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Abstract

Transcriptional terminators can be loosely divided into two main classes, 

depending upon their requirement for the termination factor rho; and hence they are 

designated rho-dependent and rho-independent. Rho-independent terminators are 

characterized by a GC-rich region of hyphenated dyad symmetry followed by a 

uridine-encoding region. Two terminators belonging to this latter class have been 

studied: ted, situated at the end of the early region of phage T7; and t L17, located at 

the end of the operon encoding the a subunit of RNA polymerase in Escherichia coli.

The efficiency of both of these terminators has been assessed by their 

insertion between a promoter and the assayable galactokinase gene in plasmids of the 

pKO family. Derivatives of these plasmids were constructed in which the reading 

frames had been altered so that ribosomes were allowed to translate through the 

terminators instead of stopping prior to them, as in the wild type situation. This was 

found to have a profound effect upon the efficiency of termination; completely 

abolishing termination in the case of tecl, and severely reducing it in the case of t L17. 

The addition of fusidic acid (a protein synthesis inhibitor) was found to alleviate the 

effect, proving that translational interference was the cause of the reduction in 

termination efficiency. The implications of these results are discussed, with particular 

reference to the mechanisms of gene regulation in general.

tL17, as well as having the sequence characteristics mentioned above, also 

possesses a string of adenine residues preceding the GC-rich domain, which provides 

a symmetric counterpart to the uridine rich region in the messenger RNA. The 

function of these adenines is not clear; they may merely allow the terminator to 

function bidirectionally, or they may have more far reaching effects on the efficiency 

of termination. Preliminary studies to investigate their function are discussed.
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CHAPTER 1

1-1 INTRODUCTION

The prokaryotic chromosome is organized into transcriptional units or operons 

which may contain two or more genes. Such organization requires signals to initiate 

transcription at one end of a unit and to terminate it at the other. Many terminators 

serve as permanent boundaries to operons, thereby preventing transcriptional 

readthrough by DNA dependent RNA polymerase into adjoining regions of the genome. 

However, it has become apparent over the last two decades that transcriptional 

terminators also exist within operons. These act as positive control sites from which 

gene expression may be regulated to allow the organism to respond to environmental 

change, thus preventing the wasteful depletion of cellular metabolites and the 

sequestration of important proteins and enzymes.

In the early days of nucleotide sequencing it was widely thought that the key 

to understanding gene expression and regulation lay in simply determining the nucleic 

acid sequence. Tantalizingly, this has not proved to be the case. Only in the most 

simple terminators does the nucleotide sequence adequately account for their function; 

far more frequently numerous other factors are involved; either to compensate for 

limitations of the nucleic acid sequence alone, or to provide greater versatility so that 

their response may be finely tuned. The factors responsible for such a varied and 

accurate response will be discussed in this chapter.

1.2 RNA POLYMERASE

The DNA-dependent RNA polymerases of prokaryotes are multisubunit 

enzymes. With the exception of the extremely halophilic Halobacterium cutirubrum 

(Louis & Fitt 1971), holoenzyme monomers from the different sources analysed to date 

show a similar complement of subunits (Burgess 1976; Fukuda et al. 1977). They 

consist of two large subunits, B and 8' (MW about 155,000); two identical or at least 

almost identical small subunits, a (MW about 40,000); and an initiation factor, a, 

normally of intermediate molecular weight, ranging from 44,000 to 92,000 in the 

different RNA polymerases studied (for example: Stetter & Zillig 1974; Zimmer & 

Millette 1975). The minimal enzyme, known as "core" enzyme, is obtained by the 

removal of the a factor from the holoenzyme (Burgess et al. 1969). Thus the 

compositional formulae of holoenzyme and core enzyme are a 2 B8'a and a 2 BB', 

respectively.

RNA polymerase (Rpol) from E. coli has been more extensively studied than 

the enzyme from other bacterial sources and the following discussion will be limited
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to this particular enzyme (for reviews see Losick & Chamberlin 1976, and Lathe 1978). 

The holoenzyme from E. coli (3000-6000 molecules per cell) is a zinc-containing 

enzyme and the subunits have the following molecular weights, as determined from 

DNA sequence data:

a 36,512 (Post & Nomura 1979; Meek & Hayward 1984)
8 150,619 (Ovchinnikov et al. 1981)
B 1 155,162 (Ovchinnikov 1982)
a 70,263 (Burton et al. 1981)

Extensive in vivo and in vitro work has been carried out to investigate how 

the individual subunits assemble to form an active enzyme. The current model is 

based on work by Ishihama and his coworkers (Ito et al. 1975; Taketo & Ishihama 

1976; Ishihama et al. 1976; Ishihama 1981), and can be summarized as follows:

a + a -» a2 -» a2 B -> a2 BB' -> a2 BB'a

The assignment of specific functions to the various subunits is somewhat tentative 

particularly because of our lack of knowledge concerning the detailed primary and 

three-dimensional structure of the enzyme. However, our knowledge in this area has 

been helped considerably by insights gained from the use of techniques such as 

subunit-specific probing, mixed reconstitution experiments, and the functional 

characterization of individual subunits or subunit assemblies.

1.2.1 Alpha Subunit (a)

The a subunit of Rpol is encoded by the rpoA gene and is cotranscribed with 

the ribosomal proteins S13, S11, S4, and L17 (Jaskunas et al. 1975a,b; 1977a,b) (see 

Figure 1.1). In solution, a is present as a dimer (Ito et al. 1975; Lill & Hartmann 1975) 

and, although the tryptic fingerprint of a shows the complexity expected if only one 

type of a chain were present (Schachner & Zillig 1971), there has been some 

speculation as to whether the two a chains are indeed homologous. Rohrer et al. 

(1975) showed that only one of the chains could undergo ADP ribosylation by a 

transferase from bacteriophage T4, but this is more likely to be a consequence of 

quaternary structure rather than heterogeneity. The function of a is still unclear, but 

Fujiki et al. (1976) have shown that mutations in rpoA can alter transcriptional 

specificity; and reconstitution of active enzyme from the isolated subunits has an 

absolute requirement for a (Heil & Zillig 1970). Since two a subunits are required per 

polymerase molecule, it has been suggested that they might play a symmetrical role; 

for example, by maintaining the two template strands in apposition or by aligning the 

ingoing and outgoing nucleotides (Lathe 1978).
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FIGURE 1.1 Characteristics of the Alpha Operon

rpsM rpsK rpsD rpoA rplQ

L17

S13 S11 

Ribosomal

S4 a L17

RNA polymerase Ribosomal 
subunit

The genes are represented by boxes with their respective protein products underneath. The 
promoter (P) and terminator (t) are shown above the line, the direction of transcription from the 
promoter is indicated by an arrow.

1.2.2 Beta Subunit (B)

The structural gene rpoB is responsible for encoding the B subunit, a protein 

of 1,342 amino acid residues (Ovchinnikov et a/. 1981). The rpoB gene is part of a 

complex operon containing the rpoC gene (B 1 ), and four ribosomal protein genes 

rplK, rplA, rplJ, and rpIL; encoding L11, LI, L10, and L7/12, respectively (see Figure 

1.2). This subunit appears to have diverse functions and is involved in all areas of 

transcription. The antibiotic rifampicin, known to inhibit the initiation of transcription, 

binds strongly to the a 2 B subcomplex but will not bind to the isolated B subunit (Lill 

et al. 1975; Lowe & Malcolm 1975); and mutations conferring resistance to this 

antibiotic are known to be almost exclusively localized to this subunit of the 

polymerase (Rabussay & Zillig 1969). The involvement of B in the initiation event is 

upheld by the work of Glass and his coworkers (1986b). They isolated a mutant RNA 

polymerase which lacks approximately 165bp from the C-terminal region of B. This 

mutant has altered promoter selectivity, suggesting that this region of the subunit is 

involved in the initiation event. This may conceivably be an indirect effect, as there is 

also evidence to suggest that this region of B is involved in o binding (Glass et al. 

1986a). Other genetic work also suggests a role for B in initiation (Wozny et al 1975; 

Tessman & Peterson 1976; Lecocq & Dambly 1976; Yamamori et al. 1977; Nomura et 

al. 1984).
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FIGURE 1.2 Characteristics of the Beta Operon

'L11
L10 'L7 Pa-

rplK rplA rplJ

'

rpIL Vm n  

\\
\\
rpoB

\\
\\

<

\\\\ 
rpoC

\\

\

~\<V

1

L11 L1 L10 
1————— Ribosomal -

L7/12
RNA polymerase 

subunits

The genes are represented by boxes with their respective protein products underneath. The 
promoters (P) and terminators (t) are shown above the line, and the direction of transcription from 
each promoter is indicated by an arrow. P L n is the major promoter; PL10 is strong but normally 
occluded by P|_n- PL/. P£. and Pp- are minor promoters whose precise location is unknown. t L7 and 
to- are 80% and 100% efficient, respectively. The cross denotes an RNase 111 cleavage site.

The B subunit also binds the antibiotic streptolydigin (Iwakura et al. 1973), an 

inhibitor of transcriptional elongation, suggesting a role for $ in this event; which is 

also supported by the work of Nikiforov and colleagues (1983; 1985). This group have 

shown, using antibody probes to the products of a limited proteolysis of RNA 

polymerase, that the ammo-terminal segment of the subunit is involved in RNA 

elongation. Moreover, affinity labelling studies with uridine triphosphates specifically 

implicate the B subunit in substrate binding (Frischauf & Scheit 1973; Armstrong et al. 

1976), and genetic studies suggest a role for B in termination (Das et al. 1978; 

Guarente & Beckwith 1978; Guarente 1979).

1.2.3 Beta-prime Subunit (B 1 )

The structural gene rpoC is responsible for encoding the B 1 subunit, a 

protein of 1,407 amino acid residues (Ovchinnikov et al. 1982). B 1 has been found to 

bind to labelled DNA (Sethi & Zillig 1970; Fukuda & Ishihama 1974), unlike the other 

subunits whose binding capacity is minimal (Fukuda & Ishihama 1974; Yarbrough & 

Hurwitz 1974). However, the binding seen is likely to be non-specific since B 1 is a 

very basic protein (Zillig et al. 1970) and, as such, would be expected to bind to 

polyanions such as DNA. The experiments performed by Zilluj t>r .;/ (19/0, 1971)
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which showed that 8' was able to bind to the polyanion heparin were interpreted to 

imply the direct involvement of 8' in the interaction of Rpol with DNA, an idea 

supported by mutational studies (Panny et a/. 1974; Sugiura et al. 1977). Other 

authors have suggested a role for B 1 in promoter recognition (Gross et al. 1976; 

Coppo et al. 1975; Nomura et al. 1984), but the sigma subunit is known to be 

predominantly responsible for this, as discussed later.

1.2.4 Sigma Subunit (a)

a is an acidic protein and is encoded by the rpoD gene which is located in an 

unusual operon that also contains the genes for ribosomal protein S21 and DNA 

primase (see Figure 1.3). The protein is present in the cell in less than stoichiometric 

amounts compared with the other subunits (Ishihama et al. 1976) and has a rapid 

turnover during transcription, dissociating from the rest of the Rpol molecule after 

initiation (Travers & Burgess 1969). Although a is implicated in the primary 

recognition of the promoter DNA sequence, it needs to be part of the a 2 B8' cr complex 

in order for binding to DNA to occur (Hillel & Wu 1978). The binding of a to the core

FIGURE 1.3 Characteristics of the Sigma Operon

 *

orfX

- * >2p"

I

-^-

rpsU F _j__ -^A%onau

V»- 

IS

rpoD F

PUF S21 

Ribosomal

Primase

RNA polymerase 
subunit

The genes are represented by boxes with their respective protein products below The promoters 
(P) and terminators (T) are shown above the line, and the direction of transcription from each 
promoter is indicated by an arrow. P, , P 2 , and P 3 are major promoters. P a , P b , and P hs are minor 
promoters which are internal to dnaG. P x overlaps P, and transcription beginning from this site 
transcribes an open reading frame, encoding a 36kd protein of unknown function (PUF)
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enzyme is not particularly tight (Travers 1975) and induces a conformational change in 

the protein (Wu et al. 1976), which is presumably related to its function during 

initiation.

Following the discovery of the a subunit (Burgess et al. 1969), it was

proposed that E coli would possess a group of a factors, each specifying different

initiation selectivities for a particular group of genes. However, for many years this

seemed to be only true for Bacillus subtilis and its phages, and only recently has

evidence been found in £. coli to support this hypothesis. For example, the rpoH

gene has been shown to be a sigma factor (a 32) which is used in the heat-shock

response (Grossman et al. 1984), and the product of the ntrA (rpoN] gene also

seems to be a sigma factor that is required for transcription of nitrogen-regulated

genes (Kusto et al. 1986; Hunt & Magasanik 1985; Hirschman et al. 1985). Much work

has been done comparing sigma factors from different organisms (Gribskov & Burgess

1986), which has shown that they are homologous and that the majority possess one

or two helix-turn-helix motifs associated with specific DNA binding. The role of a will

be discussed in more detail later.

1.2.5 Omega Subunit (w)

Preparations of RNA polymerase from uninfected and T4-infected cells have 

several additional proteins associated with them. It is very likely that some of these 

are merely contaminants and serve no function in the transcription process; however, 

some of these proteins are thought to be significant. One of these, named w, is a 

protein of molecular weight 10,105 (Gentry & Burgess 1986) and is found in 

highly-purified preparations of holoenzyme and core polymerase from uninfected 

E. coli (Burgess et al. 1969; Burgess 1969; Berg et al. 1971). Reconstitution of Rpol 

from its isolated subunits in the absence of w leads to the recovery of a fully active 

enzyme that is able to transcribe T4 and <J>X174 DNA (Heil & Zillig 1970). The role, if 

any, of co in transcription is unknown; but hopefully now that the gene (rpoZ] has 

been cloned (Gentry & Burgess 1986) this will allow mutational studies to be 

performed and large amounts of the protein to be easily purified, which should provide 

more information.
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1-3 THE TRANSCRIPTION CYCLE

1.3.1 Initiation and Elongation

Core enzyme has the ability to bind to non-specific regions of DNA with an 

association constant of about 2 x 10 11 M~ 1 , using the T7 genome. The resulting 

enzyme:DNA complex is said to be "closed" since the DNA remains strictly in the 

double-stranded form, a introduces a major change in the affinity of Rpol for DNA, 

presumably as a result of the conformational change mentioned earlier. The 

holoenzyme has a drastically reduced ability to recognize and bind to general 

sequences of DNA, the general binding affinity is reduced by a factor of about 10,000 

(association constant 10 8-109 IVT 1 ). However a also confers the ability to recognize 

specific binding sites, thought to be true E. coli promoters (association constant 

10 14 M~ 1 ) (Hinkle & Chamberlin 1972).

A wide range of promoter sequences of varying efficiencies have now been 

identified (reviewed by Rosenberg & Court 1979). Given the size of the bacterial 

genome, the minimum length that could provide an adequately specific signal is 12bp. 

Any sequence shorter than this is likely to occur by chance a significant number of 

additional times and thereby provide false signals. Two relatively conserved regions 

have been found positioned around -10 and -35 relative to the transcriptional start 

site at +1.

The -10 conserved region or Pribnow box, as it is sometimes known, has the 

consensus sequence TATAAT (Pribnow 1975a; Schaller et al. 1975). The extent to 

which the base at each position is conserved varies somewhat and may be 

summarized as:

T82 A89 T52 A59 A49 T89

where the subscript denotes the percentage occurrence of the most frequently found 

base. These figures are derived from a study of 263 promoter sequences by Harley & 

Reynolds (1987), including those previously studied by Hawley & McClure (1983).

The -35 or recognition region (Takanami et al. 1976; Seeburg et al. 1977) has 

the consensus sequence TTGACA, which shows the following extent of conservation:

T78 T82 GGS A58 ^ 52 As4

From this it can be seen that the upstream trinucleotide is more highly conserved than 

the ACA sequence downstream. Promoter mutations which either decrease (down 

mutations) or increase (up mutations) transcription of adjacent genes tend to occur
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within the two conserved regions and have been used to study promoters. Down 

mutations tend to decrease the homology with the consensus sequence whereas the 

opposite is true of up mutations (Siebenlist et at. 1980).

The distance between the -35 and -10 sites varies in known promoters. 

Figure 1.4 shows the spacer variation observed in 263 promoters, which clearly shows 

that the optimum separation is 17bp; the majority of promoters having a separation of 

17 ±1bp. This finding is consistent with the reduction in promoter activity observed 

with spacer mutations (Mandecki & Reznikoff 1982; Stefano & Gralla 1982; Russell & 

Bennett 1982; Aoyama et al. 1983). The actual nucleotide sequence in this intervening 

region may be unimportant, but it may be critical in holding the two sites at the 

appropriate separation to fit the geometry of Rpol; promoters that have spacer 

sequences outside the 16-18bp range may require unusual polymerase or DNA 

conformations in order to permit adequate binding.

FIGURE 1.4 Frequency Distribution of Distances Between the -10 and -35 Regions of 

£. co// Promoters

6 
• 

16 17 18 19 20
-35 to -10 spacing (bp)

The distribution is based on the observed spacing between the -35 and -10 hexamers of 263 
promoters which display a separation of between 15~21bp only The number of promoters within 

each group is indicated at the top of each bar
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Other features in addition to those mentioned above have been found to be

important in some promoters. For example, sequence comparisons have revealed that

the six nucleotide base sequence immediately upstream of the -10 hexanucleotide is

weakly conserved, and that the canonical sequence of this region is ATTTGT; the TG,

which is only one base pair removed from the -10 sequence, being the most highly

conserved. The involvement of this region in promoter function is supported by

chemical modification contact studies (Rosenberg & Court 1979). Some promoters

have been found to function in the absence of a -35 region (although this region does

appear to act as a modulator of promoter strength) (Bachendorf et a/. 1983; Inokuchi

et al. 1984; Ponnambalam et al. 1986; Ho et al. 1986), and in these cases the TG

already mentioned above is thought to act to extend the -10 region and so

compensate for the weak -35 region (Keilty & Rosenberg 1987). Moreover, these

promoters are often positively controlled by dissociable activators. This compensatory

action was also reported by Harley & Reynolds (1987) who noted that in promoters

which have a 16bp spacer the -10 region is, on average, more highly conserved than

when the optimum 17bp spacer is present.

Current models for promoter recognition suggest that the Rpol holoenzyme 

first diffuses to a promoter site where a transient "closed" promoter complex is 

formed. The presence of a allows localized dissociation of 11-12bp of the double 

helix extending from the middle of the Pribnow box to just beyond the RNA start site, 

resulting in an "open" promoter complex (Hansen & McClure 1980; Siebenlist et al. 

1980). This "open" complex, when supplied with nucleoside triphosphates, is able to 

rapidly initiate RNA synthesis (Chamberlin 1974, 1976).

Base modification, both before and after the binding of Rpol, and cross-linking 

have been extensively used to investigate the points of contact in the initiation 

complex (Siebenlist et al. 1980; Chenchick et al. 1981). The results of these 

experiments show that the regions at -35 and -10 contain most of the contact points 

for the enzyme. Upstream of the Pribnow box all of the points of contact lie on one 

face of the DNA helix; and cross-linking studies by Simpson (1979) show that a 

contacts the non-template strand at position -3, while B contacts at position +3.

The sequence CAT frequently occurs at the RNA start point of natural 

promoters, so much so that it has been defined as a consensus sequence itself 

(McClure 1985). However, work by Aoyama & Takanami (1985) suggests that this 

sequence does not determine the RNA start site, but rather that this is the job of the 

-10 region, since movement of the CAT site relative to the -10 region has very little
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influence either on promoter strength or the precise RNA start point. The start of 
transcription occurs predominantly at a purine, 7bp beyond the -10 region. If the base 
at this position is not a purine then an alternative adenine or guanine (preferably 
adjacent to this site) is normally utilized. A study of 88 promoters (Hawley & McClure 

1983) showed that 93% of RNA transcripts start with a purine base; the remaining 7% 
utilizing a pyrimidine base. Occasionally a single base is not used, but rather 
transcription starts at two or more sites (Carpousis et al. 1982), indicating a 
weakening of polymerase-promoter interactions.

Once the elongation reaction is underway, a is released and it is therefore 
able to function in a non-stoichiometric fashion (Travers & Burgess 1969). This cyclic 

re-use of a explains the relative deficiency of this protein found in vivo (Iwakura et al. 

1974; Engbaek et al. 1976). It appears that a increases the affinity of the core enzyme 
for initiation start sites; a release subsequently reduces the site-specific affinity of the 
core enzyme to allow the migration away from the initiation site concomitant with 
RNA synthesis (Hinkle & Chamberlin 1972). The precise point at which a factor is 
released during initiation is still not known. Experiments performed by Hansen & 

McClure (1980) using a poly-[d(AT)] template show that release occurs when the 
nascent RNA chain reaches a length of 8 or 9 nucleotides. However, Bernhard & 
Meares (1986) suggest that this is not the case, at least for X P- , and Shimamoto et

K

al. (1986) have suggested that the time elapsed after the start of initiation is more 
important than the length of the nascent RNA. It is possible that the precise time of 
release may vary with different promoters, providing a further means of transcriptional 
regulation. During elongation, it is thought that two active sites on the RNA 
polymerase molecule are alternately used in the formation of successive 
phosphodiester bonds (Dennis & Sylvester 1981; Panka & Dennis 1985), and that the 
newly synthesized RNA chain remains paired with the DNA template for about 12 
bases, beyond which it appears to be actively displaced (Richardson 1975; Hanna & 
Meares 1983) such that the double helix DNA can re-form after the passage of Rpol.

Unfortunately, not all promoters operate in this clear cut way; in many cases 
other cofactors are involved, allowing transcriptional initiation to be finely regulated. 
Although very interesting, the discussion of these additional factors will be limited to a 
brief mention. The function of certain promoters is absolutely dependent on the 
influence of a positive regulatory molecule, such as the catabolite gene activator 

protein (CAP) and the c\ and c\\ proteins of X. These effectors are required for 

proper Rpol recognition of the promoter site in a number of cases, for example P gaM 

and the promoter of the araBAD transcriptional unit require CAP, the X promoters



CHAPTER 1 12

^RE ' p\ ' and ^aQ rec1 uire c{{ ( Ho et al- 1986), and P RM requires cl (Ptashne 1986). 

The effectors may in some way compensate for the lack of a consensus sequence in 

the promoters at which they operate (Rosenberg & Court 1979). Alternatively, some 

promoters are affected by negative regulatory molecules, for example the represser 

molecules in the lac and trp operons, and the products of the cro and c \ genes of 

lambda (Ptashne 1986). This type of transcriptional control involves the represser 

binding to a region overlapping the promoter, and thereby sterically preventing Rpol 

from initiating transcription.

1.3.2 Termination

Termination essentially consists of three steps:

- cessation of movement of Rpol and RNA chain growth;

- release of the completed RNA chain from the enzyme;

- and dissociation of Rpol from the DNA template.

The relative order of the last two steps is not known with certainty. Work by Andrews 

and Richardson (1985) on a rho-dependent terminator within the early region of phage 

T7 suggests that these steps occur simultaneously, although the order shown above is 

correct for a rho-independent terminator further downstream. The latter result is in 

agreement with the work of O'Hare and Hayward (1981).

Termination sites can be identified by comparing the DNA template with the 3' 

terminal sequence of its RNA product. Many prokaryotic terminators have been 

examined in this way and it was found that no sequence similarities exist beyond the 

point at which the last base is added to the RNA. This suggests that the primary 

responsibility for termination lies within the sequence already transcribed by Rpol. 

