM spermidine, 0.15 mM spermine, 
2 mM dithiothreitol, 0.1 % N P-40,50 pg/ml PMSF and pelleting at 1500 g.. 
The nuclei (2 X 10^) were frozen at -7 0 °C  until use in 40 /il of glutamate 
buffer containing 40% glycerol, 125 mM potassium glutamate, 10 mM 
HEPES, pH 8.0, 0.5 mM EGTA, 1 mM EDTA, 2 mM dithiothreitol, 
0.5 mM spermidine and 0.15 mM spermine. After thawing, nuclei were 
treated for 5 min at room temperature with 1 /ig/ml RNase A followed by 
addition of 100 U of placental RNase inhibitor. The elongation reaction 
was carried out with 7 mM MgCl2, 1 mM ATP, 0.25 mM GTP and CTP, 
10 mM creatine phosphate, 50 /tg/ml creatine kinase and 200 /tCi 
[32p]UTp for 10 min at 30°C then 250 /ig of carrier Torula RNA 
(Calbiochem) was added. The RNA was purified by DNase 1 and proteinase 
K digestion, phenol-chloroform  extraction and two precipitations with 
2.5 M ammonium acetate and an equal volume of isopropanol on ice. 
Following hybridization and washing (Bentley and Groudine, 1986a) the 
filters were digested with 10 /ig/ml RNase A in 0.3 M NaCl, 10 mM 
T ris-H C l, pH 7.5, 5 mM EDTA for 30 min at 37°C and rewashed for 
15 min at 65°C in 1 X SSC.

Nuclear run-on hybridization probes
All probes were single-stranded M13 clones (0.5 /tg) slot blotted onto 
Genescreen (Dupont). The mouse c-myc probes A - C  (Figure 6) correspond 
to the 391 base PvuU fragment, the 267 base ///nfl fragment, and the 323 
base N la lV -N s il  fragment. The human c-myc probes A, D, E and F have 
been described previously (Bentley and Groudine, 1986a). Probe B is a 
cloned 208 base fragment derived by PCR extending from the XhoU site 
64 bases upstream of the PI start site to 144 bases downstream. Probe C 
contains the 302 base N oel-P vuU  fragment. The 5S probe contains a 
fragment of the X.borealis 5S repeat and was a gift from M.Groudine.
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