Thus the polymerase does not anticipate some forthcoming sequence of DNA and stop 

before transcribing it, but rather it depends upon scrutiny of the region that it is 

transcribing.

Sequence analysis of the 3' ends of many transcripts has revealed certain 

standard characteristics. These generally include a GC-rich region of hyphenated dyad 

symmetry followed by a string of uridine residues, or a uridine rich region. 

Termination usually occurs 20 ±4 nucleotides downstream from the centre of the dyad 

symmetry, at one of several positions towards or at the end of the uridine string, as 

though the enzyme "stutters" during termination. The extent of dyad symmetry varies 

from one transcript to another, as does the particular sequence in this region,
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suggesting that secondary structure is more important than the nucleotide sequence. 

Variation is also apparent in the length of DNA between the repeats and in 

the number of uridine residues.

The models put forward for termination are based on the similarities between 

terminators. The current suggestion is that the region of dyad symmetry forms a 

hairpin structure in the RNA transcript (Adhya & Gottesman 1978; Rosenberg & Court 

1979; Farnham & Platt 1980), which is thought to cause Rpol to pause; either by 

interaction of the hairpin with the enzyme, or through alterations in the RNA:DNA 

hybrid structure arising from hairpin formation. The string of uridines is then thought 

to help in dissociation of the RNA transcript from the template (Farnham & Platt 1980). 

This is consistent with thermodynamic studies on small synthetic oligonucleotides, 

comparing the stabilities of heterologous hybrids (RNA:DNA) to normal DNA, which 

reveal that rU paired with dA is approximately 200 times less stable at room 

temperature than all other combinations (Martin & Tinoco 1980).

Support for this model comes from mutational studies in the termination 

region. A mutant of X fR1 , cin\, has a base change of G to A resulting in a one base 

pair (A:U) extension of the hairpin, which increases the termination efficiency. 

Alternatively, if the base pairing in the stem loop is disrupted, for example with a 

mutation such as cncQ (A to G) or c/7d (T to C) the efficiency of termination is found 

to decrease (Rosenberg et al. 1978). These mutations would not be expected to 

disrupt RNA:DNA structure, indicating that RNA:RNA, or DNA:DNA, interactions are 

involved in the region of dyad symmetry. Furthermore, these mutations increase the 

GC richness of the termination region, supporting the view that GC content alone is 

not sufficient for transcriptional termination.

A deletion that removes the four terminal A:T base pairs in the run of 8 

present in the trp attenuator (trp-1419} abolishes termination in vitro and reduces it 

in vivo (Bertrand et al. 1977; Farnham & Platt 1980), suggesting that both the hairpin 

structure and the string of uridines are required for termination. In the absence of 

sufficient uridines the paused Rpol may simply resume elongation. It is interesting 

that the effect of the trp-1419 mutant can be suppressed if a mutant RNA 

polymerase, rpo-203, is used (Guarente & Beckwith 1978). This suggests that rpo-203 

is less demanding so far as the number of uridine residues necessary (Farnham & Platt 

1980).
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Ribonucleotide analogues have been used in the analysis of termination. If

GTP is replaced by ITP in the symmetry region, termination is reduced because I:C

base pairs are weaker than G:C base pairs. However, if iodo-CTP is used in place of

CTP, termination is enhanced because the pairing with guanine is strengthened.

Moreover, if either Br-UTP or allylamine-UTP are used instead of UTP the interactions

involving the U-rich terminal region are strengthened and increased readthrough of

the terminator occurs (Lee & Yanofsky 1977; Neff & Chamberlin 1978; Adhya et al.

1979; Farnham & Platt 1980). It should be noted that these results are not repeatable

if the analogues are incorporated into either strand of the DNA instead of the RNA,

unless they affect the pairing between template and transcript in the rU:dA region,

indicating the importance of RNA:DNA interactions in this domain (Farnham & Platt

1982). This work also rules out the possibility that DNA:DNA interactions play a key

role in termination. Additional evidence for this is provided by Ryan and Chamberlin

(1983), who showed that the ability of the trpL153 attenuator mutation (GC -» AT) to

suppress termination depends upon its presence in the transcribed DNA strand.

In general, terminators function only when in their proper orientation. 

However, exceptions are known to exist; for example, the rrnD terminator J<\ (Holmes 

et al. 1983) and the terminator of the rho gene (Pinkham & Platt 1983). These 

terminators possess a string of adenines preceding the GC-rich domain, which can 

provide a symmetric counterpart to the uridine-encoding region. Thus, transcription of 

these sites in either direction will produce RNA which can form the appropriate hairpin 

structure followed by a string of uridine residues. Terminators with a similar structure 

have also been found in other locations; for example: at the end of rpoBC (Squires et 

al. 1981), the rpoD operon (Burton et al. 1983), the rpoA operon (Bedwell et al. 

1985), and S20 (Mackie 1981). However, this type of terminator will be discussed in 

more detail in Chapter 4.

Some terminator regions have been discovered that do not fit this simple 

model. The identifying characteristic of these sites is the frequent dependence of RNA 

polymerase on additional protein factors for termination in vitro. The best studied of 

these protein factors is rho (p) (to be discussed in detail later) and hence these 

terminators are often referred to as rho-dependent, whereas those already discussed 

are designated rho-independent. The distinction between these two types of 

terminator is vague, since the requirement for p is somewhat variable and it is not 

known with certainty whether terminators exist which have no dependence on p. The 

difficulty in classifying terminators may be illustrated in the following way 

Termination at the X ton terminator is found to be 80% efficient in a minimal
RO
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transcription system. Since this terminator possesses a GC-rich palindrome followed 

by a uridine-encoding region it would normally be classified as rho-independent. 

However, the addition of p to the system causes an increase in termination efficiency 

to 100% (Howard et al. 1977), therefore should this terminator, in fact, be classified as 

rho-dependent?

From sequence analysis these terminators do not appear to exhibit any 

consistent set of structural homologies. However, too few may have been 

characterized to allow more subtly conserved features to be recognized. These 

terminators do, however, show an unusual AT richness and most possess a region of 

hyphenated dyad symmetry, although in many cases the resulting hairpin loop 

structure would be unstable since it contains mainly A:U base pairs. The best 

characterized rho-dependent terminators are: X fD1 (Rosenberg et al. 1978; Court et
K I

al. 1980; Lau et al. 1982; Morgan et al. 1983a); X ton (Calva & Burgess 1980); the
KU

tyrT terminator (Kupper et al. 1978; Rossi et al. 1981); and the trp operon terminator 

trp t' (Wu et al. 1981; Sharp & Platt 1984). Some homology exists between these 

terminators: the sequence CAATCAA appears in X ? D1 and tyrT (Rossi et al. 1981),
R I

and the similar sequence ATCAACAA occurs in X ton (Calva & Burgess 1980). However
KU

these homologies do not extend to other rho-dependent terminators (Lau et al. 1982; 

Morgan et al. 1983a, 1985). It is thought that the lack of common sequence or 

structure in this group of terminators must reflect differences in their functional 

requirement for additional factors.

Finally, an interesting feature of some rho-dependent terminators is the 

existence of complex tandem termination sites, which may differ in strength and factor 

requirement; for example trp t' (Wu et al. 1981) and tyrT (Kupper et al. 1978). In the 

latter case at least four rho-dependent sites have been located in tandem 178bp 

repeats at the end of the tRNA operon, and in vivo transcription results in a complex 

set of truncated transcripts. The significance of these multiple terminators is unclear; 

but the discovery that one of the tyrT repeats contain a protamine-like gene, which 

may be cotranscribed with the tRNA operon, suggests that this arrangement may allow 

some regulation of gene expression.

Both rho-dependent and rho-independent termination require that the 

transcribing RNA polymerase pauses. Pause sites appear to be highly heterogeneous 

and do not necessarily indicate sites of termination (Farnham & Platt 1981; Gardner 

1982). Many may be identified as regions of dyad symmetry capable of forming 

hairpin structures, the length of the pause increasing if the hairpin is strengthened
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through nucleotide substitution. However, pausing is not merely a consequence of 

secondary structure, since not all hairpins elicit pausing (Kingston & Chamberlin 1981; 

Morgan et al. 1983a); and likewise pausing may be caused by other mechanisms in 

regions devoid of stem-loop structures (Horowitz & Platt 1982). Pausing appears to be 

highly sensitive to the concentration of the individual nucleotide substrates, as well as 

the overall concentration (Leven & Chamberlin 1987). Moreover, ppGpp and NusA 

significantly lower the elongation rate in vitro by increasing the occurrence or 

duration of pausing (Kingston et al. 1981; Kingston & Chamberlin 1981).

1.4 FACTORS INVOLVED IN TERMINATION

1.4.1 Rho (p)

The rho gene maps at about 83min on the £ coli chromosome (Ratner 1976) 

and encodes a basic protein (p) of 419 amino acid residues and molecular weight 

46,000 (Finger & Richardson 1982). p was initially identified as an £ coli factor that 

had the ability to enhance transcriptional termination in bacteriophage X (Roberts 

1969). Since then, it has been found to function as a termination factor in a number 

of different systems both in £ coli and in various bacteriophages (Roberts 1976; 

Fujimura & Hayashi 1978; Konings & Schoenmaker 1978; Herskowitz & Hagan 1980).

The intracellular level of p protein is maintained at a steady level in rho + 

strains (Blumenthal et al. 1976). However, mutations in the rho gene result in an 

increased level of a mutationally altered p protein (Ratner 1976; Imai & Shigesada 

1978); and, conversely, the level of p drops in mutants which are hyperactive in 

termination (Tsurushita et al. 1984). These observations strongly suggest that the 

expression of p is subject to autoregulation. This has recently been confirmed by 

Kung et al. (1984) who monitored the effect in vitro of excess or limiting amounts of 

p; if p antibody was added to the system the synthesis of p was stimulated, whereas 

it was inhibited if p protein was added. Recent experiments by Matsumoto et al. 

(1986) have shown that this regulation is via rho-dependent attenuation in the 256bp 

untranslated leader region (Brown et al. 1982), and that the main site of termination is 

located 50-80 nucleotides upstream from the start codon of rho.

Electron microscopy, sedimentation, and chemical cross-linking studies have 

shown that in solution p exists primarily as a hexamer (Oda & Takanami 1972; Finger & 

Richardson 1979, 1982). The subunits are thought to be arranged in an annular 

fashion, producing a disc shaped protein with a six-fold axis of symmetry (Oda & 

Takanami 1972). In vitro, the protein displays two activities: firstly, it functions as a
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termination factor (Roberts 1969) in what appears to be a catalytic manner (Richardson 

1970); and secondly, the carboxy-terminal domain of the protein has an 

RNA-dependent NTPase activity, which is a prerequisite for termination (Howard & de 

Crombrugghe 1976; Bear et al. 1985a). The NTPase activity has been extensively 

studied and the polynucleotide requirement is now known to be fairly non-specific in 

the absence of other transcriptional components (Lowery & Richardson 1977a,b). 

Using artificial polymers, it was found that poly(C), poly(UC), and poly(AUC) have the 

highest capacity to support ATP hydrolysis. Moreover, poly(U 2oC) is as active as 

poly(C); whereas poly(U) is only 5% as active, and poly(A) and poly(AC) are inactive. 

These data indicate that a region rich in pyrimidines and containing a minimum of one 

cytidine residue per 20 nucleotides, appears sufficient to promote p NTPase.

The mechanism by which p promotes termination still remains obscure and 

although much evidence exists as to the interactions involved in the termination event, 

the molecular basis for this activity is poorly understood. Some features of the action 

of p have been revealed by the isolation of mutants of £. coli that have an altered p 

factor (Richardson 1975; Das et al. 1976); for example, the suA mutations (Beckwith 

1963). These p mutations show wide variation in their influence on termination. The 

basic nature of the effect is a failure to terminate; however, the magnitude of the 

failure as measured by percentage readthrough in vivo depends on the particular 

target locus that is examined. This discrepancy is most probably due to the 

"leakiness" of most rho mutations, which generally allow the production of significant 

amounts of p protein. Since different terminators require different amounts of p, the 

level of residual p activity may allow those terminators active at low p concentrations 

to function, while those requiring higher levels of p fail to function and instead allow 

Rpol to read through.

Some p mutations can be suppressed by mutations in other genes, which 

provides an excellent way to identify proteins that interact with p. The 3 subunit of 

Rpol was implicated in this way, since lesions located in the rpoB locus compensate 

for rho mutations that are defective in termination and NTPase activity (Das et al. 

1978; Guarente & Beckwith 1978; Guarente 1979). This evidence does not, however, 

prove that p makes any direct physical contact with Rpol. Nevertheless, Goldberg & 

Hurwitz (1972) and Ratner (1976) have shown that isolated Rpol and p can form a 

stable complex. It should be pointed out, however, that Ratner himself felt that the 

ability to bind p was not an intrinsic property of immobilized Rpol, but was derived 

from the presence of a contaminant (possibly p itself) in some preparations of the 

holoenzyme. Alternatively, these complexes could be the result of non-specific
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electrostatic interactions between the highly basic p protein and acidic regions in Rpol.

It is thought that p does not initially interact with Rpol, but rather that it

achieves this contact by first binding to the nascent RNA chain. Darlix (1973) observed

that termination is abolished if the RNA chain is destroyed by ribonuclease A. This

observation is supported by recent studies on the rho-dependent terminator trp t',

where ribonuclease T1 was used instead. Two groups (Carmichael 1975; Galluppi &

Richardson 1980) have shown, using synthetic polynucleotides, that p has a strong

affinity for cytosine-containing RNA; correlating well with the strong stimulation of its

NTPase activity by poly(C). Platt (1986) has observed that the sequences preceding the

rho-dependent terminator trp t' and that in the hisG polar site both show a regular

spacing of cytidines (12 ±1), which correlates with the p monomer site size (see

below). However, this does not seem to be true for other rho-dependent terminators

and is likely to be a coincidence. It is generally thought that apart from the small

amount of cytosine needed for the NTPase (1 in 20 nucleotides), relatively little

sequence specificity is required by p. The lack of compelling sequence homology

between the rho-dependent terminators studied is consistent with this view.

Sharp and Platt (1984) compared the nucleotide constitution of trp t' (a 

rho-dependent terminator) and trp t (a minor terminator which does not invoke p 

activity). The most striking difference between the two was the scarcity (9%) of 

guanine residues encoded by the trp t' region, indicating that a low guanine content 

may be important for p activity. A low concentration of guanine would effectively 

allow little stable secondary structure to form in this RNA. This is consistent with 

observations that p appears to have a requirement for relatively unstructured RNA and 

shows no apparent binding to completely double stranded structures like 

poly(A):poly(U) and poly(l):poly(C). A correlation is seen between factors reducing 

secondary structure potential and an increase in NTPase activity and termination 

efficiency (Das et a/. 1978; Richardson & Macy 1981). Rho binding studies (Morgan et 

al. 1983b, 1984; Galluppi & Richardson 1980) suggest that between 72 and 84 

nucleotides of unstructured RNA are required, with each monomer accommodating 

about 12 residues. The analysis performed by Morgan et al. (1985), on various known 

rho-dependent terminators, is consistent with this and showed that most terminators 

have a lengthy unstructured region preceding the terminator itself. Many other 

experiments, including studies of the binding of p to cro mRNA, have demonstrated 

that this region is important (Bektesh & Richardson 1980; Morgan et al. 1984; Lau & 

Roberts 1985; Ceruzzi et al. 1985; Chen et al. 1986). However, there appears to be no 

reason why the unstructured region need be continuous, it could be interrupted by
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one or more short regions of secondary structure that would be "looped out" during 

binding to the p hexamer. This has been proposed for A ?D1 (Morgan et al. 1983b;
R I

Chen et al. 1986), the terminator within the E. coli lacZ gene (Richardson et al. 

1987), and a terminator from bacteriophage T5 (Brunei & Pilaete 1985). Alternatively, p 

has been found to have RNA-RNA helicase activity (Brennan et al. 1987), so it is 

possible that p would be able to dissociate any hairpin structures present in the 

untranslated region preceding the terminator. It was initially suggested that the 

binding sites on the individual subunits were linked together to form one large site. 

However, recent studies by Bear et al. (1985b) show that extensive digestion yields 

fragments of less than 60bp, suggesting that the interaction between RNA and p may 

occur in units of monomer binding site size, i.e. some dissociation of the hexamer may 

occur during binding.

Studies carried out to investigate the interaction of p with DNA revealed that 

although the binding of p to duplex DNA is very weak, a strong interaction occurs 

between p and single-stranded DNA (Beckmann et al. 1971; Darlix et al. 1971; 

Goldberg & Hurwitz 1972; Oda & Takanami 1972). This finding renewed interest in the 

possible role of p:DNA interactions during termination (Galluppi & Richardson 1980; 

Richardson 1982). The latter has shown that p possesses two distinct nucleic acid 

binding sites. The large primary site, capable of binding 60 nucleotides, can be 

activated by cytosine-containing single-stranded DNA or RNA; and can thus activate 

the NTPase activity, provided that the small secondary sites (equivalent to those 

mentioned above) are activated by RNA. Thus, it is possible that one site could 

interact with the DNA template whilst the other interacts with nascent RNA. However, 

the observation that a large molecule of RNA is sufficient to activate both sites, and 

thus the NTPase, suggests that a p:RNA interaction is more likely. It is possible, 

however, that p could bind to the non-template strand of DNA in the "open" complex 

and thereby play a role in the stability of binding, if not activity.

Engel & Richardson (1984) and Bear et al. (1985a) have investigated the 

conformational changes that p undergoes on binding both ATP and RNA. They used 

the rate of trypsin mediated inactivation of ATPase activity as a probe to test for 

ligand binding induced conformational changes in the p polypeptide. When p binds to 

an RNA cofactor it appears to adopt a more sensitive configuration, becoming more 

susceptible to proteolytic digestion. Conversely, when it binds nucleotides the 

configuration becomes more resistant to digestion, suggesting that the presence of 

NTP allows rho to bind more tightly to RNA than is possible in its absence.
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FIGURE 1.5 Model for p Action

p binding 
site

P binds to the RNA transcript and wraps the RNA around its six subunits to bring it into contact 

with Rpo1.

Although we are still some way off fully understanding the mechanism by 

which p functions, a model does exist which is consistent with current ideas 

(Richardson 1983) (see Figure 1.5). Termination is initiated by the rho-independent 

pausing of Rpol at or near a potential termination site, p already saturated with NTP 

then interacts with the transcript at a relatively non-specific binding site that is largely 

devoid of secondary structure. This binding stimulates the protein to wrap up the RNA 

until all the binding sites are occupied, and induces a conforrnational change in the 

protein. As a consequence of these events p is in close proximity to, if not directly in 

contact with, Rpol, which causes activation of the p NTPase and thereby leads to 

termination. Exactly how the energy from ATP hydrolysis is utilized to terminate 

transcription and release the nascent RNA from the ternary complex is not well 

understood. It has been suggested that NTP hydrolysis involves a conforrnational 

change in p which affects the interaction of the protein with the ternary complex,
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resulting in dissociation of the nascent chain from the DNA template (von Hippel et al. 

1984). Moreover, recent work by Brennan et al. (1987) has shown that p is a 5'-3' 

helicase. ATP hydrolysis could obviously provide the energy required for this process, 

allowing p to unwind the RNA-DNA duplex in the transcription bubble, thus causing 

RNA release from the DNA template. Yager and von Hippel (1987) have observed that 

RNA hairpins can form in the newly transcribed RNA whilst it is still within the 

transcription bubble, suggesting that the bubble is at least partially exposed on the 

surface of the RNA polymerase, so that the RNA:DNA hybrid is likely to be readily 

accessible to the action of the p helicase. Alternatively, p could induce a 

conformational change in the RNA polymerase which would allow access to the hybrid, 

or Rpol could dissociate from the ternary complex before the transcript is released 

from the template. However, there is evidence against the latter suggestion (O'Hare & 

Hayward 1981; Andrews & Richardson 1985).

1.4.2 Nus Factors

The Nus factors (an acronym for N utilization substance) were originally 

identified genetically; mutations in E. coli were selected which prevented the growth 

of X (Georgopoulos 1971). The nus mutations are located at five loci: nusA (min 69), 

nusB (min 11), nusC (min 88), nusD (min 84), nusE (min 72). Although scattered in 

the E. coli genome, many of the nus mutations give rise to very similar phenotypes:

- they fail to support X N protein (p/V) action rather than its synthesis;

- they are recessive, indicating that they result in the loss of an activity 

necessary for p/V action;

- and they exhibit a temperature sensitive block in X growth.

Although the nus mutations share a common phenotype with respect to X 

growth, the roles of the Nus products in the host bacterium are not all the same. 

Also, X derivatives have been isolated which are unaffected by nus mutations. One 

such class are the X nin mutations (N independent) which lack the fR2 region of X 

(Court & Sato 1969), and therefore do not have an absolute requirement for the 

antitermination function of p/V.

NusA: The nusA gene encodes a protein of molecular weight 54,430 (Saito et al. 

1986). The gene was identified by the mutation, nusAI, which prevents X growth by 

the preclusion of antitermination (Friedman 1971; Friedman & Baron 1974). The NusA 

protein binds to the polymerase core enzyme but does not bind to the holoenzyme. If
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the sigma factor is added to the "ot 2 B8'NusA" complex, NusA is displaced in a 

stoichiometric fashion. This suggests that Rpol passes through the cycle illustrated in 

Figure 1.6, in which it exists in alternate forms: an enzyme ready to initiate (a 2 3B' a), 

and an enzyme ready to terminate (a 2 BB'NusA) (Greenblatt & Li 1981). Greenblatt et 

al. (1985) used photolabelled NusA to study the interaction of NusA with other 

proteins and, in addition to confirming the tight binding of NusA to the core enzyme, 

they found (that the binding site on Rpol is different from that used by a. It is not yet

FIGURE 1.6 The Rpol/a/NusA Cycle

TERMINATION

It is proposed that sigma and NusA alternately replace each other on the core enzyme as Rpol 

switches between initiation competent and termination-competent forms
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clear when, during the elongation event, NusA recognizes the core enzyme; but 

experiments show that it can influence termination even when it is added to the 

reaction long after Rpol has initiated transcription.

The role of NusA in the transcriptional antitermination event is perhaps the 

best characterized, and will be discussed in a later section. NusA has also been 

shown to enhance termination in some systems: in transcription of the E coli rrnB 

operon (Kingston & Chamberlin 1981; Schmidt & Chamberlin 1987), phage T7 genes 

(Kassavetis & Chamberlin 1981; Garner et al. 1985), the trp operon (Farnham et al. 

1982), at X tR2 (Greenblatt et al. 1981; Schmidt & Chamberlin 1987), and at site II of X 

tQ . (Lau et al. 1983).
r\ I

Since NusA affects the transcription of other genes it seemed possible that it 

might have an effect upon the operon of which it is itself a product. That this is the 

case has been shown by Nakamura et al. (1985) and Plumbridge et al. (1985), who 

demonstrated that the level of functional NusA protein in the cell directly affects the 

level of expression of the operon. The nusA gene forms part of an operon with the 

following genes: the initiator tRNAf2et (metY), a protein (MW 15,000) of unknown 

function (15A), the transcription initiator factor IF2 (infB), and another protein of 

similar size, also of unknown function (15B) (Ishii et al. 1984a, 1984b; Nakamura & 

Mizusawa 1985). The order in the operon is as follows:

P metY ti t2 15A nusA infB 15B

where P is the operon promoter, and t-| and t 2 are two tandemly arranged 

rho-independent terminators. It is at these terminators that autoregulation is thought 

to occur. Increased levels of NusA in the cell could lead to enhanced termination at 

these two sites (as well as others) and therefore reduce the level of transcription of 

the protein genes relative to tRNAfJ6 '. Part of this work involved utilization of a 

temperature sensitive nusA mutant (nusAll) which reduces transcription termination 

but does not restrict X growth. This mutant will be discussed in detail in Chapter 3.

As previously mentioned, NusA protein has been found to have an effect on 

pausing, reducing the elongation rate by approximately two-fold (Greenblatt et al. 

1981; Kassavetis & Chamberlin 1981; Farnham et al. 1982). Farnham & Platt (1982) 

showed that, in the trp operon, NusA dramatically increased the pause at stem 1:2 in 

the trp attenuator region. When the X fR2 terminator was studied in vitro (Greenblatt 

et al. 1981), the NusA protein was found to cause Rpol to pause for 15min in the 

absence of p. It is possible, therefore, that the enhancement of termination by NusA
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may be a direct consequence of more prolonged pauses.

When Rpol encounters a pause site, a conformational change probably occurs 
prior to termination (Farnham & Platt 1980; Platt 1981); and it is thought that NusA 

may be involved in altering the conformational equilibrium of Rpol, in addition to 

causing it to pause. This hypothesis is consistent with experiments performed by 

Dulhanty & Greenblatt (cited in Platt & Bear 1983) who have shown: firstly, that in the 

presence of NusA the 8' and a subunits of Rpol become more resistant to trypsin 
digestion and; secondly, that when the "antipausing" rpoBSOl mutation is used, the B 

subunit becomes more susceptible to trypsin digestion, whether NusA is present or 
not. It is feasible that the effect on conformation by NusA could be the result of its 

effect on pausing; a slower elongation rate might enhance the probability of 
isomerization.

TABLE 1.1 BoxA-like Sequences Identified in Regions of Transcription Termination

CONSENSUS BoxA SEQUENCE a 

?GCTCTT(T)A

Terminators
crp
trpt
trpM

Attenuators
his
trp
phe
thr
ampC
ilv

CGCGTTA
CGCAGTTA
TGCGCTTA

ATGACACGCGTTC
GTGGCGCACTTC
CGCATTC
ATGAAACGCATTA
ATGGCGGGCCGTTT
GTGGCGGGCTGCACTT

Aiba et al. 1982 
Wu & Platt 1978 
Wu & Platt 1978

Barnes 1978; di Nocera et al. 
Yanofsky 1981 
Zurawski et al. 1978a 
Gardner 1979 
Jaurin et al. 1981 
Lawther & Hatfield 1980

1978

a Initiation codons are shown in bold type and BoxA-like sequences are underlined.

In the case of the X fDO terminator, release of the nascent RNA chain requires
RZ

the presence of p, but only at a very low concentration (which by itself is ineffectual 

in the absence of NusA protein). This suggests that the action of NusA is not the 
same as that of p, but is complementary to it. Schmidt & Chamberlin (1984a) have 
shown, using affinity columns, that p binds tightly and specifically to the NusA protein,
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and that although significant p:Rpo1 contacts may still be involved in p action, p:NusA 

interactions could also play a role in modulating termination.

Exactly how NusA operates is not known with certainty. However, analysis 

suggests that the sequence 5' ?GCTCTT(T)A 3' (designated BoxA) might be the 

recognition site for NusA (Olson et a/. 1982; Friedman & Olson 1983). Evidence 

supporting the direct involvement of BoxA in NusA termination activity is the 

observation by Olson et al. (1982) that in each case where NusA has been shown to 

be active in vivo, a BoxA-like sequence can be identified upstream of the terminator 

(see Table 1.1). The sequences observed vary from the paradigm sequence but always 

retain the GC (1 or 2bp) TT arrangement. BoxA is thought to act in the form of RNA 

and it is unclear whether it is an entry site for NusA or merely an activation site. The 

role of BoxA in the action of NusA will be discussed in more detail in the 

antitermination section.

NusB: The most common class of nus mutations map at the nusB locus. The nusB 

gene encodes a 14,500 molecular weight protein (Strauch & Friedman 1981; Swindle et 

al. 1981; 1984). In vitro studies indicate that NusB is involved in antitermination, but 

this role will be discussed in a later section. In addition there is evidence independent 

of studies with A suggesting that NusB is involved in transcription termination. 

Bacteria carrying the nusBS mutation show partial relief of nonsense polarity (Ward & 

Gottesman 1981), a phenomenon thought to be caused by premature transcriptional 

termination (Adhya & Gottesman 1978).

NusC: The (3 subunit of Rpol. 

NusD: p termination factor.

NusE: The nusE71 mutation maps in the rpsJ gene encoding the ribosomal protein 

S10. This protein is again thought to be involved in antitermination, either on its own 

or with the rest of the ribosome.

1.4.3 Tau (T)

There are still many unknowns connected with the subject of termination and 

it is feasible that other termination factors in addition to p and NusA may exist. In the 

case of the T3 phage early terminator (rho-independent), the efficiency is high in vivo 

but low in vitro and it is unaffected by either rho mutations (Keifer et al. 1977) or 

NusA protein (Briat & Chamberlin 1984); suggesting that other termination factors may 

be involved. Recently, Briat and Chamberlin (1984, 1987) working with the
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rho-independent early terminators of T7 and T3, have shown the existence of another 

factor. This protein, designated T, increases the efficiency of in vitro termination at 

both terminators to nearly 100%. In addition, it causes the transcripts to be 

terminated 3-4bp upstream of the normal stop site in vitro (Dunn & Studier 1980). 

The resulting 3'-OH ends of the slightly shortened transcripts are identical to those 

found in vivo. Elucidation of its exact role and mode of action in transcription 

termination will depend on its purification to homogeneity and further studies of its 

properties, and the isolation of mutants.

1.5 REGULATION OF GENE EXPRESSION BY TERMINATION

In addition to its role at the end of operons, termination is also an important 

means of controlling gene expression; the extent of the termination response being 

governed by the particular requirements of the cell. In this section, three examples of 

terminator-modulated transcription will be discussed.

1.5.1 Attenuation

Attenuation is the regulation of gene expression by selective reduction of the 

transcription of distal portions of an operon (Yanofsky 1981; Kolter & Yanofsky 1982). 

The most studied example of attenuation is in the £ coli trp operon. The trp operon 

is a negatively controlled repressible system, yet several early observations suggested 

that this was not the sole means of regulation:

1. Tryptophanyl-tRNA synthetase mutants display regulatory anomalies; when 

tryptophan is added to these strains, expression of the trp operon is not fully 

repressed (Hiraga eta/. 1967; Kano eta/. 1968; Ito 1972).

2. Addition of tryptophan to tryptophan starved cells not only prevents initiation 

but also inhibits the elongation of transcripts in the early region of the operon 

(Imamoto 1968).

3. Mutants lacking a functional represser are still able to exhibit some degree of 

regulation of the trp operon (Baker & Yanofsky 1972; Morse & Morse 1976).

4. Certain trp deletions which remove DNA downstream of the operator, display 

an unexpected 6-fold stimulation of the remaining distal genes of the operon 

(Jackson & Yanofsky 1973; Bertrand et a/. 1976). This effect is independent of 

repression; both the basal level and derepressed levels of transcription are 

increased. Therefore, the cause must be attributed to events that occur after
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Rpol has left the promoter, irrespective of the conditions prevailing at 

initiation.

5. mRNA corresponding to the first 140 nucleotides of the trp operon is several 

times more abundant than that from distal segments, presumably due to the 

"premature" termination of some transcripts (Bronson et al. 1973; Bertrand et 

al. 1976; Squires et al. 1976).

These observations suggest a complex form of regulation involving a site of 

transcriptional discontinuity in the early region of the operon.

Studies on the in vivo and in vitro transcription of the initial segment of the 

trp operon indicate the existence of a transcriptional termination site preceding the 

initiation codon of the trpE gene (Bertrand et al. 1976; Lee & Yanofsky 1977; Lee et 

al. 1978). This region of DNA is called the attenuator and it lies within the transcribed 

162bp leader sequence preceding trpE. It potentially encodes a 14 amino acid peptide 

with tryptophan (Trp) residues at positions 10 and 11 and a UGA stop codon at 

nucleotides 69-71. The translational start site was localized to the early region of the 

leader transcript by ribosome binding experiments (Platt et al. 1976), and evidence 

that the leader region is translated was provided by gene fusion analysis. The trp 

leader region was fused in phase to lad (Sommer et al. 1978) and trpE (Miozzara & 

Yanofsky 1978a), and in both cases a fusion polypeptide was synthesized, beginning at 

the leader peptide start codon. For some time, workers in this field have been trying 

to detect the synthesis of the leader peptide in vivo. Recently, this has been 

achieved by recognition of two facts: that the peptide is extremely labile, and also that 

its synthesis is depressed when a segment from just beyond the peptide coding 

region is present (Dekel-Gorodetsky et al. 1986). Downstream of the stop codon of 

this peptide lies the terminator mentioned above. This terminator has a GC-rich 

palindrome (3:4) followed by a string of 8 uridine residues, i.e. the characteristics 

normally associated with rho-independent terminators. However, mutations affecting p 

also affect the efficiency of termination, suggesting that p plays some part in 

termination at this site.

Tryptophan is considered a rare amino acid and is used on average once in 

every 100 amino acid residues, hence it is unlikely that the presence of tandem Trp 

residues is coincidental. The significance of these codons is supported by their 

existence in the trp leader region of Shigella dysenteriae, Salmonella typhimurium, 

and Serratia marcescens (Lee et al. 1978; Miozzara & Yanofsky 1978b, 1978c). 

Additional support for the importance of the Trp codons comes from studies of the
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predicted sequence of the leader peptide from other biosynthetic operons. It has been 

found that such peptides are rich in the amino acid that is ultimately formed by 

expression of the operon; hence the histidine operon has a histidine-rich leader 

peptide, etc. (see Table 1.2). The result of this arrangement is that during starvation of 

a particular amino acid the ribosome translating the leader peptide will stall at the 

appropriate codon instead of translating through to the stop codon. Experiments on 

the trp attenuator performed by Zurawski et al. (1978a), in which £. coli mutants 

were starved of different amino acids, showed that ribosome stalling is fairly specific, 

only occurring when the cells are depleted of tryptophan or arginine. Calvo and 

coworkers (Carter et al. 1985b) recently demonstrated the importance of these 

repeated codons. Using site specific mutagenesis they replaced the four Leu codons

TABLE 1.2 Leader Peptides from Biosynthetic Operons Under Attenuation Control a

trp AUG AM GCA AUU UUC GUA CUG AAG GGU UGG UGG CGC ACU UCC UGA
Met Lys Ala Me Phe Val Leu Lys Gly TRP TRP ARC Thr Ser Stop

phe AUG AAA CAC AUA CGC UUU UUC UUC GCA UUC UUU UUU ACC UUC CCC UGA
Met Lys His Me Pro PHE PHE PHE Ala PHE PHE PHE Thr PHE Pro Stop

his AUG ACA CGC GUU CAA UUU AAA CAC CAC CAU CAU CAC CAU CAU CCU GAC UAG
Met Thr Arg Val Gin Phe Lys HIS HIS HIS HIS HIS HIS HIS Pro Asp Stop

thr AUG AAA CGC AUU AGC ACC ACC AUU ACC ACC ACC AUC ACC AUU ACC ACA GGU
Met Lys Arg ILE Ser THR THR ILE THR THR THR ILE THR ILE THR THR Gly

AAC GGU GCG GGC UGA
Asn Gly Ala Gly Stop

leu AUG UCA CAU AUC GUU CGU UUC ACU GGG CUA CUA CUA CUC AAC GCA UUU AUU
Met Ser His Me Val Arg Phe Thr Gly LEU LEU LEU LEU Asn Ala Phe lie

GUG CGC GGU AGA CCG GUG GGC GGC AUU CAA CAU UAA
Val Arg Gly Arg Pro Val Gly Gly Me Gin His Stop

ilv AUG ACA GCC CUU CUA CGA GUG AUU AGC CUG GUC GUG AUU AGC GUG GUG GUG
Met Thr Ala LEU LEU Arg VAL ILE Ser LEU VAL VAL ILE Ser VAL VAL VAL

AUU AUU AUC CCA CCG UGC GGG GCU GCA CUU GGA CGA GGA AAG GCU UAG
ILE ILE ILE Pro Pro Cys Gly Ala Ala Leu Gly Arg Gly Lys Ala Stop

a Codons for amino acids thought to be Important in the regulation of the operons are underlined
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in the Salmonella typhimurium leucine operon leader peptide with four Thr codons 

and the operon was then found to be regulated by the level of threonine in the cell 

instead of leucine.

Nuclease digestion and computer matching (Lee & Yanofsky 1977; Kuroda & 

Yanofsky 1984) have shown that the leader peptide sequence can exist in alternative 

base paired conformations; the four regions participating in these structures are 

numbered 1-4 (see Figure 1.7). Strand 1 is able to pair with 2, thereby generating a 

pause signal, and likewise 3 can pair with 4 to generate the terminator hairpin. Part of

FIGURE 1.7 The Yanofsky Model for Attenuation in the trp Operon
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The line diagram represents the trp leader transcript with the coordinates of regions of interest 

given as nucleotides from the mRNA start point Inverted repeat sequences are represented by 

arrows and are referred to as 1. 2. 3. and 4. The proposed secondary structures are shown below 

the line diagram. The leading nbosome is represented by a hatched circle
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region 2 is also capable of base pairing with region 3, excluding the formation of the 

other two hairpins and thus preventing termination. The importance of all these 

structures has been shown using oligonucleotides complementary to segments of the 

trp leader transcript (Winkler et al. 1982; Fisher & Yanofsky 1983; 1984).

The importance of the 3:4 structure in termination is emphasized by 

mutational studies. Mutations that result in base changes in either strand 3 or strand 

4 have been shown to cause a reduction in termination, and therefore increased 

expression of the operon (Zurawski & Yanofsky 1980; Stauffer et al. 1978). All of 

these mutations affect the central GC base pairs of the structure, and reduce its 

stability by approximately 50%. The AT rich region can also be shown to be involved 

in termination: either a single base pair change (Zurawski & Yanofsky 1980), or the 

replacement of the distal four A:T pairs by foreign DNA (as in trp-1419] (Bertrand et 

al. 1977), are both effective in reducing termination efficiency.

Mutations also exist which result in increased termination. One such mutant, 

trpL29, changes the leader transcript initiation codon from AUG to AUA, which 

reduces ribosome binding and increases termination (Zurawski et al. 1978b). This 

mutant also has a reduced response to tryptophan starvation, suggesting that the 

ribosome must be able to reach the Trp codon region in order for attenuation to 

occur. trpL75 is a second mutant that does not exhibit relief from termination during 

starvation of arginine or tryptophan. In this case, a G to A base change at position 75 

in the leader transcript prevents the pairing of strand 2 with strand 3, leaving the latter 

free to pair with strand 4, and hence termination occurs regardless of conditions.

Attenuation occurs when an Rpol molecule escapes represser control at the 

trp promoter. Following the initiation of a transcript, ribosomes attach to the nascent 

RNA at the ribosome binding site. At position 92, Rpol encounters a pause site caused 

by the formation of the 1:2 base-paired structure (Farnham & Platt 1981; Winkler & 

Yanofsky 1981; Fisher & Yanofsky 1983), and allows the leading ribosome to catch up. 

As the ribosome nears the paused polymerase, it appears to disrupt the RNA pause 

structure and thus releases the polymerase and restores transcription (Landick et al. 

1985). If the cell is deficient in tryptophan, the translating ribosome (now close behind 

Rpol) may stall at one of the adjacent Trp codons; or alternatively, if tryptophan is 

plentiful, it will continue to the stop codon. The position of the ribosome on the 

transcript determines which alternative RNA structure forms: stalling of the ribosome 

on the Trp codons (or the adjacent Arg codon, if arginine is limiting) results in region 

1 being sequestered within the ribosome, allowing stem-loop 2:3 to form. Thus the
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terminator hairpin (3:4) cannot be formed, and this therefore allows Rpol to transcribe 

into the structural genes. Alternatively, if translation is terminated at the stop codon, 

the ribosome is thought to dissociate immediately (Kolter & Yanofsky 1984; Landick & 

Yanofsky 1984). This allows stem 1:2 to re-form, which in turn allows stem 3:4 to 

form and termination to occurs. In some cases, the polymerase will have already 

transcribed region 3 when the ribosome dissociates, resulting in competition between 

the formation of stem 1:2 and stem 2:3. Approximately 10% of the molecules form the 

2:3 stem, allowing readthrough into the rest of the operon and hence ensuring a basal 

level of trp gene encoded enzymes in the cell. If the ribosome does not dissociate 

immediately, region 2 will be sequestered and stem-loop 2:3 prevented from forming; 

this allows the base pairing of regions 3 and 4, generating the termination hairpin.

After the decision has been made whether or not to terminate transcription at 

the attenuator, there is no reason to continue leader peptide synthesis. This is 

thought to be prevented by base pairing between the ribosome binding site and a 

region just preceding the terminator hairpin. That this pairing prevents leader peptide 

synthesis has been demonstrated in vitro using a highly purified DNA-dependent 

dipeptide synthesizing system and leader templates which do or do not contain the 

segment complementary to the leader ribosome binding site (Das et al. 1983).

Attenuation of this type provides a simple, economical mechanism of control, 

involving only common cell components and general features of the processes of 

transcription and translation. As mentioned previously, the trp operon is also subject 

to repression. The existence of two transcriptional control mechanisms allows the 

organism a much greater range of response to changes in tryptophan availability than 

would be possible if regulation were by either attenuation or repression alone. 

Repression reduces transcription up to 70-fold, whereas the effect of attenuation is 

only 10-fold; the combination, however, effects a roughly 700-fold range of regulation 

of the operon. In all, 6 amino acid biosynthetic operons are known to be regulated by 

an attenuation mechanism similar to that outlined above for Trp; the sequence of the 

leader peptide of each of these operons is shown in Table 1.2.

Attenuation also appears to be involved in the expression of several other 

gene clusters. For example: in the ampC operon, which encodes a B-lactamase 

(Jaurin & Normark 1979; Jaurin et al. 1981); the pyrimidine biosynthetic operons (to be 

discussed in detail later); the pheST operon, encoding the small and large subunits of 

phenylalanyl-tRNA synthetase (Springer et al. 1983, 1985); some of the ribosomal 

protein operons (Barry et al. 1980; Lindahl et al. 1983); the operon encoding NusA
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(already discussed in Section 1.4); and at several places in the genome of the 

bacteriophage X. It should be noted that the mechanism involved in many of these 

instances is very different from that described for the amino acid biosynthetic operons, 

but they all involve transcriptional termination. Attenuation can also be achieved at 

the translational level by preventing the initiation of protein synthesis by sequestration 

of the Shine-Dalgarno sequence in an RIMA:RNA duplex, in a similar way to that seen in 

the trp operon when synthesis of the leader peptide is no longer required. 

Attenuation of this type is used to control the expression of lamB (Hall et al. 1982), 

rplJ (Christensen et al. 1984), and ermC (Dubnau 1985).

1.5.2 Polarity

Some mutations in a structural gene of an operon can have dual effects on 

gene expression. They not only inactivate the function of the mutated gene, but also 

reduce or abolish the expression of all the cistrons located downstream. This 

phenomenon, called polarity, was first discovered in the lac operon (Franklin & Luria 

1961; Jacob & Monod 1962) and has subsequently been reported in other operons. 

Polar mutations are of two types:

- Nonsense polarity: in which an in-phase nonsense codon (UAA-ochre, Brenner 

& Beckwith 1965; UAG-amber, Epstein et al. 1963; UGA-opal, Zipser 1967) is 

generated directly by insertion or deletion of DNA or by a point mutation.

- Frameshift polarity: where an insertion or deletion of DNA changes the 

translation phase such that an in-frame stop codon is generated either within 

the inserted DNA or distal to the mutation site.

The result in either case is to cause premature termination of translation and the 

release of a distinct truncated polypeptide fragment.

In 1978, Adhya and Gottesman put forward a model to account for polarity, 

based on two major premises: that there are rho-dependent termination sites within 

operons; and that these sites are not susceptible to p whilst the nascent mRNA is 

being translated. Rho-dependent terminators within operons as required by the model 

have been found to exist in vitro in a number of cases, for example in the trp, lac, 

and gal operons, and the X cro gene (de Crombrugghe et al. 1973; Shimizu & 

Hayashi 1974; Calva & Burgess 1980); but, the precise characterization of a polar 

termination site has not yet been accomplished.
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This model proposes that during the expression of an operon the nascent 

mRNA is normally covered with ribosomes, and although potential rho-dependent 

termination sites may be present they are prevented from functioning because the 

ribosomes block the attachment of p to the mRNA. Introduction of a nonsense 

mutation within the transcript results in the release of the ribosomes from the mRNA. 

p is then able to attach to the transcript, possibly at preferred sites, and moves into 

contact with the elongation complex which is paused at the next potential 

rho-dependent terminator. The result is termination, with the release of Rpol, so that 

the distal regions of the transcriptional unit are never expressed. Occasionally, 

however, the nonsense mutation may be followed closely by a start codon and 

ribosome release does not occur, allowing polypeptide chain synthesis to 

re-commence (Platt et a/. 1972; Adhya & Gottesman 1978). The model proposes that 

this occurs in the intercistronic regions of operons characterized by equal expression 

of all cistrons.

The model relies upon tight coupling between transcription and translation and 

is supported by the existence of secondary mutations, for example suA , that suppress 

polarity (that is, they restore distal expression) but do not restore translation of the 

mutant gene (Morse & Primakoff 1970). Several of the mutants have been found to 

affect p, suggesting that rho-dependent termination is involved in polarity (Richardson 

et al. 1975; Korn & Yanofsky 1976; Ratner 1976). For some time it was thought that 

the disappearance of the mRNA corresponding to the distal parts of the operon, 

observed during polarity, could be the result of rapid degradation of the mRNA by 

endonucleases (Kennell & Bicknell 1973; Schlessinger et al. 1977; Lim & Kennell 1980; 

Shen et al. 1981). However, the discovery that many p mutants give polarity relief 

suggests that mRNA degradation does not play a major role, since nuclease activity 

should be unaffected by a defective p.

Polar effects can be suppressed not only by mutations in rho but also by the 

presence of other factors such as the N and Q gene products of bacteriophage X, 

again supporting the involvement of transcriptional termination in polarity. This has 

been demonstrated in many cases, including the gal and trp operons and within the 

X "delayed early" operons (Brachet et al. 1970; Adhya et al. 1974; Franklin 1974; 

Segawa & Imamoto 1974; Greenblatt 1981; Forbes & Herskowitz 1982; Ward & 

Gottesman 1982).

Insertion sequences (IS) normally result in strong polar effects when 

intercalated within operons. This is either because they possess in-phase stop codons
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and therefore expose transcriptional termination sites downstream, or because they 

themselves carry a termination site, as in the case of IS2 which only causes polarity in 

one orientation (Saedler et al. 1972, 1974; de Crombrugghe et al. 1973). If a Tn10 

element is inserted into the promoter proximal region of hisG in Salmonella 

typhimurium, upstream of a putative termination site, a strong effect is seen; whereas 

the effect is weaker if insertion is downstream of this site (Ciampi et al. 1982). 

Deletions that remove the putative terminator (when it is downstream of Tn 10} result 

in relieved polarity and expression of the distal hisD gene.

Since the gene products in polycistronic transcriptional units often participate 

in the same biochemical pathway or structure, polarity may be a mechanism evolved 

by the cell to avoid expression of distal genes rendered irrelevant by a mutation 

curtailing translation of an earlier gene in the operon. The polarity model will be 

discussed again in Chapter 3.

1.5.3 Antitermination

Antitermination is a mechanism by which termination signals inserted within 

operons can be used to regulate the expression of genes positioned downstream (see 

reviews: Greenblatt 1981; Ward & Gottesman 1982; Friedman & Gottesman 1983). It 

has been studied extensively in the lambdoid bacteriophages and has been implicated 

in the regulation of several E. coli operons. In X, two major antitermination factors 

have been identified as the products of the N and Q genes (p/V and pC?) (Greenblatt 

1981; Forbes & Herskowitz 1982; Grayhack & Roberts 1982; Ward & Gottesman 1982), 

whose function is critical to the lytic/lysogenic decision in the life cycle of the phage 

(Herskowitz & Hagan 1980).

Following phage infection, the host Rpol transcribes the "early" genes of X 

initiating at two major promoters PL and PR (see Figure 1.8). Leftward and rightward 

transcription is limited to the expression of the "immediate early" genes N and cm by 

the rho-dependent transcription terminators ?u and ?R1 , flanking the immunity region. 

(Some readthrough does occur, and the transcripts are then terminated at t L2 and fR2 , 

respectively). The appearance of p/V allows the readthrough of these terminators 

permitting efficient transcription of distally placed "delayed early" genes (Taylor et al. 

1967; Salstrom & Szybalski 1978b) which encode functions involved in replication, 

recombination, and control of the later stages of X development.

Although termination at fu and rR1 depends on the presence of p, at least 

one other terminator in the PL operon, r L2 , (near kit) is rho-independent. Thus, p/V
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is able to overcome termination at both classes of terminators suggesting that p/V is 

truly an antitermination factor rather than merely an antagonist of p (Gottesman et at. 

1980). p/V is highly unstable and for some time this hindered its biochemical analysis. 

However, it is now known that it is an extremely asymmetric monomer with an excess 

of basic amino acids and a molecular weight of 12,200 (Franklin & Bennett 1979; 

Greenblatt & Li 1982).

FIGURE 1.8 A Partial Genetic Map of Bacteriophage X

nutL

rex cl

-N

nutR

crofi—.ell O P

rR1
O o
rR2 PR'

+ N

Promoters and terminators are boxed. In the absence of pN (-N), transcripts terminate at tL1 and 

t R1 , except where readthrough occurs and t L2 and t R2 are used. In the presence of pN (+N), 

transcripts read through all four terminators into distal regions of the genome. The antitermination 

factor pQ allows transcripts starting from PR - to read through t R '.

Antitermination is a mode of regulation shared by the family of lambdoid 

phages. These phages (e.g. coliphage 434 and 21, and the Salmonella phage P22) 

have genes located in the same relative position as the X /V gene that code for p/V- 

like functions (Friedman et a/. 1973; Hilliker & Botstein 1976). Although similar, these 

proteins are specific in their action, only allowing their own DNA to become 

termination resistant (Thomas 1966; Dambly et at. 1968; Herskowitz & Signer 1970). 

Exceptions to this exclusivity are X and 434 which share the same /V gene (Thomas 

1966), and the gene for the a subunit of £ coli Rpol whose expression is stimulated 

by X p/V (Nakamura & Yura 1976).

The fact that the P and P promoters of X and 434 lie in the region of 

non-homology, yet the phages share the same /V gene, suggests that the promoters 

are not the sites for p/V recognition. The possibility that the terminators were
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involved in antitermination was eliminated by experiments in which a bacterial gene 

with a rho-dependent terminator was inserted into the X P "early" transcription unit 

(Adyha et al. 1974; Franklin 1974; Segawa & Imamoto 1974). p/V was found to still 

cause antitermination, suggesting that this phenomenon occurs at any terminator 

which is encountered by an RNA polymerase that has traversed a X "early" 

transcription unit. A recognition site for p/V, between PL and r designated nut L (N 

utilisation) was identified by isolation of c/s-acting mutations that lead to a defect in 

the ability of p/V to work on transcripts initiating at PL (Salstrom & Szybalski 1978a). 

Sequence analysis of these nut mutations located them in a 17bp region of 

hyphenated dyad symmetry close to P . A site downstream of P D between cro and
L K

c\\ was identified as a possible nut R site, since it was identical to the nut L region in 

16 of 17bp (Rosenberg et al. 1978). The identification of nutR was confirmed by 

cloning experiments in which a fragment of DNA including the putative nut R as well 

as fR1 was shown to produce termination-resistant transcripts if it was placed 

downstream of a non-X promoter (de Crombrugghe et al. 1979). Therefore, Rpol 

initiates transcription at the early X promoters and travels to the nut sites where it is 

somehow modified by p/V, which results in subsequent downstream transcription being 

resistant to many termination signals. (At least two terminators that are resistant to 

p/V have been identified in X (Gottesman et al. 1980; Burt & Brammar 1982)).

Analysis of the sequences reported for X nut L (Franklin & Bennett 1979) and 

X nut R (Rosenberg et al. 1978) revealed extensive homologies outside the 17bp 

sequence. The first of these homologies was identified by Olson et al. (1982) as the
f^

BoxA sequence recognized by NusA (consensus jGCTCTT[T]A). The 17bp dyad 

symmetry region was renamed BoxB, and a third region of homology was named 

BoxC. This latter region is located 21-31bp promoter distal to the dyad symmetry, but 

evidence for the importance of this region in antitermination is still lacking. The three 

regions (BoxA, BoxB, and BoxC) are now known collectively as the nut region (see 

Table 1.3).

Two mutations in the X BoxA sequence of the nut R region support the 

contention that BoxA is required for p/V action and is important for NusA action. The 

first mutant, BoxA1 (Friedman & Olson 1983), results in a transversion which 

substitutes an A:T bp for a T:A bp. Ordinarily, X cannot use the NusA protein of 

Salmonella, whereas P22 and P21 can (Friedman & Baron 1974). This functional 

difference is consistent with a structural difference: the BoxA sequences of P22 and 

P21 have TTT at their 3' ends, whereas X has TT. The BoxA mutation changes the



O

TA
B

LE
 

1.
3 

C
o
m

p
a
ris

o
n
 o

f 
La

m
bd

oi
d 

P
ha

ge
 A

n
tit

e
rm

in
a
tio

n
 R

eg
io

ns

X 
n
u
t I

. 
A

T
G

A
A

G
G

T
G

A
C

G
C

T
C

T
T

A
A

A
A

A
T

T
A

A
G

C
C

C
T

G
A

A
G

A
A

G
G

G
C

A
G

C
A

T
T

C
A

A
A

G
C

A
G

A
A

G
G

C
T

T
T

G
G

G
G

T
G

T
G

T
G

A
T

A
C

B
ox

A
 

B
ox

B
 

B
ox

C

B
ox

A
 

B
ox

B
 

B
ox

C

21
 

n
u

tR
 

TA
A

G
C

A
A

A
TT

G
C

TC
TT

TA
A

C
A

G
TT

C
TG

G
C

C
TT

TC
A

C
C

TC
TA

A
C

C
G

G
G

TG
A

G
C

A
A

A
C

A
TC

A
G

C
G

G
C

A
A

A
TC

C
A

TT
G

G
G

TG
TG

C
G

C
TA

B
o
xA

 
B

ox
B

 
B

ox
C

P
22

 
n
u
t I

 
A

A
C

G
C

T
C

T
T

T
A

A
C

T
T

C
G

A
T

G
A

T
G

C
G

C
T

G
A

C
A

A
A

G
C

G
C

G
A

A
C

A
A

A
T

A
C

C
A

A
A

C
G

A
G

A
T

T
G

G
T

T
T

G
G

A
C

T
G

G
C

G
T

G
T

G
G

T
B

o
xA

 
B

ox
B

 
B

o
xC

\ 
q
u
t 

- -
 -

 -
 

_

B
o

xA
 

B
ox

B

a 
R

e
le

v
a

n
t 

s
e
q
u
e
n
c
e
s
 

a
re

 
u
n
d
e
rl
in

e
d
.

CO



CHAPTER 1 38

nut R region from CGCTCTTA to CGCTCTTT allowing X to use the Salmonella NusA 

product, suggesting that NusA requires a specific BoxA sequence for p/V to function. 

The second mutant, BoxA5 (Friedman et a/. 1984), results in the BoxA sequence 

changing from CGCTCTTA to CTCTCTTA. A nut region with the BoxA5 mutation will 

no longer support p/V-directed modification.

Mutational studies have also indicated that the nut mRNA, rather than the 

DNA, plays a significant role in the p/V-modification reaction (Olson et al. 1982). 

These mutations are all single base pair deletions located upstream of the nut R 

region in the cm gene. The deletions result in a change of reading frame such that 

translation extends a further 4bp towards nutR and prevents antitermination. This 

steric hindrance by ribosomes suggests that at least part of the interaction between 

proteins and nucleic acids must occur at the level of RNA. Since the BoxA sequence 

lies only 7bp downstream from the site of translational termination it has been 

suggested that the shifted ribosome interferes with a NusA:BoxA(RNA) interaction.

Work by Hasan and Szybalski (1986a) has further defined the boundaries of 

nut L The minimal length of cloned and fully active nut L is 43bp, consisting of: a 

10bp sequence upstream of BoxA, the 8bp BoxA sequence, the spacer between BoxA 

and BoxB, the 17bp BoxB sequence, and 1bp beyond. It should be noted that this 

sequence does not include BoxC, suggesting that it plays no role, or a very minor role, 

in antitermination under the conditions tested. It is possible that a sequence shorter 

than 43bp would suffice, but smaller deletions would be necessary to define the 

boundaries more precisely. Deletion of either the 10bp upstream of BoxA or 2bp from 

the 3' end reduce antitermination by 40%, and larger deletions that remove the 5' 

sequence and BoxA reduce the level by 90%. The reduction seen when the 5' 10bp 

sequence is removed is consistent with studies by Tsugawa et al. (1985) who have 

demonstrated, using reverse-transcriptase mapping, that NusA binds specifically to the 

sequence of RNA immediately upstream of BoxA (including the 5' C of BoxA). These 

experiments do not exclude BoxA as the recognition and/or binding site of NusA, since 

translocation of NusA from the upstream binding site to BoxA has not been excluded.

As mentioned above, Hasan and Szybalski (1986a) found that a deletion which 

removes the 5' 10bp sequence and BoxA reduces antitermination to 10%. However, 

these results do not agree with Peltz et al. (1985) or Hasan and Szybalski (1986b), 

who showed that a nut L fragment lacking BoxA allows full antitermination at 37°C, 

and retains 50% of its activity at 42°C. This discrepancy could be attributed to the 

different promoters used in these constructs: P, ac (Hasan & Szybalski 1986a), P^ (Peltz
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et a/. 1985; Hasan & Szybalski 1986b), PD , (Hasan & Szybalski 1986b); suggesting that,
H

contrary to earlier findings, the promoter or closely associated sequences do influence 

antitermination. In this context, the Q antitermination system, discussed below, will 

only function in close association with the /> promoter.
K

Hasan and Szybalski (1986a) have also shown that deletions within the 7bp 

BoxA-BoxB spacer region of nut L reduces N antitermination to a negligible level, 

suggesting either that the sequence in this region is important or that the spatial 

arrangement of BoxA relative to BoxB is important. Work by Brown and Szybalski 

(1985) suggests that the latter is correct since replacement of the wild type 8bp 

spacer of nut R with a ////7din-containing sequence failed to change the wild type 

levels of antitermination. Moreover, if the spacer length was increased by an amount 

equivalent to one helical turn, very little change in antitermination activity was 

observed; whereas insertions that increased the spacer length by only half of a turn 

severely reduced the activity.

Two basic models for antitermination have been proposed: a negative model, 

in which p/V antagonizes the action of the Nus factors; and a positive model, in which 

p/V action requires a nus product or products. The second model is favoured, and 

Greenblatt (1984) has proposed a mechanism of action which fits this (see Figure 1.9). 

In this model, the active nut site is on the RNA transcript and remains bound to the 

transcription complex as Rpol synthesizes distal RNA in the X P. and P0 operons. The
L K

nut RNA stabilizes the p/V:NusA:Rpol complex and the bound N protein and nut RNA 

make Rpol resistant to transcription termination.

Several elements of this model are not, as yet, well supported by experimental 

proof; for example, nut RNA may not stay bound, as shown, but might merely act in 

the assembly of the antitermination complex and then dissociate. However, p/V has 

been shown to interact with NusA (Greenblatt 1984; Franklin 1985) and the presence of 

nut sites in RNA enhances the ability of p/V to bind to NusA which has previously 

been bound to Rpol (Greenblatt & Li, unpublished data cited in Greenblatt 1984). It 

seems likely that at least two molecules of NusA are involved in antitermination, since 

NusA readily forms dimers; and monomeric NusA bound to RNA polymerase cannot 

bind N (Greenblatt & Li, cited in Greenblatt et a/. 1985). This is in agreement with 

ribonuclease digestion studies (Tsugawa et a/. 1985), which show that NusA protects 

approximately 19 nucleotides of RNA - too long for a monomer to cover.
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FIGURE 1.9 Tentative Model for Antitermination

nut

nut

Exactly how NusB and NusE function in antitermination is not known with 

certainty. In vitro, extracts from mutant nusBl cells block N action. The activity is 

restored if purified NusB is added, indicating a direct involvement of NusB in N 

antitermination (Das & Wolska 1984). In a similar way, the involvement of NusA has 

also been demonstrated (Das & Wolska 1984; Goda & Greenblatt 1985); and Ward eta/. 

(1983) have shown that nusB mutations can restore N activity to nusAl mutants, 

suggesting a possible NusA-NusB interaction. The finding that NusE encodes the 

ribosomal protein S10 suggests that the ribosome might be involved. This is 

supported by the discovery that a mutation in the ribosomal protein L16 will suppress 

the effect of nusE mutations (nusE71) (Friedman et <)/ 1985), suggesting that the two
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proteins interact in supporting p/V action. One obvious way in which these ribosomal 

proteins can physically interact is on the ribosome. However, there is evidence 

against any ribosomal involvement; in particular, at the translational level, Olson et al. 

(1982) have shown that translation can prevent p/V action if allowed to terminate 4bp 

downstream of the normal stop site, presumably by steric hindrance of BoxA. (However 

some of the BoxA regions thought to function in NusA termination action (see Table 

1.1) lie in translated regions). If translation is stopped prior to the normal stop site 

(Olson et al. 1984), or if protein synthesis inhibitors are added to a cell-free reaction 

system (Goda & Greenblatt 1985), no effect on antitermination is observed. However, 

a role for non-translating ribosomes in antitermination has not been totally discounted. 

Das et al. (1985) have shown that purified S10 protein can complement the nusE 

defect, implying that it acts as a soluble protein. However, the S30 subunit is also 

capable of complementation, suggesting that S10 acts as part of the ribosome. It may 

be true that free S10 and ribosome-bound S10 are equally capable of participating in 

antitermination. In this context, it should be noted that although S10 is an integral 

component of the S30 subunit, part of it lies at the surface (Kahan et al. 1981; 

Wittman 1983) so it may be able to act without steric hindrance from the remainder of 

the subunit.

The pQ antitermination system appears to function in a similar, and yet less 

complex, manner to that of p/V. The Q gene lies downstream of ? R2 (see Figure 1.8), 

and is responsible for the switching on of "late" gene expression. pQ acts at a site 

adjacent to the Q gene, and acts to antiterminate transcription initiating at the PR, 

promoter. A purified in vitro system has been described that requires only Rpol, 

NusA, DNA containing the regulatory site, and the purified Q protein in order to allow 

readthrough of X t0 , (Grayhack & Roberts 1982; Friedman & Gottesman 1983;
R

Somasekhar & Szybalski 1983; Roberts et al. 1985). Grayhack et al. (1985) determined 

that during transcription in the minimal system, Rpol exhibits a strong pause at 

position +16 relative to the RNA start site at +1. The presence of pQ, or more 

effectively pQ and NusA together, chases the polymerase molecule out of the pause. 

The function of the pause is probably to stop translocation of Rpol for long enough to 

allow pQ to bind to the enzyme, probably via NusA; or to allow Rpol to adopt an 

altered conformation with enhanced affinity for pQ. The phage 82 late operon also 

possesses a pause site at +25 with respect to the transcriptional start point, 

suggesting that the pause plays an important role in antitermination. Yang et al. 

(1987) have constructed a series of Q non-responsive promoters by rearrangement of 

P . , and all of these fail to encode a pause.
R
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Olson et al. (1982) have shown that a BoxA sequence occurs between +14 

and +21 nucleotides, and that a BoxB sequence is present between positions +24 and 

+57 (see Table 1.3), which they have collectively termed the qut site. However, 

experiments have been performed to further define the site of action of pQ (Yang et 

al. 1987; Somasekhar & Szybalski 1987), and these suggest that only the sequence 

from -26 to +18 is required for Q antitermination. This implies that the qut site is not 

necessary, or that only part of the BoxA sequence is required. This is consistent with 

the results of Tsugawa et al. (1985), who showed that NusA binds upstream of BoxA.

Several observations indicate that antitermination is involved in the efficient 

expression of some bacterial genes. The fact that rRNA operons are not translated led 

to speculation that an antitermination mechanism might be operating to allow efficient 

transcription of rRNA genes in the absence of translation. Evidence for such a system 

came from work with transposable elements (Morgan 1980; Brewster & Morgan 1981), 

which showed that insertion of these sequences into an rRNA operon caused only 

partial polarity, in contrast to the very strong polarity normally observed. The 16S 

RNA coding sequence was found to contain rho-dependent terminators which function 

efficiently when transcribed from non-ribosomal promoters, but undergo readthrough 

in the wild type situation. Recently, Li et al. (1984) localized a region of the rrnG 

operon where the normal transcription apparatus is converted to an antitermination 

complex; similar segments have been found to exist in the other rRNA operons (see 

Table 1.4). This region lies immediately downstream from P2 in all seven operons and 

possesses BoxA, BoxB, and BoxC like sequences similar to those found in X, 

suggesting that the antitermination system used in ribosomal RNA operons may be 

similar to that used in lambdoid phages. The BoxB and BoxC regions of rrn operons 

are only marginally similar to the same regions in X. Also, BoxB precedes BoxA and 

the order is therefore BoxB-BoxA-BoxC, suggesting that perhaps BoxB may not be 

functionally significant in the rrn operons. This is supported by deletion studies 

which indicate that BoxA (and perhaps BoxC), but not BoxB, is necessary and sufficient 

for antitermination (Course et al. 1986). Because of obvious similarities between this 

system and that in X, the nus mutants were tested and it was demonstrated that at 

least one of the Nus proteins, NusB, is required for antitermination in the rRNA 

operons (Sharrock et al. 1985).

The expression of rpoD, the gene encoding the a subunit of Rpol is known to 

be stimulated by p/V (Nakamura & Yura 1976). The rpoD gene is in an operon with 

the gene order rpsU-dnaG-rpoD (see Figure 1.3), and in vivo results show that rpoD
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is expressed 10-fold more efficiently than the upstream dnaG gene. It is thought that

only a small part of this difference can be attributed to the action of the secondary

promoters located within dnaG: P a , P b , and P hs (Burgess et al. 1984) except under

conditions of heat shock. The remaining difference is thought to be caused by

processing between dnaG and rpoD (by an enzyme other than RNase III) which

throws dnaG mRNA open to 3' -» 5' degradation, which stops only when T^ is

reached (Burton et al. 1983). NusA has been shown to stimulate expression of rpoD

in vitro, acting either by stimulating initiation from one or more of the internal

promoters or, more likely, allowing antitermination at a site between the secondary

promoters and the start of the rpoD gene. Two BoxA sequences have been identified

(CGCTTTA and CGTCTTA) between T-| and the rpoD gene; studies of p/V-controlled a

synthesis in a nusAJ host will indicate whether these have a biological role. An

additional finding that E. coli Integration Host Factor (IHF) prevents the stimulation of

rpoD gene expression by NusA, suggests that IHF and NusA interact. This is

supported by the observation that NusA blocks IHF stimulation of X ell expression

(Peacock & Weissbach 1985). IHF is a DNA binding protein and the consensus

sequence TNPyAANNNPuTTGAT has been proposed as its recognition sequence (Craig

& Nash 1984). It is interesting that a similar sequence (GNAAANNNPuTCGAT) (Burton

et al. 1983) occurs near the -35 region of P hs . Further studies are required to

establish how IHF regulates gene expression at this and other sites, and the nature of

the IHF:NusA interaction, if any.

In other bacterial operons NusA rather than p/V, or its E. coli analogues, is 

thought to be the major antitermination factor. NusA is necessary for B-galactosidase 

synthesis in vitro (Kung et al. 1975) and it has also been shown to stimulate the in 

vitro and in vivo synthesis of the 3 and 8' subunits of Rpol (Zarucki-Schulz et al. 

1979; Peacock et al. 1982; Railing & Linn 1987). These observations are consistent 

with the role of NusA as an antiterminator, since a transcriptional termination site has 

been identified in the lacZ gene (de Crombrugghe 1973) and a transcriptional 

attenuator site has been mapped proximal to the rpoB gene (Barry et al. 1979). 

Kuroki et al. (1982) studied the in vitro synthesis of trp mRNA in E. coli carrying 

NusA and NusB mutations. It was found that the amount of trpED mRNA produced by 

these mutants was markedly reduced relative to the nus + strain. Intragenic 

transcriptional termination sites have been detected in the trp operon in vivo 

(Nakamura et al. 1978) and in vitro (Ishii et al. 1980a,b) and these results indicate 

that the nus gene products are required to allow readthrough of these terminators. It 

is possible that NusA is needed to prime Rpol into a state such that it can either 

terminate or read through according to each terminator's intrinsic strength.
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1.6 THE PRESENT STUDY

In this chapter an attempt has been made to show the diverse role that 

transcriptional termination plays in the cell. The progress in this field during the past 

five years has been remarkable, but with progress also comes greater complexity. 

New methods by which termination can participate in the control of gene expression 

continue to be discovered, and yet our knowledge of the molecular mechanisms that 

actually influence the behaviour of the transcription complex are still virtually unknown. 

In the last three years I have attempted to provide insights which add to our general 

understanding of transcription termination and its control. The following chapters 

describe work performed on two rho-independent terminators, tecl and t L17 , 

specifically investigating the effect of translation through such signals and how this 

affects their efficiency.



CHAPTER 2

Materials and Methods
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2.1 STANDARD SOLUTIONS

1x TE: 10mM Tris-HCI, 1mM EDTA; adjusted to pH 8.0 with concentrated HCI.

lOx TBE: 0.89M Tris base, 0.89M boric acid, 20mM EDTA pH 8.0.

lOx TAE: 0.4M Tris base, 0.2M CH 3COONa, 10mM EDTA; stock solution adjusted to 

pH 8.3 with glacial acetic acid.

20x SSC: 3M NaCI, 0.3M sodium citrate; stock solution adjusted to pH 7.0 with 

concentrated NaOH.

20x SSPE: 3.6M NaCI, 0.2M NaH 2 PO 4, 20mM EDTA; stock solution adjusted to pH 7.4 

with concentrated NaOH.

50x Denhardt's Solution: 1% (w:v) Ficoll, 1% (w:v) polyvinylpyrrolidone, 1% (w:v) BSA 

(Pentax Fraction V); sterile filtered through 0.45um Acrodisc and stored in 

aliquots at -20°C.

RNase A: 5mg ml" 1 . Heated to 100°C for 15 minutes, allowed to cool slowly to 

room temperature, and stored in aliquots at -20°C.

lOx Tris-glycine running buffer: 3% (w:v) Tris base, 14.4% (w:v) glycine; stock 

solution adjusted to pH 8.6 with concentrated NH 4OH.

Phenol: Redistilled under nitrogen into TE. Equilibrated with 1M Tris-HCI (pH 8.0) 

and then with TE. 8-Hydroxyquinoline added to 0.1% (w:v) and aliquots stored 

at -20°C.

Chloroform: Chloroform and iso-amyl alcohol mixed 24:1 (v:v); stored in closed 

bottles at room temperature.

2.2 GROWTH MEDIA

The quantities of all the media components listed below are given in grams 

per litre final volume of medium, except in the cases where final concentrations of 

components are stated:

L-broth: 10g Difco Bacto tryptone, 5g Bacto yeast extract, 10g NaCI; adjusted to

pH 7.2.

L-agar: as for L-broth, but including 15g Difco agar.
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BBL-agar: 10g Baltimore Biological Laboratories trypticase, 5g NaCI, 10g Difco agar. 

BBL top agar: as for BBL-agar, but with only 6.5g Difco agar.

Galactose MacConkey agar: 40g MacConkey agar base (17g Bacto peptone, 3g Difco 

protease peptone, 1.5g Bacto bile salts No.3, 5g NaCI, 13.5g Bacto agar, 0.03g 

Bacto Neutral Red, O.OOIg Bacto Crystal Violet); 50ml of 20% (w:v) filter 

sterilized galactose was added just prior to plate pouring.

Spizizen minimal media: 2g (NH 4) 2 SO 4 , 14g K2 HPO 4, 6g KH 2 PO 4 , 1g tri-sodium citrate 

dihydrate, 0.2g MgS0 4.7H 2O; with any of the following supplements, as 

required: 0.2% (w:v) sugars, 20ug mT 1 amino acids, 0.1% (w:v) casamino acids, 

2jig ml~ 1 vitamin B v

Spizizen minimal agar: as for Spizizen minimal media, but with 15g Difco agar. 

Bacterial buffer: 3g KH 2 PO4, 7g Na 2 HPO 4, 4g NaCI, 0.2g MgSO4.7H 2 O.

Phage buffer: 3g KH 2 PO4, 7g Na 2HPO 4, 5g NaCI, 10ml 0.1M MgSO 4 , 10ml 0.01M 

CaCI 2, 1ml 1% (w:v) gelatin.

Antibiotics: When required the media were supplemented with the following 

antibiotics at the stated final concentrations:

Ampicillin 50ug ml" 1
Chloramphenicol 50ug ml' 1
Fusidic acid 150ug ml~ 1
Tetracycline 25ug mf 1

2.3 BACTERIAL STRAINS

All strains are derivatives of Escherichia coli K12 (see Table 2.1).

2.4 BACTERIOPHAGE

See Table 2.2 for details.

2.5 PLASMIDS

See Table 2.3 for details.
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TABLE 2.1 Bacterial Strains

STRAIN GENOTYPE a ' b ' c REFERENCE 
OR DONOR

JM101

JM109

A( lac-pro], thi, supE / F' traD36 Messing et al. (1981)

h(lac-pro), thi, supE44, recA1, endAl Yanisch-Perron 
gyrA96, hsdR17, \~ / F traD36 et al. (1985) 

+ B+, /ac/q ,

h(lac-pro], supE, thi, hsdD5 / F' traD36 Gibson (1984) 
+ B+, /ac/q ,

TG1

BMH71-18, mutL k(lac-pro), supE, thi, mutL::Jn 70 I F' Kramer et al. (1984)
B +, /ac/q ,

N100 

LP144 

LP145 

MM20

galK2, recA13, pro McKenney et al. (1981)

nusAI, galK2, recA, s/-/::Tn 10, rpsL J. Greenblatt

JW10

galK2, recA, sr/::Jn 70, rpsL

argG6, asnA31, asnB32, hisGl, leuB6 
metBl, pyrE, gal-6, lacYl, xyl-7 
supE44, bgl+, fhuA2, gyrA, po/A(arr\) 
rpsLW4, srl-?, tsx-1 ', uhp

MM20, ::pHR9

J. Greenblatt

Jenkins et al. (1986)

this work

a Genotype symbols according to Bachmann (1983).

b Genotype nomenclature according to Demerec et a_[. (1965); Novick et aj. (1976).

c All rpsL alleles confer streptomycin resistance.

TABLE 2.2 Bacteriophage

PHAGE GENOTYPE SOURCE

NM14 

AJN172

b2, c\

Asrl(1-2), 5/7/76°, rpIL, rpoBCk(att-red] 
c!857, A7//75

N. Murray 

A. Newman
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TABLE 2.3 Plasmids

PLASMID

pHR9

pHR24

pHR35

pHR36

pHR45

pHR46

plG139

pJW9

pJWIO

pJWII

pJW12

PJW13

RELEVANT 

MARKERS

Ap R GalK

Ap R GalK

Ap R GalK

Ap R GalK

Ap R GalK

Ap R GalK

Ap R GalK

Ap R GalK

Ap R GalK

Ap R GalK

Ap R GalK

Ap R £a//f

SIZE a 

(bp)

4787

4829

5149

5149

4352

4352

4951

4786

4950

4773

4937

4785

DESCRIPTION

pK04 with -1090bp EcoRl-H/nd\\\ 
fragment from pKG1800, carrying P ga ,

pK04 with 839bp EcoR\ fragment 
carrying P ftsQ

pHR9 with 359bp Sat/3A fragment 
carrying t L17 (->) b

pHR9 with 359bp Sat/3A fragment 
carrying t L17 (<-)

pHR35 with =1090bp EcoR\-H/nd\\\ 
fragment replaced with 293bp X'O' 
fragment of pKO1

pHR36 with =O090bp EcoR\- Hind\\\ 
fragment replaced with 293bp X'O' 
fragment of pK01

pHR9 with 164bp Bam\\\ fragment 
carrying ted (->)

pHR9 with 21bp HinA\\\-Bam\\\ 
fragment replaced with 
20bp fragment from M13mp8

pJW9 with 164bp Bam\\\ fragment 
carrying tec! (->)

pJW13 with 12bp Bam\\\ fragment 
removed

pJW11 with 164bp Bam\\\ fragment 
carrying ted (->)

pJW9 with 14bp Hinti\\\-Sal\

SOURCE

R. Hayward

B. Morgan

E. Marson

E. Marson

E. Marson

E. Marson

I. Garner

this work

this work

this work

this work

this work

pJW14 Ap R GalK 4993 

pJW15 Ap R GalK 3790

fragment replaced with 13bp 
fragment from M13tg131

pHR24 with 164bp Bam\\\ fragment 
carrying tec! (->)

pJW11 with 1090bp EcoR\-H/nd\\\ 
fragment replaced with 107bp fragment 
from M13mp11-16 carrying t L17 (<-)

this work

this work
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TABLE 2.3 (continued)

PLASMIDS RELEVANT 
MARKERS

SIZE
(bp)

DESCRIPTION SOURCE

pJW16 Ap R GalK 3772

pJW17 Ap R GalK 4874

pJWIS Ap R GalK 4873

pJW19 Ap R GalK 4860

PJW20 Ap R GalK 4961

pJW22 Ap R GalK 4937

pJW25 Ap R GalK 3859

pJW26 Ap R GalK 3859

pJW28 Ap R GalK 4873

pJW29 Ap R GalK 4860

pYEJOOl Ap R Tc R 
Cm R

4100

pJW15 with 857bp Pst[-Hind\\\ this work 
fragment replaced with 839bp fragment 
from pYEJOO! carrying a consensus 
E. coli RNA polymerase promoter

pHR9 with 87bp BamH\ fragments 
carrying t L17 (->)

pJW9 with 87bp BamUl fragment 
carrying tL17 (->)

pJW11 with 87bp Bam\\\ fragment 
carrying t L17 (-»)

pHR9 with 2 x 87bp Bam\\\ fragments 
carrying tL17 (-» ->)

pJW11 with 164bp BamHl fragment 
carrying ted (<-)

pJW16 with 87bp BamHl fragment 
carrying tL17 (-»)

pJW16 with 87bp BamHl fragment 
carrying tL17 (<-)

pJW9 with 87bp Bam\\\ fragment 
carrying t L17 (<-)

pJW11 with 87bp Bam\\\ fragment 
carrying t L17 (<-)

A pBR327 derivative containing 
a synthetic consensus E. coli 
RNA polymerase promoter, tandem 
synthetic lactose operators, and a 
CAT gene cartridge

this work

this work

this work

this work

this work

this work

this work

this work

this work

J. Rossi 
Pharmacia

a The sizes of plasmids carrying Pga | are only approximate because no sequencing information is 

available for much of the EcoRI-Hindlll fragment carrying the promoter. The size of the fragment is 

approximately 1090bp.

b The arrows denote the direction of the terminator in the fragment. (~*) indicates that the 

orientation is correct with respect to both the fragment and galK. (<~) indicates the opposite 

orientation.
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2.6 PHAGE TECHNIQUES

2.6.1 A Plating Tests

3ml BBL top agar containing 200ul of the appropriate log phase cells and 

MgSO4 to a final concentration of 10mM was poured onto a slightly dried BBL-agar 

plate and left to set. 10ul of varying dilutions of X were spotted onto the plate and 

allowed to dry before the plates were inverted and incubated at the appropriate 

temperature overnight.

2.6.2 Phage Purification

Individual plaques were picked into 100ul of phage buffer using sterile 

toothpicks, and 10~ 3 and 10~4 dilutions were made from each in phage buffer. 10ul 

aliquots from both of these dilutions were then plated on fresh BBL-agar plates using 

3ml BBL top agar and 200ul of log phase cells, and the plates incubated at 37°C 

overnight. This procedure was repeated if further purification was required.

2.6.3 Large Scale Phage Isolation

5ml of L-broth inoculated with a fresh M13 plaque, and a 20ml culture of 

JM101, were grown overnight at 37°C, with gentle shaking to avoid loss of pili. The 

following day the JM101 was diluted 25-fold into 400ml of L-broth and grown at 37°C 

to an OD 650 of 0.2. 200ul of the overnight phage culture was then added (MOI of 

0.1-0.5) and the cells grown for a further 5 hours. The cells were then pelleted by 

centrifugation (10,000g n for 10 minutes at 4°C) and the supernatant removed to a fresh 

tube. 8g of PEG 6000 and 11.7g NaCI were added to the supernatant and thoroughly 

dissolved before the tubes were left at 0°C overnight.

The next day, the tubes were centrifuged as before to harvest the phage. The 

resulting pellet was resuspended in 5ml of phage buffer and then any remaining cell 

debris was removed by centrifugation (8,000g n for 10 minutes at 4°C).

In order to purify the phage the supernatant was separated on a CsCI step 

gradient. Four steps of CsCI in phage buffer were used, with densities of 1.25, 1.30, 

1.35, and 1.40g ml" 1 (27.0%, 31.2%, 35.2% and 38.8% (w:w), respectively). The least 

dense solution was loaded first into a 14ml MSE polycarbonate tube and the others 

carefully underlayered. The phage-containing supernatant was loaded onto the surface 

of the gradient and the tubes spun in an MSE ultracentrifuge using a swing out rotor
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(140,000g n for 2 hours at 20°C). After centrifugation the phage band was clearly 

visible and was collected through the side of the tube using a syringe fitted with a 

19G needle. The CsCI was removed from the sample by dialysis against several 

changes of phage buffer over a 12 hour period.

DNA was prepared from the dialysed phage preparation by phenol extraction 

(three times), followed by ether extraction (twice), and final precipitation of the phage 

DNA with ethanol.

2.7 DNA TECHNIQUES

2.7.1 Ethanol Precipitation

DNA or RNA was precipitated in Eppendorf or Corex tubes by the addition of 

0.1 volumes of 3M sodium acetate (pH 4.8) and 2 volumes of cold ethanol. The tubes 

were left at -20°C for 20-60 minutes before the nucleic acid was pelleted by 

centrifugation (30,000g n for 20 minutes at 4°C). The resulting pellets were washed 

with 70% ethanol, dried in a vacuum desiccator, and then resuspended in TE buffer.

2.7.2 Restriction Endonuclease Digestion

The restriction enzymes and reaction buffers that were used in the course of 

the work are listed in Table 2.4. Normally, DNA was digested in a total volume of 

10-50yl containing appropriate quantities of DNA, 10x restriction buffer, restriction 

endonuclease, and water. The reactions were incubated at 37°C for 1.5 hours, before 

being stopped by heating to 70°C for 10 minutes followed by rapid cooling on ice. In 

the case of enzymes that were not susceptible to heat inactivation, phenol extraction 

followed by ethanol precipitation of the digested DNA was necessary.

2.7.3 DNA Ligation

Ligation reactions were performed in a total volume of 15yl containing 

digested DNA (10-150yg mf 1 final concentration), 0.1 volumes of 10x ligase cocktail 

(0.75M Tris-HCI pH 7.8, 0.2M MgCI 2 , 10mM spermidine tri-HCI, 0.01% (w:v) BSA, 0.2M 

DTT, 10mM ATP), T4 DNA ligase (8 Weiss units), and distilled H 2 0. The reactions were 

incubated either at 15°C overnight, or for 4 hours at room temperature.
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TABLE 2.4 Restriction Endonucleases and Reaction Buffers Used

RESTRICTION 

ENDONUCLEASE

Acc\ c

Alu\

Bam\\\ c

EcoR\

FnuWl

Hae\\\ c

Hind\\\ c

Hpa\ c

Nci\

Nru\

Pst\

Sa/l

SauZk

Sph\

Sst\

Taq\ c

SOURCE

Acinetobacter calcoaceticus

Arthrobacter luteus

Bacillus amyloliquefaciens H

Escherichia coli RY13

Fusobacterium nucleatum 4H

Haemophilus aegyptius

Haemophilus influenzae Rd

Haemophilus parainfluenzae

Neisseria cinerea

Nocardia rubra

Providencia stuartii

Streptomyces a /bus G

Staphylococcus aureus 3 A

Streptomyces phaeochromogenes

Streptomyces achromogenes

Therm us aquaticus

RECOGNITION 

SITE a

GT^SAC

AG^CT

G^GATCC

G ^ AATTC

GC^NGC

GG^CC

A^AGCTT

GTT^AAC

CC^GG

TCG^CGA

CTGCA^G

G^TCGAC

^GATC

GCATG^C

GAGCT^C

T^CGA

REACTION 

BUFFER b

1

1

4

3

1

1

2

1

1

4

1

4

1

4

1

2

a In each case the sequence of the complementary strand is shown written 5' to 3', and the point of 
cleavage is denoted by a downward arrow.

b The numbers 1-4 refer to the particular restriction buffer used in the reactions. The final 
concentration of the constituents in the reactions were as follows:

Buffer 1: 20mM Tris-HCI, pH 7.5; 50mM NaCI; 6mM MgCI 2 ; 0.01% BSA; 10mM 2-mercaptoethanol
Buffer 2: 33mM Tris-acetate, pH 7.9; 66mM CH 3 COOK; 10mM CH 3 COOMg; 0.01% BSA; 10mM

2-mercaptoethanol.
Buffer 3: 100mM Tris-HCI, pH 7.5; 50mM NaCI; 6mM MgCI 2 ; 0.01% BSA.
Buffer 4: 10mM Tris-HCI, pH 80; 150mM NaCI; 6mM MgCI 2 ; 0.01% BSA; 10mM

2-mercaptoethanol.

c Enzyme not susceptible to heat inactivation.
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2.7.4 Preparation of Competent Cells and Transfection or Transformation With 
Recombinant DNA

An overnight culture grown at 37°C in L-broth was diluted 50-fold in 

prewarmed L-broth and grown to OD 650 of 0.5. The ceils were cooled on ice for 20 

minutes before being harvested by centrifugation (8,000g n for 10 minutes at room 

temperature). The resulting pellet was washed in 0.5 volumes of 0.1M MgCI 2 before 

being resuspended in 0.5 volumes of 0.1M CaCI 2 . The cells were left on ice for 30 

minutes, pelleted as before, resuspended in 0.05 volumes of 0.1M CaCI 2 , and then 

returned to ice for a minimum of 1 hour before being used. When competent cells 

were prepared for transfection with M13 DNA they were routinely kept at 4°C for 24 

hours before use.

Competent cells were also prepared in advance and stored frozen for future 

use. The final pellet instead of being resuspended in 0.05 volumes of 0.1M CaCI 2 was 

resuspended in 0.05 volumes of 0.1M MOPS (pH 6.5), 50mM CaCI 2, 20% (v:v) glycerol; 

incubated on ice for 20 minutes, and then aliquots of the cell suspension were stored 

at -70°C.

In transformations, up to 50ng of plasmid DNA was added to each 200ul 

aliquot of competent cells. The DNA and cells were incubated on ice for 30 minutes 

(to allow non-specific adsorption of DNA), then the cells were heat-shocked at 42°C 

for 2 minutes (to promote DNA uptake), and chilled briefly on ice. 1ml of L-broth was 

then added and the samples incubated at 37°C for 1 hour, to allow expression of 

antibiotic resistance. 100ul and 200ul aliquots were then spread on selective plates 

and incubated at 37°C overnight.

Transfections were performed by adding up to 100ng of M13 DNA to 200ul of 

competent cells and incubating at 0°C for 30 minutes. The cells were then 

heat-shocked for 2 minutes at 42°C before being returned to ice for 5 minutes. 

Samples were plated by adding 200ul of log-phase cells, 20ul IPTG (24mg mT 1 ), 30ul 

X-Gal (24mg ml" 1 in dimethyl formamide) and, finally, 3ml of molten BBL top agar kept 

at 47°C. This mixture was quickly overlaid on a BBL agar plate and allowed to solidify 

before being incubated at 37°C for 9-15 hours. The addition of IPTG and X-Gal 

allowed selection of recombinants; phage containing vector DNA alone gave blue 

plaques, whereas recombinants usually gave colourless plaques.
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2.7.5 Preparation of Small Quantities of Plasmid DNA
(Birnboim & Doly 1979)

1.5ml of an overnight culture (grown from an isolated colony, under selection)

was placed in an Eppendorf tube and spun for 2 minutes in a microfuge. The

supernatant was removed and the pellet resuspended in 100ul of cold lysis solution

(25mM Tris-HCI pH 8.0, 10mM EDTA, 50mM glucose, 4mg ml' 1 lysozyme) and left at

room temperature for 5 minutes. 200ul of freshly prepared alkaline-SDS solution (0.2M

NaOH, 1% (w:v) SDS) was then added, the samples mixed by inversion, and the tubes

placed on ice for 5 minutes to allow completion of cell lysis and denaturation of the

DNA. 150ul of cold potassium acetate pH 4.8 (3M with respect to potassium and 5M

with respect to acetate) was added, and the samples returned to ice for a further 5

minutes. This caused precipitation of most of the denatured chromosomal DNA, which

was then pelleted (along with the protein and high molecular weight RNA) by

centrifugation (30,000g n for 5 minutes at 4°C). The supernatant was transferred to a

fresh tube and extracted with an equal volume of phenol:chloroform (1:1, v.v). The

plasmid DNA was ethanol precipitated, dried, and resuspended in 50ul of TE containing

RIMase A at a final concentration of 20ug ml" 1 . 10ul of this was routinely used in

restriction analysis; the remainder was stable if stored at -20°C.

2.7.6 Preparation of Large Quantities of Plasmid DNA

200ml of L-broth, containing appropriate antibiotic, was inoculated with a 

single bacterial colony and incubated overnight at 37°C. The cells were harvested by 

centrifugation (8,000g n for 10 minutes at 4°C) and the resulting pellet was washed in 

0.5 volume of cold TE buffer, before being resuspended in 3ml of sucrose buffer (25% 

(w:v) sucrose, 50mM Tris-HCI pH 8.0) and placed on ice. 1ml of lysozyme solution 

(10mg mf 1 ) was added and the tubes left on ice for 5 minutes, with frequent agitation. 

1ml of 0.5M EDTA (pH 8.5) and 0.4ml of RNase A was added, mixed, and left on ice for 

a further 5 minutes. 5ml of Triton solution was then added (0.1% (v:v) Triton X-100, 

65mM EDTA pH 8.5, 50mM Tris-HCI pH 8.0) and, after a further 10 minutes on ice, the 

debris from the lysed cells was pelleted by centrifugation (27,000g n for 30 minutes at 

4°C). CsCI was added to the supernatant to a final density of 1.58g ml' 1 and 

thoroughly dissolved before the addition of EtBr to a final concentration of 0.2mg mf 1 

ready for isopycnic gradient ultracentrifugation. The resulting solution was transferred 

to Sorvall 18.5ml polyallomer tubes (25 x 60mm) and centrifuged (130,000g n for 36 

hours at 20°C) in a Sorvall TV865B vertical rotor.
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The DNA bands were clearly visible after centrifugation when the tubes were 

observed under long-wave UV light. The lower, plasmid DNA, band was collected 

through the side of the tube using a syringe and 19G needle. If ultrapure DNA was 

required, the harvested band was respun and the DNA collected as before. EtBr was 

removed from the sample by extracting 3 times with 0.5 volumes isopropanol 

(equilibrated with saturated CsCI solution). The DNA solution was then placed in 

Visking dialysis tubing (8/32") and dialysed against several changes of TE for 24 hours. 

The DNA was ethanol precipitated in aliquots, and dried; dry pellets were routinely 

stored at -70°C. When needed, a dried pellet was dissolved in TE and the 

concentration of the resulting DNA solution was checked by measuring the UV 

absorbance at 260/280nm, or by minigel analysis (see section 2.10.1).

2.7.7 Preparation of Large Quantities of Bacteriophage M13 DNA (Replicative Form)

1ml of L-broth inoculated with a fresh M13 plaque, and a 5ml culture of 

JM101, were grown overnight at 37°C. The JM101 culture was diluted 20-fold and 

grown to an OD650 of 0.5. 200ml of L-broth was then inoculated with 2ml of this 

culture and grown again, with gentle shaking, until an OD 650 of 0.5 was reached. 

200yl of the overnight phage culture was then added and the culture grown for a 

further 4 hours. The M13 DNA was isolated as described in section 2.7.6.

2.7.8 Preparation of Small Quantities of Bacteriophage M13 DNA (Single Stranded 
Form)

An overnight culture of JM101 was diluted 100-fold in L-broth and 1ml of this 

was inoculated with a fresh M13 plaque and grown for 5-6 hours at 37°C, with gentle 

shaking. The culture was transferred to an Eppendorf tube and spun for 3 minutes in 

a microfuge. The supernatant was carefully decanted into a fresh tube and 200ul of 

PEG/NaCI solution (20% (w:v) PEG 6000, 2.5M NaCI) was added and the tube vortexed. 

After 20 minutes at room temperature the phage were pelleted by centrifugation 

(30,000g n for 5 minutes at room temperature), and the supernatant carefully removed 

and discarded. The pellet was dissolved in 100ul of TE and extracted once with an 

equal volume of phenol before the phage DNA was ethanol precipitated and dried in a 

vacuum desiccator. The dry DNA pellet was redissolved in 30ul of TE, which was then 

stored at -20°C.
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2.7.9 Preparation of Large Quantities of Bacteriophage M13 DNA (Single Stranded 
Form)

The method described above (section 2.7.8) was scaled up to use 100ml 

starting culture which was processed in 30ml Corex tubes, and the resultant DNA 

pellet was resuspended in 1ml of TE. Alternatively, the protocol described in section 

2.6.2 was used.

2.8 PROTEIN TECHNIQUES

2.8.1 In vitro Translation
(de Vries & Zubay 1967; Zubay 1973; Collins 1979)

This procedure was performed using a prokaryotic DNA-directed translation kit 

supplied by Amersham International pic. The method required that the plasmid DNA 

be ultrapure and it was therefore necessary to band the DNA twice in isopycnic CsCI 

gradients, and then (after dialysis) further purify it using an Elutip-d column (Schleicher 

& Schuell). Reaction mixtures of only one-third the volume described in the protocol 

were satisfactory for synthesis of proteins labelled using L-[35S]-methionine. At the 

end of the reaction the samples were diluted 1:1 (v:v) with loading buffer (62mM 

Tris-HCI pH 6.8, 3% (w:v) SDS, 10% (v:v) glycerol, 0.735M 2-mercaptoethanol) and 

incubated at 37°C for 1 hour. 0.25 volumes of a dye mixture (0.1% bromophenol blue, 

0.1% (w:v) xylene cyanol FF) were added and the samples loaded onto a 15% 

SDS-polyacrylamide gel (as described in section 2.10.3) with non-radioactive low 

molecular weight range markers supplied by Pharmacia Ltd.

2.9 AUTORADIOGRAPHY
(Laskey 1984)

Detection of radiolabelled material was carried out using Du Pont Cronex 4 

X-ray film in autoradiography cassettes, and the exposed film was developed using an 

X-OGRAPH X1 automatic processing machine. Gels were usually dried down and the 

film placed directly in contact with the gel surface; but with hydrated gels a sheet of 

Saran wrap was placed between the film and gel. Nitrocellulose membranes were 

sandwiched between two sheets of Saran wrap to prevent them drying out completely 

during exposure.

32P-containing material was detected using film that was pre-exposed to a 

single light pulse from a calibrated photographic flashgun. The pre-flashed film was 

then exposed at -70°C using a single phosphotungstate intensifying screen on the
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side of the film opposite to the membrane or gel. This procedure should promote 

linear exposure of the film at low levels of radioactivity, preventing "low intensity 

reciprocity failure". 35S-containing material was detected by exposure to untreated 

film at room temperature.

2.10 GEL ELECTROPHORESIS

2.10.1 Horizontal Gel Electrophoresis

The percentage of agarose used was determined by consideration of the size 

range of fragments to be separated (see Table 2.5). The correct percentage agarose 

solution was prepared by dissolving the agarose in either 1x TAE buffer or 1x TBE 

buffer in a microwave oven. The solution was allowed to cool to approximately 50°C 

before being poured into one of several gel formers with the combs in place (Bethesda 

Research Laboratories, 20 x 25cm (20 well), 11 x 14cm (14 well), 50 x 75mm (8 well)). 

The gel was allowed to set before being placed in the gel apparatus containing 

sufficient buffer (TAE or TBE) to just cover the gel. 0.25 volumes of loading buffer 

(50% (v:v) glycerol, 0.5% (w:v) xylene cyanol FF, 0.5% (w:v) bromophenol blue, 5x TAE 

or TBE) were added to the DNA samples, and they were loaded onto the gel using a 

Gilson pipette. The gels were run at 30 volts overnight (or at a higher voltage, if run 

during the day). After electrophoresis the gels were stained in a solution of EtBr (2ug 

mf 1 ) for 30 minutes, destained in water for 30 minutes, and observed using a short

TABLE 2.5 Optimal Agarose Concentrations for the Electrophoretic Separation of 

DNA a

AMOUNT OF AGAROSE EFFICIENT RANGE OF 
IN GEL (%) SEPARATION OF

LINEAR DNA MOLECULES (kb)

0.3 60-5
0.6 20 - 1
0.7 10 - 0.8
0.9 ? - 0.5
12 6-0.4
1.5 4 - 0.2
2.0 3 - 0.1

a Taken from Maniatis et al 1982
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wavelength UV transilluminator. If required, the gels were photographed using llford 

HP5 film in a plate camera fitted with a suitable red filter.

2.10.2 3-10% Gradient PolyacrYlamide Gel Electrophoresis
(Maniatis et al. 1975)

Two 15ml acrylamide solutions (3% and 10%) were made as follows: 3% 

solution: 1.5ml 30% acrylamide solution (29% (w:v) acrylamide, 1% (w:v) bisacrylamide), 

1.5ml 10x TBE buffer, 250ul 10% (w:v) AMPS, distilled H 2 O to 15ml; 10% solution: 5ml 

30% acrylamide solution, 1.5ml 10x TBE buffer, 250ul 10% (w:v) AMPS, distilled H 20 to 

15ml. The solutions were degassed using a vacuum pump, before 5ul of TEMED was 

added to each. The solutions were poured into a two chambered linear gradient 

maker which was used to mix a 3-10% gradient into a 25 x 14 x 0.1cm glass sandwich 

separated by perspex spacers and sealed with water agarose (0.5% (w:v) agarose in 

distilled H 2O). Once poured, the gradient was overlaid with water-saturated 

butan-2-ol, and left to polymerize. When set, the butan-2-ol was removed and the 

surface of the gel washed several times with 1x TBE. A stacking gel was prepared 

using 1.67ml 30% acrylamide solution, 2ml 10x TBE, 330ul AMPS and distilled H 2 O to a 

total volume of 20ml. This solution was degassed and a small quantity of it was used 

to wash the surface of the separating gel. 10ul of TEMED was then added and the rest 

of the stacking gel overlaid using a pipette. A 13 or 15 tooth comb was inserted and 

the gel left to polymerize. After polymerization the comb and bottom spacer were 

removed and the gel attached to a perspex gel apparatus with 1x TBE in the upper and 

lower reservoirs. DNA samples for analysis were ethanol precipitated, dried, and 

resuspended in 20pl TE. 10ul of loading buffer (0.5x TBE, 0.125M EDTA, 0.1% (w:v) 

bromophenol blue, 50% (v:v) glycerol) was added to each sample before it was loaded 

onto the gel, using a Hamilton microsyringe. Electrophoresis was carried out initially 

at 200V until the samples had run into the gel, after which it was allowed to proceed 

overnight at 80V. The following day, the gel was stained in a solution of EtBr (3ul ml" 1 ) 

for 5 minutes, and destained in water for 2 minutes, before being observed using a 

short wavelength UV transilluminator

2.10.3 SDS Polyacrylamide Gel Electrophoresis
(Laemmli 1970; Weber & Osborn 1969)

To prepare a 15% non-gradient gel, the solution contained 15ml 30% 

acrylamide solution (29.2% (w:v) acrylamide, 0.8% (w:v) bisacrylamide), 7.5ml 4x lower 

gel buffer (1.5M Tris-HCI pH 8.0, 0.4% (w:v) SDS), 20ul AMPS, and distilled H 2 O to 

30ml. This solution was degassed before 20ul of TEMED was added and the gel
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poured, using a pipette, into a 25 x 14 x 0.1cm glass sandwich, sealed with perspex 

spacers and water agarose. The gel was overlaid with water-saturated butan-2-ol and 

left to polymerize. Meanwhile a 5% gel solution was prepared using 1.5ml 30% 

acrylamide solution, 2.25ml 4x upper gel buffer (0.5M Tris-HCI pH 6.8, 0.4% (w:v) SDS), 

10ul AMPS, and distilled H 2 O to 9ml. This stacking gel was poured as described above 

in section 2.10.2. The polymerized gel was attached to the gel apparatus which 

contained 1x Tris/glycine running buffer with 0.5% (w:v) SDS added. One volume of 

loading buffer (62mM Tris-HCI pH 6.8, 3% (w:v) SDS, 10% (v:v) glycerol, 0.735M 

2-mercaptoethanol) was added to each sample and they were incubated at 37°C for 1 

hour, prior to the addition of 0.25 volumes of dye solution (0.1% (w:v) bromophenol 

blue, 0.1% (w:v) xylene cyanol FF). The samples were loaded onto the gel using a 

Hamilton microsyringe and the gel run at 35mA for 7 hours.

Following electrophoresis the protein gel was removed from the glass plates 

and fixed and stained in staining solution (50% (v:v) methanol, 10% (v:v) glacial acetic 

acid, 0.1% (v:v) Coomassie brilliant blue). The gel was left in this solution for 1-12 

hours and then washed in several changes of destaining solution (10% (v:v) methanol, 

10% (v:v) glacial acetic acid). The gel was then transferred to blotting paper, covered 

with Saran wrap, and dried using a heated vacuum gel dryer. The dried gel was then 

exposed to X-ray film at room temperature.

2.10.4 Buffer-Gradient Denaturing Gel Electrophoresis
(Biggin et al. 1983)

For each gel, two solutions were prepared containing the following 

components: Solution A: 7ml 2.5x TBE gel mix (150ml 40% acrylamide (38% (w:v) 

acrylamide, 2% (w:v) bisacrylamide), 250ml 10x TBE, 460g urea, 50g sucrose, 50mg 

bromophenol blue, distilled H 2 O to 1 litre), 14jjl 25% AMPS, and 14ul TEMED. Solution 

B: 35ml 0.5x TBE gel mix (150ml 40% (w:v) acrylamide, 50ml 10x TBE, 460g urea, 

distilled H 20 to 1 litre), 70ul 25% AMPS, and 70ul TEMED.

Using a 10ml pipette and "Pumpette", 4ml of solution B was taken up followed 

by 6ml of solution A. A gradient was established by allowing 3-4 air bubbles up into 

the pipette, through the interface between solutions A and B. This mixture was then 

poured carefully down one edge of a gel sandwich (40 x 20 x 0.04cm) prepared using 

Plastikard spacers and yellow Sellotape. The rest of solution B was then taken up in a 

syringe and used to fill the remaining space. A 32 tooth comb was inserted and the 

gel left to polymerize, laid at an angle a few degrees from the horizontal. After 

polymerization the bottom tape and comb were removed and the gel sandwich
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attached to a perspex gel apparatus. The top and bottom reservoirs were filled with 

1x TBE and the wells thoroughly washed out using a Pasteur pipette. DNA sequencing 

reaction products (see section 2.13) were loaded onto the gel using a drawn out glass 

capillary, and the gel run at 40W (starting current of 35mA) until the bromophenol blue 

dye reached the bottom (^2 hours). If sequence information more than 250bp from 

the primer was needed, the gels were run for a longer time.

Following electrophoresis the gel sandwich was removed from the apparatus 

and one glass plate removed, before the gel, still attached to one of the plates, was 

fixed in a solution of 10% (v:v) methanol and 10% (v:v) glacial acetic acid for 20 

minutes. The gel was then transferred to blotting paper, covered with Saran wrap, 

dried using a heated vacuum gel drier, and exposed to X-ray film overnight at room 

temperature.

2.10.5 High Percentage Denaturing Polyacrylamide Gel Electrophoresis

20% denaturing polyacrylamide gels were prepared using 5ml 10x TBE buffer, 

25ml 40% acrylamide solution (38% (w:v) acrylamide, 2% (w:v) bisacrylamide), and 

distilled H 20 to 50ml. 40ul TEMED and 140ul 25% AMPS were added, and the gel 

poured, using a syringe, into a glass sandwich (40 x 20 x 0.04cm). A comb with 1cm 

wide teeth was inserted and the gel left to polymerize. The gel was then attached to 

the gel apparatus, containing 1x TBE, and the wells thoroughly washed out before it 

was pre-run at 37W for 30 minutes to remove the salt front which would otherwise 

distort the migration of the samples. The samples were loaded and the gel run at 

37W for ^2 hours. After electrophoresis the gel was treated in any of several ways, as 

described in the relevant sections.

2.11 ENZYME ASSAYS

2.11.1 Galactokinase Assays
(Wilson & Hogness 1966; McKenney et al. 1981)

This assay system provides a measure of the amount of galactokinase 

produced by a cell by measuring the conversion of [ 14C]-galactose to 

[ 14C]-galactose-1-phosphate. The latter is separated from unconverted galactose by 

its preferential adsorption to anion exchange paper, and the amount of reaction 

product can then be assessed by liquid scintillation counting.
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Fresh colonies were picked into 5ml of Spizizen/casamino acids/fructose

medium, with appropriate antibiotics, and grown overnight at the required temperature.

The next day 50-fold dilutions of these cultures were made in the same medium and

grown to an OD 650 of 0.2. The exact OD 650 was noted and 1ml samples taken. 40ul

of cold lysis buffer (lOOmM EDTA pH 8.0, 100mM DTT, 50mM Tris-HCI pH 8.0) was

immediately added followed by 3 drops of toluene. The samples were vortexed for 1

minute and the tubes placed, open, at 37°C (with shaking) to facilitate the evaporation

of the toluene. After 45 minutes the cell lysate was ready to be assayed. lOul of

sample was added to 40jal of reaction mix, comprising: 10ul Mix 1 (5mM DTT, 16mM

NaF), 25ul Mix 2 (8mM MgCI 2 , 200mM Tris-HCI pH 7.9, 3.2mM ATP), and 5ul

[ 14C]-galactose solution (10uCi [ 14C]-galactose {filtered twice through DE81 paper),

0.111M galactose, and distilled H 2 O to 1ml). A blank reaction was also prepared using

10ul distilled H 2O instead of sample.

Reactions were incubated at 32°C for 15 minutes before 25uJ samples were 

removed and spotted onto 25mm diameter DE81 filter paper circles. In addition, 25ul 

was taken from pooled or randomly selected samples to give a measure of the mean 

total amount of radioactive label per 25ul of reaction mix. All filters (except those 

used to assess total radioactivity) were washed for 3 x 20 minutes in distilled H 2 O, 

with shaking, before being dried at 110°C for 10 minutes. The amount of radioactivity 

retained on the filters was determined by liquid scintillation counting using 0.4% (w:v) 

butyl-PBD in toluene as scintillant. Galactokinase units were then calculated for each 

sample using the formula below:

Galactokinase Units = (Sample cpm - Blank cpm) x 5000
Total cpm x Incubation Time x OD 65 Q

where a unit is defined as nanomoles of galactose phosphorylated per minute per unit 

OD650 .

The assay is only linear up to a conversion level of 25%. In order to maintain 

reactions within this range it was sometimes necessary for the sample to be diluted 2 

to 5-fold in a growth medium:lysis buffer mixture (25:1(v:v)) prior to assaying.

2.11.2 Galactokinase Assays in the Presence of Fusidic Acid

Fusidic acid (sodium salt) was added to overnight cultures at a concentration 

of 150ug ml" 1 . The following day the cultures were diluted 50-fold and the fusidic 

acid concentration maintained at 150ug ml" 1 . Galactokinase assays were performed as 

described above in section 2.11.1.
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2.12 NUCLEIC ACID HYBRIDIZATION

2.12.1 Preparation of Probe DNA
(Feinberg & Vogelstein 1984)

This method permits the labelling of isolated DNA fragments to high specific

activity. Plasmid DNA was digested with appropriate restriction endonuclease(s) and

the fragments electrophoretically separated using 0.6% low gelling temperature

agarose. After staining with EtBr and destaining, the gel was observed on a long

wavelength UV transilluminator and the required band excised cleanly, weighed, and

water added in the ratio of 3ml H 2 O per gram of gel. The sample was then heated to

100°C for 7 minutes to melt the agarose and denature the DNA ready for use. The

remaining DNA was stored at -20°C for future use, before which it was reboiled for 3

minutes. To label the DNA the following components were added, in the order stated,

to a sterile Eppendorf tube: distilled H 2O to a final volume of 50ul; 10pl oligo-labelling

buffer (A:B:C mixed in ratio 2:5:3 (v.v): A = 1.25M Tris-HCI pH 8.0, 0.125M MgCI 2, 0.5mM

each of dATP, dTTP, dGTP, and 0.25mM 2-mercaptoethanol; B = 2M Hepes-NaOH pH

6.6; C = 4.5mg mT 1 random hexadeoxynucleotide (pd(N) 6) mixture in TE), 2pl BSA

(10mg ml" 1 ), DNA in agarose, 50pCi of 32 P-dCTP, and 2 units of Klenow fragment. The

reaction was incubated overnight at room temperature and then stopped by the

addition of 200ul of stop solution (20mM NaCI, 20mM Tris-HCI pH 7.5, 2mlVJ EDTA,

0.25% (w:v) SDS, 1uM dCTP). The probe was routinely purified using an Elutip-d

column (Schleicher & Schuell).

2.12.2 Preparation of Oligonucleotide Probes
(Carter et al. 1985a)

30uCi [Y~ 32 P]~ATP was vacuum desiccated in an Eppendorf tube and then the 

following components were added: 1.5ul (10pmole pi' 1 ) Oligonucleotide, 3ul 10x kinase 

buffer (500mM Tris-HCI pH 8.0, 100mM MgCI 2 ), 1pl 100mM DTT, and 24ul distilled 

H 20. 2ul of T4 polynucleotide kinase was added and the reaction incubated at 37°C 

for 30 minutes. After this, the probe was crudely purified by diluting with 3ml 6x SSC 

and passing the solution through a 0.45um Acrodisc (Gelman Sciences). The filter was 

then washed with 1ml 6x SSC and the resulting 4ml of probe was stored frozen in a 

petri dish. The purification procedure was intended only to avoid hot spots on the 

hybridized filters; it did not remove unincorporated label, but was adequate for most 

purposes.
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2.12.3 Plaque Detection by Blotting

Transfected or duplicate stabbed plates were used as the source of plaques

for this screening method. 2-3 day old BBL plates were used and they were well dried

before use (to prevent the layer of top agar peeling off with the filter during transfer).

The plates were incubated overnight in the usual way before being chilled at 4°C for

at least 1 hour to allow the top agar to harden. The nitrocellulose filters (Schleicher &

Schuell, 82mm diameter, 0.45um pore size) required no preparation before use but

were marked in such a way as to permit later comparison with their parent agar plate.

A dry filter was placed onto the surface of the agar plate taking care not to trap any

air bubbles. Once completely wet the filter was left in position for a further 1 minute

to allow transfer of DNA, and then removed to a pad of blotting paper soaked in 0.5M

NaOH (the surface that had been in contact with the plaques being placed uppermost).

After 5 minutes, the filter was transferred in sequence into the following solutions in a

series of four petri dishes, allowing 20s in each solution: (a) 0.1M NaOH, 1.5M NaCI, (b)

0.5M Tris-HCI pH 7.5, 1.5M NaCI. (c) repeat of b, (d) 2x SSC. The filters were dried at

37°C before being baked in a vacuum oven at 80°C for 2 hours.

Prehybridization of the filters was performed by prewetting them in 

hybridization mix (5x Denhardt's solution, 2x SSC, 0.5% SDS, 0.1 mg mf 1 salmon testes 

DNA (boiled), 50% (v:v) formamide) and then transferring them to a bag containing 

=20ml of the same solution. The bag was sealed, taped to a tray, and placed, shaking, 

at 37°C for 2 hours. After this time the bag was opened and the solution poured off. 

Fresh hybridization mix (-20ml) was added, and the radioactive probe (prepared as 

described in section 2.12.1) which had been heated to 100°C for 5 minutes was also 

added. The bag was resealed, and left shaking at 37°C overnight. The following day 

the filters were removed from the bag and washed at 37°C as follows: 2 x 30 minutes 

in wash 1 (2x SSC, 0.5% (w:v) SDS, 50% (v:v) formamide), 2 x 30 minutes in wash 2 (2x 

SSC, 0.5% (w:v) SDS) and 2 x 30 minutes in wash 3 (2x SSC). Excess liquid was 

removed from the filters by placing them briefly on blotting paper; they were then 

sandwiched between 2 layers of Saran wrap and exposed to X-ray film for between 30 

minutes and 16 hours (as described in section 2.9).

For the detection of mutants produced by site directed mutagenesis using the 

mutant oligonucleotide as a probe, the procedure differed slightly from that stated 

above (Carter et al. 1985a). The filters were prepared in the same way and then 

prehybridized in 10x Denhardt's solution, 6x SSC and 0.2% (w:v) SDS at 65°C for 1 

hour. Each filter, treated individually, was then rinsed in 6x SSC and placed (plaque
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side down) into a petri dish containing the oligonucleotide probe (prepared as 

described in section 2.12.2) and left for 1 hour at room temperature. Occasionally 

during this time the filter was lifted and replaced in the probe solution to ensure even 

hybridization. For longer oligonucleotides, or oligonucleotides with secondary 

structure, the filters were hybridized for 30 minutes at 65°C and then allowed to cool 

to room temperature over a period of about 30 minutes. The hybridized filter was 

washed for 3 x 5 minutes in 6x SSC, placed on blotting paper to remove excess liquid, 

placed between 2 layers of Saran wrap and exposed to X-ray film (as described in 

section 2.9) for 1-4 hours. After this exposure the filters were washed under more 

stringent conditions; by washing in 6x SSC for 5 minutes at 5°C below the calculated 

dissociation temperature (Td ). The Td was calculated using the Wallace rule (Suggs et 

al. 1981) shown below:

Td (°C) = 4(G + C) + 2(A + T) 

This only applies to oligonucleotides under 6x SSC washing conditions.

The filter was exposed to X-ray film as before, rewashed for 5 minutes at the 

Td, and then exposed again. In order to obtain the required discrimination between 

mutants and wild type plaques it was sometimes necessary to wash again at a 

temperature slightly above the calculated Td .

2.12.4 Copy Number Determinations
(Adams & Hatfield 1984)

Cells were grown as for galactokinase assays (see section 2.11.1) and a 5ml 

sample of culture was taken simultaneously with the 1ml assay sample. The cells 

were harvested by centrifugation (10,000g n for 10 minutes at 4°C) and resuspended in 

500ul TE. The suspension was then sonicated at 6um amplitude for 30s, using a MSE 

sonicator and a 9mm parallel sided cylindrical probe. 4ml of alkaline SSPE (15x SSPE, 

0.5M NaOH) was added and the DNA samples incubated at 80°C for 10 minutes (to 

denature the DNA and hydrolyse the RNA) before being neutralized by the addition of 

1.2ml acidic Tris-HCI (100ml Tris, 21ml cone. HCI), and placed on ice.

The nitrocellulose filters (Schleicher & Schuell, 24mm diameter, 0.45um pore 

size) were prepared by numbering them with pencil and then incubating them in 

distilled H 2 O at 80°C for 10 minutes. They were then stored in 10x SSPE at room 

temperature until used. The filters were loaded (using a slight negative pressure) with 

50, 100, 300, 600 and 1000ul amounts (in duplicate) of the sonicated DNA, before being 

dried at 37°C and baked at 80°C under vacuum for 2 hours
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Prehybridization and hybridization were performed as in the first part of 

section 2.12.3. After washing, the filters were dried at 37°C and the radioactivity 

retained was measured by liquid scintillation counting in 0.4% (w:v) butyl-PBD in 

toluene.

The counts were corrected appropriately for optical density and plotted 

against the amount of DNA loaded on the filters. The slope of the resulting straight 

line gave a proportion of plasmid DNA in the input DNA.

2.12.5 Isolation and Labelling of mRNA
(Zengel et al. 1980)

An overnight culture of the appropriate bacterial strain was diluted 200-fold 

into Spizizen/fructose minimal medium and grown at 37°C to an OD 650 of 0.2. 1ml 

samples were taken and added to 100uCi of [5- 3 H]-uridine, mixed, and maintained at 

37°C for 1 minute. An equal volume of TSEI preheated to 100°C was added, and the 

samples were kept at 100°C for a further 2 minutes. The samples were cooled to 

room temperature, extracted once with phenol, and the RNA was ethanol precipitated 

by the addition of 0.04 volumes of 5M NaCI and 3 volumes of ethanol. The pellets 

were resuspended in 1ml TE, phenol extracted twice, and ethanol precipitated as 

before. The RNA was resuspended in 200ul of TE and stored at -20°C.

2.12.6 DNA:RNA Hybridization
(Anderson & Young 1985)

The nitrocellulose filters (Schleicher & Schuell, 24mm diameter, 0.45pm pore 

size) were prepared as described in section 2.12.4, loading 2-6ug of denatured DNA (in 

a volume of 500ul), onto each filter, depending on whether the DNA was single or 

double stranded. The filters were prehybridized as described in section 2.12.4, and 

then placed in siliconized vials containing 2ml of hybridization solution. The 

appropriate amount of labelled mRNA (0.5, 0.25, 0.125, 0.063 of the preparation 

described in section 2.12.5) was then added, and the vials incubated with shaking in a 

42°C water bath overnight.

Following hybridization, each vial was aspirated using a water pump and 

Pasteur pipette and the liquid replaced with 2.5ml of wash 1 (2x SSC, 0.1% SDS). The 

vials were shaken at room temperature for 15 minutes and the above step repeated. 

The filters were then transferred to a perspex box and washed as follows: 2 x 1 hour 

at 65°C in wash 2 (0.1x SSC, 0.1% SDS); 2 x 20 minutes at 37°C in wash 3 (2x SSC); 1
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x 2 hours at 37°C in wash 4 (2x SSC, 25ug mf 1 RNase A, 10U ml' 1 RNase T^; 2 x 20 

minutes at 65°C in wash 5 (2x SSC, 0.5% SDS); and, finally, 2 x 20 minutes at room 

temperature in wash 6 (2x SSC). The filters were then placed on blotting paper and 

thoroughly dried at 37°C before the retained counts were determined by liquid 

scintillation counting using 0.4% (w:v) butyl-PBD in toluene.

A measure of the total labelled RNA extracted from each strain was obtained 

by spotting 5u.l of the remaining labelled RNA onto a nitrocellulose filter and counting 

(without washing) as stated above. For each specific mRNA analysed, the number of 

counts on each filter was corrected for total RNA and plotted against the fraction of 

total RNA in the hybridization assay (0.5, 0.25, 0.125, or 0.063). Provided that the probe 

DNA is in excess the plot should be linear, and the slope of the line should give the 

proportion of input radioactivity in specific RNA:DNA hybrids.

2.13 DNA SEQUENCING
(Sanger et al. 1977; Biggin et al. 1983)

All sequencing was carried out on DNA cloned in M13mp10 and mp11 

(Messing & Vieira 1982) or M13mp18 and mp19 (Norrander et al. 1983) using the 

dideoxynucleotide chain termination method.

5jil of M13 single-stranded template, prepared as described in section 2.7.8, 

was mixed with 5ul of primer mix (3ul 15-mer primer at 2.5pg ml" 1 , 1 ul TM (100mM 

Tris-HCI pH 8.5, 50mM MgCI 2 ), and 1u.l distilled H 2 O) in an Eppendorf tube, and 

incubated at 60°C for 1 hour. The reactions were cooled by spinning briefly in a 

microfuge and then 2jjl of the appropriate dideoxynucleotide mix (T mix, C mix, G mix, 

or A mix, see Table 2.6) was added to each tube followed by 2ul of Klenow mix (10mM 

Tris-HCI pH 8.5, 10mM DTT, 4uCi [35S]-dATP, 1.5 units Klenow fragment, distilled H 2 O 

to 8ul - sufficient for 4 reactions), and the reaction started by spinning briefly to bring 

all solutions to the bottom of the tube. The reactions were incubated at room 

temperature for 20 minutes before 2ul of dNTP chase solution (0.25M each of dTTP, 

dCTP, dGTP and dATP) was added and the reactions incubated at room temperature for 

a further 20 minutes. If convenient, the samples were stored at this stage overnight at 

4°C, or alternatively 2ul of formamide dye mix (100ml deionised formamide, 0.1g 

xylene cyanol FF, 0.1g bromophenol blue, 2ml 0.5M EDTA pH 8.5) was added to each 

tube and the samples heated at 100°C for 5 minutes. Electrophoresis of the samples 

was then carried out on a buffer-gradient denaturing polyacrylamide gel as described 

in section 2.10.4.
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TABLE 2.6 Composition of Dideoxynucleotide Reaction Mixes for Sequencing

COMPONENTS

0.5mM dTTP
0.5mM dCTP
0.5mM dGTP
10mM ddTTP
10mM ddCTP
10mM ddGTP
lOmM ddATP
TE

a Quantities of components are given

T Mix a

25

500

500

50
-

-

-

1000

in ul.

C Mix

500

25
500
-

8
-
-

1000

G Mix

500
500

25
-
-

16
-

1000

A Mix

500
500
500

-
-
-

1
500

2.14 OLIGONUCLEOTIDE SITE DIRECTED MUTAGENESIS

Within the last few years many different approaches to oligonucleotide 

directed in vitro mutagenesis have been developed. Three of these methods have 

been tried in the course of this work and will be discussed. The oligonucleotides used 

for in vitro mutagenesis need to be carefully designed; taking into consideration the 

length of oligonucleotide, the position of the mismatch, and the possibility of 

competing sites elsewhere in the recombinant vector. All oligonucleotides used in this 

work were tested for their expected site binding by using them as dideoxy sequencing 

primers prior to mutagenesis.

2.14.1 5' Phosphorylation of the Oligonucleotide
(Carter et al. 1985a)

This method provides sufficient phosphorylated oligonucleotide for several 

experiments. The following components were added together: 10ul oligonucleotide 

(lOpmol uf 1 ), 2\i\ 10x kinase buffer (section 2.12.2), 1ul 100mM DTT, 2ul 10mM rATP, 

and 4pl distilled H 2 O. 5 units of T4 polynucleotide kinase was added and the reaction 

incubated at 37°C for 30 minutes. The enzyme was heat inactivated at 70°C for 10 

minutes and the sample then stored at -20°C until required.

2.14.2 Checking the Purity of an Oligonucleotide

A small quantity of oligonucleotide (10pmol) was phosphorylated using 

[y- 32P]-ATP by mixing the following components: 1uCi dried [y- 32 P]-ATP, 1ul
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oligonucleotide (10pmol uf 1 ), 1ul 10x kinase buffer, 1ul 100mM DTT, 7ul distilled H 2 O, 

and 1 unit of T4 polynucleotide kinase. The reaction was incubated at 37°C for 15 

minutes. 5ul of formamide dye mix (section 2.13) was added and the sample heated at 

100°C for 3 minutes before being loaded on a 20% polyacrylamide-8M urea gel 

(section 2.10.5). The gel was run at 37W until the bromophenol blue was near the 

bottom and then transferred from the glass plates onto a piece of used X-ray film, 

covered with Saran wrap and exposed to fresh X-ray film (as described in section 2.9) 

for 5-30 minutes. If the oligonucleotide was pure only one major band of the correct 

size was seen; whereas extensive laddering was visible if it was not (see Figure 2.1).

2.14.3 Double Primer Method
(Zoller & Smith 1983)

A schematic diagram of this method is shown in Figure 2.2. In order to anneal 

the two primers to the template the following components were mixed in an 

Eppendorf tube: 1pmol single-stranded M13 template (prepared as described in 2.7.8), 

10pmol phosphorylated mutagenic primer, lOpmol universal primer, 1u,l 10x TM buffer 

(100mM Tris-HCI pH 8.0, lOOmM MgCI 2), and 5ul distilled H 2 O. The tube was placed in 

a water bath at 80°C which was left to cool to room temperature. The following 

solutions were then added to the tube: 1ul 10x TM buffer, 1ul 5mM dNTPs, 1ul 5mM 

rATP, 1ul 100mM DTT, and 4ul distilled H 2 O. The tube was placed on ice and 10 Weiss 

units of T4 DNA ligase were added followed by 1 unit of Klenow fragment. The 

reaction was allowed to proceed at 15°C overnight. The following day, various 

quantities of this sample (0.01-10ul) were used directly for transfection of competent 

BMH71-18, mutL cells using JM101 cells for the lawn, to prevent unnecessary exposure 

of the phage to the mutator strain. The resulting plaques were either tested by 

sequencing (section 2.13), or screened by hybridization (section 2.12.3).

2.14.4 Gapped Duplex Method
(Kramer et al. 1984a,b)

Figure 2.3 shows a schematic representation of this method. The following 

components were mixed in an Eppendorf tube: O.Spmol template DNA (prepared as in 

section 2.7.8), O.lpmol M13 RF DNA (treated with restriction endonuclease(s), ethanol 

precipitated and dried), lul 10x TM (100mM Tris-HCI pH 8.0, 100mM MgCI 2 ), and 

distilled H 20 to 10ul. The tube was incubated at 90°C for 5 minutes and then placed 

in a 65°C water bath. 4pmol of phosphorylated oligonucleotide were added and the
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FIGURE 2.1 Autoradiographs of Polyacrylamide Gels Showing Oligonucleotides 
Phosphorylated With [y- 32 P]-ATP

345

t

Tracks 1 and 2 show degraded oligonucleotldes (18 nucleotides m length) Tracks 3-5 show 
essentially pure oligonucleot.des (20 nucleotides m length).
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tube incubated at 65°C for a further 5 minutes before being cooled to room 

temperature. The procedure was continued as described in section 2.14.3 by adding 

the components necessary for filling-in and ligation.

FIGURE 2.2 Site Directed Mutagenesis - Double Primer Method

M13 recombinant 

ssONA template

-X- mutant oligonucleotide

universal primer

EXTENSION 
& LIGATION

M13 with wild type

recombinant DNA

sequence

TRANSFORMATION

M13 with mutant 

recombinant DNA 

sequence
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FIGURE 2.3 Site Directed Mutagenesis - Gapped Duplex Method

LINEARIZATION

M13 recombinant 
ssDNA template

RF DNA

DENATURATION

gapped 
duplex

mutant oligonucleotide

FILLING IN 
& LIGATION

TRANSFORMATION

M13 with wild type
recombinant DNA

sequence

Ml 3 with mutant 

recombinant DNA 

sequence
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2.14.5 Eckstein Method
(Taylor et a/. 1985a,b)

A schematic diagram of this method is shown in Figure 2.4. This procedure 

was performed using an oligonucleotide-directed in vitro mutagenesis kit supplied by 

Amersham International pic, and the protocol described in the booklet provided was 

followed exactly.

2.15 COMPUTER TECHNIQUES

The University of Wisconsin Genetics Computer Group (UWGCG) sequence 

analysis software packages, mounted on a VAX/VMS operating system, were used for 

all sequence analysis. The programs MAPPLOT, MAPSORT, and MAP were used to 

obtain restriction maps of various DNA sequences.

DNA sequences were translated into their corresponding protein sequences 

using the program TRANSLATE, and PEPTIDESORT was used to calculate the molecular 

weights of these protein sequences.

The EMBL/GENBANK sequence data libraries were used as a source of DNA 

sequences of particular interest.

2.16 DENSITOMETRY

Densitometry was performed using a Shimadzu dual-wavelength thin-layer 

chromato scanner. Linear scans were carried out on low intensity autoradiographs or 

gel photographs using a single wavelength of 525nm, a slit width of 0.2mm, a slit 

height of 3-6mm, and a scan step of 0.1mm. Integration of the peaks was performed 

automatically by the machine.
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FIGURE 2.4 Site Directed Mutagenesis - Eckstein Method

M13 recombinant 

ssDNA template
-*- mutant 

oligonucleotide

EXTENSION & LIGATION
(using d-thioCTP)

SELECTIVE DIGESTION OF
NON-MUTANT STRAND

WITH /Veil

EXONUCLEASE HI 
DIGESTION

REPOLYMERIZATION

TRANSFORMATION

M13 with mutant

recombinant DNA
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M13 with mutant 

recombinant DNA 

sequence
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3.1 INTRODUCTION

The genome of coliphage T7 exists as linear double-stranded DNA which is 

not circularly permuted (Studier 1972). Mature T7 DNA possesses 160bp direct repeats 

at either end of its genome (Dunn & Studier 1981) but unlike lambda the ends are 

double-stranded and do not associate unless first treated with an exonuclease (Ritchie 

et al. 1967). The genome is 39,936bp in length (Nucleotide Sequences 1985) and 

codes for 55 known or putative gene products. By convention the genes and the gene 

products are numbered according to their relative position on the T7 genetic map, 

which is also their order of expression in the infected cell, starting with gene 0.3. 

Coordinates of regions of interest are usually expressed in T7 map units, where a unit 

is 1% of the genome or approximately 400bp.

FIGURE 3.1 A Simplified Genetic Map of the T7 Genome

hEARLY TRANSCRIPTIONH \~ LATE TRANSCRIPTION

A2irJ *

O.3 - 0.7 1D 13

?l»IDNA METABOLISM PACKAGING

0%

T 0.3 T O.7 V

~20% -42%

Anti- Protein 
host kinase 

restriction

RNA 
polymerase

DNA 
ligase

100%

RNaselll cleavage sites

Major early mRNAs

Protein products

The most important early genes are represented by boxes, transcription and prote.n products are 

indicated below these. Promoters (A,, A2 , A3 ) and the termmator (ted) are shown above the Ime. 

and the direction of transcription is indicated by an arrow
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The genome of T7 is genetically segregated into an early region and a late 

region. The early region, comprising 9 genes, is transcribed by £. coli RNA 

polymerase from three strong promoters A1, A2, and A3 (Pribnow 1975b; Siebenlist 

1979) positioned at 1.25%, 1.57%, and 1.88%, respectively (see Figure 3.1). This 

transcript is terminated with up to 70% efficiency at a terminator, designated ted, 

positioned after gene 1.3 at 18.97% (Dunn & Studier 1980). The late region, which 

encodes the proteins involved in DNA metabolism and packaging, is transcribed by a 

T7-encoded RNA polymerase (the product of gene 7).

ted is a fully rho-independent terminator; it has been shown to be completely 

unaffected by rho factor either in vitro (O'Hare & Hay ward 1981) or in vivo (Kiefer et 

al. 1977). It possesses the characteristics commonly associated with rho-independent 

terminators; namely, a GC rich region of hyphenated dyad symmetry followed by a 

reasonably uridine-rich sequence (see Figure 3.2). Transcripts terminating at this 

signal do not stop at a unique residue but rather "stutter" over two adjacent 

nucleotides. In vitro two-thirds of the transcripts end with the C residue 17 bases 

downstream from the centre of the dyad symmetry, while the remaining one-third 

terminate at the subsequent G residue (Dunn & Studier 1980). In vivo the stop site is 

3 to 4 bases upstream from the C residue mentioned above (Briat & Chamberlin 1984).

FIGURE 3.2 Nucleotide Sequence and Secondary Structure of the Rho-independent 
Terminator ted

T C
T G

C - G
A - T
C - G
T - G
C - G

TAATCACACTG - CTTT^C^TGC 1 G 1 T

The stop codon used in wild type T7 (end of gene 1.3) is underlined The positions where 
transcriptional termination has been shown to occur m vivo and m vitro are indicated by the vertical 

arrows ||, and 1, respectively.
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Ribosomes translating the 1.3 gene of T7 terminate translation 7 bases 

upstream of ted; and likewise, translation of other genes stops some distance 

upstream of the end of the transcript. It is therefore pertinent to ask the question: 

how would the efficiency of transcriptional termination be affected if, instead of 

ribosomes stopping upstream of a transcriptional termination signal, they were allowed 

to read through, eventually stopping some distance downstream of the terminator? It 

has long been known from the study of polarity that translational readthrough of 

rho-dependent terminators abolishes the effect of such a signal. It is widely accepted 

that this occurs because the rho factor has to gain access to the transcribing RNA 

polymerase through interaction with an extensive region of naked nascent RNA (see 

section 1.4.1). The same effect might arise for rho-independent terminators, although 

through a different mechanism. The work in the following chapter describes 

experiments performed to investigate this question.

3.2 CLONING OF tecl FROM T7, AND THE pKO PLASMID SYSTEM

A 142bp /r/7t/4HI fragment from bacteriophage T7 carrying tec! was cloned 

into the Bam\\\ site of pBR322 by filling in the cohesive ends of the Fnu\\\ fragment 

and attaching Bam\\\ linkers (dGGATCCAGATCCGG) (Studier & Rosenberg 1981). The 

resulting 164bp Bam\\\ fragment (see Figure 3.3) was then subcloned by Garner et al. 

(1985) into pHR9 (via pACYC184, Chang & Cohen 1978) to give plG139 (see Figure 3.4).

FIGURE 3.3 Nucleotide Sequence of the 164bp BamHl Fragment Carrying ted

qgatccagat ccggGGCACC CATCGTTCGT AATGTTCCGT GGCACCGCGG ACAACCCTCA 
Bam\\\

AGAGAAAATG TAATCACACT GGCTCACCTT CGGGTGGGCC TTTCTGCGTT TATAAGGAGA
    » «    

ted

CACTTTATGT TTAAGAAGCT TGGTAAATTC CTTGCGccgg atctggatcc
Bam\\\

The sequence shown in upper case represents T7 DNA and the sequence in lower case represents 
the BamHl linkers used to clone the fragment into pBR322. The wild type stop codon is underlined
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FIGURE 3.4 Schematic Diagram of the Cloning of the 164bp tecl Fragment into pHR9

Intermediate donor 

(a pACYC184 derivative)

BamHI

B ted B

H 1090 
B 1111

Bam HI 
ligase

gai

plG139 
4951bp tecl

Restriction sites are denoted as follows and in some cases the distances in bp from the EcoRl site 

are shown: B, Bam Hi; E, EcoRl; H, HimJlll; P, Pstl; Sp, Spn I. The three crosses denote stop codons m 

all three reading frames. The 164bp BamHl fragment carrying tecl was cloned from a pACYC184 

derivative into pHR9.

pHR9 is a derivative of the pKO family (specifically pK04) of transcription fusion 

vectors described by McKenney et al. (1981), designed to facilitate the precise study 

of transcriptional signals pHR9 possesses an EcoRl - Hind\\\ fragment carrying the 

galactose promoter region (P ga ,) and part of the galE gene of E. coli Downstream of
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the H/ndin site lies the promoter distal part of the galT gene and finally the intact 

galK gene; the remainder of the plasmid originates from pBR322. This system allows 

DNA fragments carrying potential termination signals to be inserted between Pga | and 

the galK coding sequence, and the strength of the terminator measured indirectly by 

assaying the activity of the galK gene product, galactokinase. The extent to which a 

terminator reduces galactokinase activity provides a measure of its efficiency.

In order to reduce the effect of translational polarity, McKenney left the galT - 

galK boundary intact. This region contains the Shine-Dalgarno sequence normally 

utilized for the translation of galK, and McKenney reasoned that if this region was left 

unaltered galK translation might be relatively independent of the RNA structures 

occurring upstream of this site. This reasoning is upheld by experiments in which galK 

was genetically fused at different distances from the X promoter, P- galK expression 

remained proportional to the level of PL transcription (Adhya et al. 1976).

As translation initiating within or upstream of an insert could, in principle, 

exert a differential effect on galK translational efficiency, the sequence was 

manipulated to ensure that stop codons in all three reading frames existed between 

the cloning sites and the galK start codon. These stop codons are located 174, 121, 

and 74bp upstream of the galK coding sequence, so ensuring that there is always a 

lengthy untranslated leader region.

3.3 CONSTRUCTION OF VECTORS WITH ALTERED READING FRAMES

When the 164bp Bam\\\ fragment carrying ted is cloned into pHR9 to give 

plG139, ribosomes emanating from the galE ribosome binding site should terminate 

translation at the normal position relative to ted, i.e. at the T7 gene 1.3 stop codon 

(Dunn & Studier 1983; Garner et al. 1985) (see Figure 3.2 and 3.3). In order to 

investigate the effect of translation on rho-independent termination a set of galK 

fusion plasmids was constructed with altered reading frames, such that translation 

stopped either upstream of, or downstream of (beyond ted), or at the normal site.

The changes made to alter the translation reading frame are summarized in 

Figure 3.5 and Figure 3.6. Initially, the 21 bp H/nd\\l ~ BamU\ fragment of pHR9 was 

replaced by a 20bp Hin6\\\ - BamH\ fragment from M13mp8 (Messing & Vieira 1982). 

Following transformation of N100 cells, recombinants were identified by the presence 

of a Sal\ site and a second Pst\ site, and plasmids giving the correct restriction 

pattern were designated pJW9.
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FIGURE 3.5 Construction of pJW9

E r
Sm

I B H

TACGAATTCCCGGG GATC CGTCGACCTGCAGCCA AGCT TGGC 
ATGCTTAAGGGCCC CTAG GCAGCTGGACGTCGGT TCGA ACCG

M13mp8 polylinker

Sam HI 
H/ndlll

BamHl 
H/ndlll

pHR9 
4787bp

ligase

4036 P/ /AmpR

pJW9 
4786bp

1090 
P1102

-S 1104 
5 -B1110

Restriction sites are denoted as follows, and in some cases the distances in bp from the EcoRl site 
are shown: B, BamHl; E, EcoRl; H, H[ndlll; P, Pstl; S, Sail; Sm, Smal; Sp, Sphl. The three crosses on 
the plasmid maps denote stop codons m all three reading frames The 21bp Hjndlll - aarnHl 
fragment of pHR9 was replaced by a 20bp Hindlll - BamHl fragment from M13mp8
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FIGURE 3.6 Construction of pJW11

B Hi r K Sp EC Ss
Sm

1 E

CTGCAGG TCGA CGGATCCCA AGCT TCTTCTAGAGGTACCGCATGCGATATCGAGCTCTCCCGGGAATTC 
GACGTCC AGCT GCCTAGGGT TCGA AGAAGATCTCCATGGCGTACGCTATAGCTCGAGAGGGCCCTTAAG

M13tg131 polylinker

H/ndlll 
Sa/l

H/ndlll Sa/l

V
ligase

pJW9 
4786bp

Bam HI 
ligase

4023 P

Sp481

pJW11 
4773bp

H1090

;r B1097

Restriction sites are denoted as follows, and in some cases the distances m bp from the EcoRl site 
are shown: B, BamHl; E, EcoRl; Ev, EcoRv, H. Hind III, K, Kpnl, P, Pstl, S, Sail, Sm, Smal, Sp, Sphi, Ss, 
Sstl; X. Xba\. The three crosses on the plasrmd maps denote stop codons m all three reading 
frames. The 14bp Hindlll - Sail fragment of pHR9 was replaced by a 13bp Hmdin - Sail fragment 
from M13tg131. The~7esultanTl2bp Bam Hi fragment was then removed
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As a further check, the altered region was sequenced by cloning the Bam\\\ - 

EcoRl fragment of pJW9 into M13mp10 (Messing & Vieira 1982) cut with the same 

enzymes. Following transformation into JM101, potential recombinants were identified 

by the colourless phenotype of the plaques. Single-stranded template preparations 

were made from these plaques and "T-screening" performed. This provides a quick 

method for screening a number of hopeful recombinants without the necessity for full 

sequencing; only the pattern of the T residues in the template is seen and, provided 

that the expected sequence is known, the desired clones can be identified. Full 

dideoxy sequencing of a correct clone (M13mp10-16) showed that the sequence of the 

Bam\\\ - H/ndlll fragment of pJW9 was correct (see Figure 3.7).

pJW11 was derived from pJW9, in two steps (see Figure 3.6). Firstly, the 14bp 

HindlU - Sal\ fragment of pJW9 was replaced by a 13bp H/ndltt - Sal\ fragment from 

M13tg131 (Kieny et al. 1983). The resulting clone (pJW13) was checked by restriction 

analysis, and, as expected, gave a similar pattern to that of pJW9, except for the 

absence of a second Pst\ site (see Figure 3.8). Because Bam\\\ was to be used later 

in the constructions it was thought advisable to remove the 12bp Bam\-\\ fragment of 

pJW13 (see Figure 3.6). The resulting plasmid, designated pJW11, was identified by 

the absence of a Sal\ site. The Bam\\\ - EcoRl fragment from pJW11 was then 

cloned into M13mp10, and sequencing confirmed that, as expected, only 1bp now 

separated the Hin<\\\\ and Bam\\\ recognition sequences of pJW11 (see Figure 3.7).

The three plasmids pHR9, pJW9, and pJW11 differ from one another only in 

the short region between the Hindlll and Bam\\\ sites. Ribosomes emanating from 

the galE ribosome binding site translate the transcript in the same reading frame in 

all three plasmids until they reach the Hindlll site, 414 nucleotides downstream. Here, 

the reading frames diverge so that when the sequence beyond the Bam\\\ site is 

reached, where once again the plasmids are identical, the reading frame is different in 

each case (see Figure 3.9).

In order to study in full the effect of translation on termination, a fourth 

plasmid was added to the set, in which there was no translation upstream of the 

Bam\\\ and H/ndlll sites. This plasmid, pHR24, was constructed from pKO4, checked 

and kindly provided by Dr Brian Morgan. It is similar to pHR9, but lacks the =O090bp 

EcoRl - A//A7dlI! fragment carrying P gal . This is replaced by an 839bp EcoRl fragment 

carrying the moderately weak E. coli ftsQ promoter and a 293bp EcoRl - H/ndlll 

carrying part of the X O gene. These fragments exclude translation because the
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FIGURE 37
of pJW9 and pJW11

Autoradiographs of Sequencing Gels Showing the Bam\\\- Hind\\\ Regions

M13mp10-16 (pJW9)
5-^3' 

TCG A

»  A

H/ndlll

A I 
C

Sa/l

Sam HI
G J

Ml3mp10-19 (pJW11) 
5-*-3'

TCG A

H/ndlll

BamHI A
L

A
F T

The direction of the sequence analysis with respect to the coding strand of the inserted DNA ,s 

indicated
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FIGURE 3.8 Restriction Analysis of pJW13

1 23456789

21226-

-4785/4786

-2932/2934

-1852/1853

Plasmid DNA was prepared on a 
electrophoresis m a 1% agarose gel.

small scale, digested, and the fragments separated by

TRACK 
NUMBER

1
2
3
4
5
6
7
8
9

DNA

pJW9
pJW9
pJW9
X ci857
P JW13
pJW13
pJW13
pJW13
pJW13

ENZYMES EXPECTED 
SIZES

undigested
Hindlll
Pstl
Hindlll & EcoRl
undigested
Hindlll
Pstl
Sail
Sail & Pstl

_

4786
1852,

FRAGMENT 
Ibp)

2934
see above

-

4785
4785
4785
1853, 2932

pJW9 and pJW13 give a similar restriction pattern, except for the presence of a second Pstl site m 

the former.
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Shine-Dalgarno sequence normally utilized for translation of the ftsQ gene is absent 

from the EcoRl fragment (Robinson et al. 1986) and there are no plausible ribosome 

binding sites, with start codons nearby, in the X O fragment.

FIGURE 3.9 Translational Reading Frames in the galK Plasmids

pHR9 A AGC TTa etc ccc ate ccc ccG GAT CC 
Hind\\\ Bam\\\

pJW9 A AGC TTg get gca ggt cga cGG ATC C
Bam\\\

pJW11 A AGC TTg GGA TCC
I Bam\\\

The Hindlll - BamHl fragment and the reading frame through the sequence is shown for each 
plasmid.

The 164bp Bam\\\ fragment carrying tecl in plG139 was subcloned into pJW9, 

pJW11, and pHR24 at the Bam\\\ sites between P ga | , or PftsQ , and the galK gene 

yielding pJW10, pJW12, and pJW14, respectively (see Figure 3.10). In the latter case, 

the plasmid host strain (N100) gave white colonies on galactose MacConkey agar 

indicator plates, thereby providing a means of selection since all other galK plasmids 

mentioned produce enough galactokinase to give red colonies on this medium. The 

presence of the tecl fragment in each case was checked by restriction analysis; for 

example, see Figure 3.11. The orientation of the ted fragment in the plasmids could 

not be determined by agarose gel electrophoresis because the relevant restriction 

fragments were too small. However, this was achieved by polyacrylamide gel analysis 

of Hae\\\ restriction fragments (see Figure 3.12, and Table 3.1). In plG139, pJW10, 

pJW12, and pJW14 the tecl fragment is inserted in the normal orientation relative to 

transcription.
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FIGURE 3.10 Construction of pJWIO, pJW12, and pJW14

ISamHI

B ted B

Sam HI 

ligase

/ted

B

Ba/nHI 
ligase

Sam HI 
ligase

'/ted

B

Restriction sites are denoted as follows B, BamHi, E, EcoRi, H, Hmdlll, P, Pstl; S, Sail; Sp, Sphi The 

three crosses on the pldsmid maps denote stop codons m all three reading frames. The 164bp 

BamHl fragment carrying ted was cloned from plG139 into pJW9, pJW11. and pHR24
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FIGURE 3.11 Restriction Analysis of pJW14

1 2 3 4 5 6 7 8 9 10 11 12

21226-

Plasmid DNA was prepared on a small scale, digested, and the fragments separated by 

electrophoresis in a 1.2% agarose gel.

TRACK 
NUMBER

1
2
3
4
5
6
7
8
9
10
11
12

DNA

X CI857
pHR24
pJW14
pHR24
P JW14
pHR24
pJW14
pHR24
pJW14
P HR24
P JW14
X cl857

ENZYMES EXPECTED FRAGMENT 
SIZES (bp)

Hindlll & EcoRl
undigested
undigested
Hmdlll
Hindlll
Pstl
Pstl
Hindlll & Pstl
Hindlll & Pstl
BamHl
BamHl
Hindlll & EcoRl

see above
-
-

4829
4993
3921, 908
4085, 908
2947, 974, 908
3111, 974, 908
4829
4829, (164)
see above

The difference in size between pHR24 and pJW14 corresponding to the 164bp BamHl ted fragment 

is clearly evident in all the comparisons, with the exception of the BamHl digests In this case, the 

fragment itself is excised and is too small to be visible on the gel (fragment size m brackets)
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TABLE 3.1 Predicted Sizes of Restriction Fragments of galK and Marker Plasmids

pBR pBR pBR pHR9 pHR9 pHR9 pJW9 pJW9 pJW9 pJW1l pJW11 pJW11 pHR24 pHR24 pHR24 
322 325 325 +ted +ted +ted +ted +ted +ted +ted +ted

Haelll Haelll Aim Haeill Haelll Haelll Haelll Haelll Haelll Haelll Haelll Haelll Haelll Haelll Haelll

1536 1536 1536 1536 1536 1536 1536 1536 1536 1536 1536 1536
937

936
932

923
910
831

767
766

753
737

736
723

656
587 587 587 587 587 587 587 587 587 587 587 587 587 587
540 540

521
504 504

486 486 486
458 458 458 458 458 458 458 458 458 458 458 458 458 458
434 434 434 434 434 434 434 434 434 434 434 434 434 434

403
392

364 364 364 364
334 334 334 334

332 332 332
281 291
272

267 267 267 267 267 267 267 267 267 267 267 267 267 267

255 
234 234

226 
222 

213 2 (213)
21 ° 210 210 210 210 210 210 210 210

184 184
171 181 181 181

156 156 156 156 156 156 156 156 156
136 148 148 148

130
129

124 124
123 123

119
104 104

100

92 93 93 93 93 93 93 93 93 93

89 2 (89) 91 
87

f. H 8 ° 8 ° 8 ° 80 80 80 80 80 80 80 80 80
63

57 2 (57) 57 
51 2 (51)

49 
45 

21 2 (21)
19 

18 18 18 18 18 18 18 18 18 18 18 18 18 18

11 11 11 11 11 11 11 11 11 n n n n n n
8 8
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FIGURE 3.12 Restriction Analysis of Parent and Terminator Plasmids

1 234567 8 9 10 11 12

130 
123/124

123/124-

Plasmid DMA was prepared by CsCI isopycnic gradient centnfugation, digested, and separated by 

electrophoresis m a 3-10% gradient polyacrylamide gel The expected fragment sizes are listed in 

Table 3.1.

TRACK 
NUMBER

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13

DNA

pBR325 
pBR325 
pHR9 
PIG139 
pJW9 
pJW9 + ted 
pHR24 
pHR24 + tec! 

pBR322 
pJW13 
pJWl 1 * ted 
pJW11 
pJWl 1 * tecl

ENZYMES ORIENTATION 
OF ted

Haelli
Alul 
Haelli
Haeill -*
Haelli
Haelli ~*
Haelli
Haelli ~* 

Haelli 
Haeill 
Haelli *~
Haeill 
Haeill "~*

PLASMID 
NAME

PIG139

pJWIO 

pJW14

PJW22 

PJW12

Some DNA fragments do not run exactly as predicted from their molecular weights, owing to either, 

overloading of the gel (a necessity if small fragments are to be visible), or secondary structure and 

folding of the DNA This is particularly true of the 486bp fragent of pHR24 and pJW14, which 

co-migrates with the 458bp fragment In these cases, densitometric scanning of the gel photograph 

was performed in order to to confirm the presence of two bands
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3.4 SEQUENCING OF THE galE GENE

It was essential that the translation frames in all plasmids should be known 

with certainty. The sequence of the gal promoter/operator region is well established 

(Nucleotide Sequences 1985) and Dr Keith McKenney kindly provided the sequence of 

galE (personal communication 1980). However, restriction enzyme data from our 

laboratory were not totally consistent with the sequencing data, and it was therefore 

decided to determine the sequence of P gaj and galE' independently. Fragments from 

pHR9 were cloned into appropriate M13 vectors as shown in Figure 3.13, and 

recombinants were selected by "T-screening"; except in the cloning of the Taq\ 

fragment when plaque hybridization was used, with the 609bp Sph\ - Hind\\\ fragment 

from pHR9 as a probe. This method was chosen because pHR9 is cleaved by Taq\ 

into many fragments, and any of these fragments could, in theory, have been cloned 

into M13mp10. As the hybridization results show (see Figure 3.14), the required Taq\ 

fragment(s) was, for some reason, favoured over the other fragments and therefore

FIGURE 3.13 Sequencing Strategy Adopted for the Pga | - galE' Region
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M13mp19-3

M13mp19-1
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Restriction sites are denoted as follows: B, BamHl; H, Hindlll; Sp, Sphl; T, Tag I; X, Xhol. Multiple 
runs were made from each priming site; the arrows indicate the maximum reliable sequence 
coverage, and the position of the synthetic oligonucleotide primer used is indicated (I »-)

The M13 derivatives contained the following fragments of pHR9: 
M13mp10-11: 1111bp EcoRl - Hindlll fragment; 
M13mp10-15: 906bp Taql fragment; 
M13mp19-1: 609bp Sphl - Hindlll fragment; 
M13mp19-2: 395bp Xholl - Sphl fragment, 
M13mp19-3: 214bp Xholl - Hindlll.
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FIGURE 3.14 Representative Autoradiograph From a Plaque Hybridization Experiment

+ve control -ve control

-ve control +ve control

50 plaques (including positive and negative controls) were picked onto an agar plate using a 

numbered grid, grown overnight, and transferred onto a circular nitrocellulose filter. The 609bp Sphi 

- HmdlH fragment from pHR9 was used as a hybridization probe to the filter.
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FIGURE 3.15 Nucleotide Sequence of the Pga , - galE' Region

1 GCATGCaggc atgaaaccgc gtcttttttc agataaaaag cgcaatcatt cataaaccct 
Sph\

61 ctgttttata atcacttaat cgcgcataaa aaacggctaa attcttgtgt aaacgattcc

P2 -» PI-> 
121 actaatttat tccatgtcac acttttcgca tctttgttat gctatggttA tttcAtacca

181 taagcctaat ggagcgaatt ATGagagttc tggttaccgg tggtagcggt tacattggaa 

241 gtcatacctg tgtgcaatta ctgcaaaacg gtcatgatgt catcattctt gataacctct

301 gtaacagtaa gcgcagcgta ctgcctgtta TCGAgcgttt aggcggcaaa catccaacgt
Taq\

361 ttgttgaagg cgatattcgt aacgaagcgt tgatgaccgA GATCCtgcac gatcacgcta
Xho\\

421 TCGAcaccgt gatccacttc gccgggctga aagccgtggg cgaatcggta caaaaaccgc
Taq\

481 tggaatatta cgacaacaat gtcaacggca ctctgcgcct gattagcgcc atgcgcgccg

541 ctaacgtcaa aaactttatt tttagctcct ccgccaccgt ttatggcgat cagcccaaaa

601 ttccatacgt tgaAAGCTT

The sequence begins at an Sphl target upstream of Pga |. Nucleotides 82-220 correspond to 1-139 in 
the GenBank/EMBL library (entry name ECOGALE). As shown in Figure 3.15, the sequence of both 
strands was determined downstream of nucleotide 120. The Pga i2 transcript starts from position 170, 
and that initiating at PgaM from 175. The galE start codon (underlined) is at position 201. The 
sequence ends at a Hindlll site, internal to galE.

plaque hybridization was not strictly necessary. It was hoped that by using a probe 
that spanned the whole region to be sequenced, other Taq\ fragments from this 
region would be selected. However, all positives tested appeared to contain only the 
small 90bp Taq\ fragment from the centre of the region, the presence of which had 
not been predicted from sequencing data already available, providing a further
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FIGURE 3.16 Autoradiograph of a Sequencing Gel Showing Part of the galE' Gene
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shown. The coordinates shown refer to those used m Figure 315.
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indication that the sequence of this region was incorrect. The absence of suitable 

restriction enzyme sites prevented the whole region from being sequenced in both 

orientations using only cloned fragments and universal M13 primer. To overcome this 

problem a synthetic oligonucleotide primer complementary to the galE translational 

start site was used for one section (see Figure 3.13).

The complete sequence is shown in Figure 3.15. Nucleotides 82-220 

correspond to 1-139 in the existing GenBank/EMBL data library (entry name ECOGALE). 

The Pgal2 and Pgal1 transcripts start at 170 and 175 respectively, and the galE start 

codon is at 201-203. The sequence agrees perfectly with McKenney's version up to 

nucleotide 318 and from 510 onwards. Between these sites are 12 insertions and one 

inversion. The most extensive changes occur between 318 and 335 where McKenney 

showed 11 rather than 16 nucleotides. This region is shown in Figure 3.16. Despite 

these differences the galE translation phase is the same in both versions, reading 

aAGCtt at the H/ndlll site as previously shown in Figure 3.9. This region has since 

been sequenced by Lemaire and Muller-Hill (1986) and their sequence agrees perfectly 

with that which I determined.

3.5 PREDICTION OF STOP SITES AND IN VITRO TRANSLATION

Knowing all relevant DNA sequences the nonsense codons used in pHR9, 

plG139, pJW9, pJW10, pJW11, and pJW12 can be predicted. As previously mentioned, 

in plG139 translation stops at the normal site prior to ted. In the case of pJW10, 

however, translation stops 41 nucleotides upstream of this site, whereas ribosomes 

translating the mRNA derived from pJW12 would not halt until they had read through 

and beyond the ted region and reached a point 161 nucleotides downstream of the 

normal position. These and the stop codons used in pHR9, pJW9, and pJW11 are 

shown in Figure 3.17. As mentioned above, no translation is expected from the region 

between PftsQ and galK in pHR24 and pJW14.

Obviously, even one nucleotide insertion or deletion caused by, for example, 

spontaneous mutation, would disrupt these predictions. Therefore the presence of the 

predicted protein was confirmed for each plasmid using in vitro translation and 

SDS-polyacrylamide gel electrophoresis (see Figure 3.18). The sizes of the 

GalE'-hybrid proteins produced were estimated by comparison with non-radioactive 

markers. The results are given in Table 3.2, which shows that the actual sizes agree 

well with those predicted.
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FIGURE 3.17 Nucieotide Sequence and Translational Reading Frame of pJW12 
Showing the Stop Codons Used in All galK Plasmids Constructed

GGA TCC aga tec ggg gca ccc ate gtt cgT AAt gtt ccg tgg cac cga gga caa ccc
Bam\\\ •]

tea aga gaa aat gTA Ate aca ctg get cac ctt egg gtg ggc ctt tct gcg ttt ata
2 —————» «——______

agg aga cac ttt atg ttt aag aag gtt ggt aaa ttc ctt gcg ccg gat ctG GAT CCg
Bam\\\

ggg gca aTA Agg get gca cgc gca ctt tta tec gee tct get gcg etc cgc cac cgt
3

acg TAA att tat ggt tgg tta tga aat get ggc aga gac cca gcg aga ccT AA
4 5

The limits of the 164bp fragment are defined by the BamHl sites, and the position of the tecl 
terminator is indicated by the dashed lines and arrows. pHR9, pJW9, and pJWII lack the terminator 
fragment, but the stop codons that are used in ALL of the plasmids are shown (underlined and 
numbered), as follows: 1, pJW10; 2, plG139; 3, pJW9; 4, pHR9 & pJW12; 5, pJW11.

TABLE 3.2 Comparison of the Predicted and Measured Molecular Weights of Proteins
Produced by in vitro Translation

PROTEIN

pUR9-ga/E hybrid 
plG139- " 
pJW9- 
pJW10- 
pJW11- 

pJW12- "

3-lactamase 
Galactokinase

PREDICTED 

MW

18,109 
18,466 
16,301 
16,895 
19,587 
23,795

31,515 
41,387

MW MEASURED 

FROM GEL a

19,100 
19,300 
15,900 
16,300 
20,100 
24,000

31,300 
40,300

a The molecular weights were estimated by comparison with non-radioactive marker proteins run on 

the same gel.
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FIGURE 3.18 Analysis of the Products of in vitro Translation

94,000-
(Rabbit muscle 

phosphorylase b)
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The samples were run on a 15% SDS-polyacrylamide gel along with non-radioactive markers, whose 

sizes are marked on the gel photograph.

TRACK
NUMBER

1
2
3
4
5
6

DNA

pHR9
plG139
pJW9
pJW10
pJW11
pJW12

MW OF EXPECTED
galE' FUSION PROTEIN

18,109
18,466
16,301
16,895
19,587
23,795



CHAPTER 3 99

3.6 GALACTOKINASE ASSAYS

All eight plasmids (pHR9, plG139, pJW9, pJW10, pJWII, pJW12, pHR24, and 

pJW14) were introduced by transformation into E. coli strain N100, and the efficiency 

of transcriptional termination was assessed indirectly by measuring the galactokinase 

activity in the Amp R transformants when grown under standardized conditions (see 

Section 2.11.1). These results, with the standard errors are summarized in Table 3.3 

and represent, for each plasmid, the mean galactokinase activity of four assays on 

each of three separate cultures. The amount of galactokinase produced by a plasmid 

is partially dependent on the copy number of the plasmid in the cell. This, in turn, is 

influenced by many different factors and, therefore, one cannot assume that two 

almost identical plasmids will have the same copy number. For this reason the copy

TABLE 3.3 Galactokinase Production by the galK Plasmids in E. coli N1QO

PLASMIO

pHR9 
plG139

pJW9 
pJWIO

pJW11 
pJW12

pHR24 
pJW14

TERMINATOR GalK 

PRESENT a UNITS b

1151 ±41 
ted 579 ± 13

960 ±25 
ted 423 ± 19

747 ±25 
tec! 860 ±35

79 ± 2 
ted 16 ± 0.5

COPY 

NUMBER c

38-39 
38-39

37-40 
47-49

35-37 
37-41

37 
37-39

CORRECTED EFFICIENCY OF 

GalK UNITS d TERMINATION e

1136 ±41

571 ± 14

948 ±36 
335 ±16

788 ±31 
838 ± 46

81 ± 2 
16 ± 0.6

50%

65%

0%

80%

a In all cases, the orientation of the terminator with respect to transcription is normal.

b One GalK unit is equivalent to one nanomole of galactose phophorylated in one minute by one OD650 
of cells. The mean of four assays on each of three separate cultures is shown, with the Standard 

Error.

c The range of two separate assays is shown. The copy number given represents the number of
plasmid copies of the bla gene, relative to the number of chromosomal copies in a polA strain
(MM20) harbouring an integrated pHR9 plasmid (assumed to be one copy).

d Normalized to a copy number of 38. 

e Calculated using the formula:

100 - corrected GalK units for terminator plasmid x 100 
[ corrected GalK units for parent plasmid
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FIGURE 3.19 Histogram Showing Galactokinase Assay Results
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The values were corrected for copy number differences. The bars represent the limits of the 
Standard Error of 12 observations in each case.

number for each of the eight plasmids was determined. As a single copy standard, 

MM20 (a polA strain) was transformed with pHR9, and recombinants were selected on 

plates containing 50ug ml" 1 of ampicillin. The only means by which a ColE1-derived 

plasmid can survive in a PolA" host cell is by an anomalous recombination event 

whereby it would become integrated into the host chromosome. It is probable that 

only a single copy of the plasmid would integrate; however, to check this a number of 

the resulting recombinants were used as controls, and they all gave similar results. 

The copy number of the plasmids was assessed using the method discussed in 

Section 2.12.4 with the 750bp Pst\ - £coRI fragment from pHR9 as a probe This 

contains part of the bla gene and is common to all the plasmids. The results are 

listed in Table 3.3, which gives the range of two separate determinations, performed
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using the same cultures used for assaying the level of galactokinase. The 

galactokinase results were normalized to a copy number of 38 and these results are 

also given in Table 3.3, and in graphical form in Figure 3.19.

The efficiency of termination at ted can be assessed by comparing the result 

for a plasmid carrying tec! with that of its parent. The result for plG139 (relative to 

pHR9) indicates 50% termination at ted, and the efficiency was increased to 65% in 

pJW10. However, in the case of pJW12, where the ribosomes can translate through 

ted, no decrease in galK expression was observed; there is no detectable 

transcriptional termination. The levels of galactokinase produced by pHR24 and pJW14 

are lower than for the other plasmids because of the weakness of P ftsQ as compared 

with Pgaj . The level of termination in this case appears to be 80%.

3.7 DETERMINATION OF mRNA LEVELS

Galactokinase assays only provide an indirect measure of termination 

efficiency. A study of the relative amounts of galE' and galK mRNA would provide a 

more direct means of assessing the extent of termination in the plasmids. In addition, 

an experiment of this type would alleviate problems connected with the prediction of 

in vivo translational stop sites in the galK fusion plasmids. As previously mentioned 

the pKO system of plasmids was elegantly designed to minimize translational variation 

by including stop codons in all three phases between the cloning sites and the galK 

gene. However, the second of these stop sites lies almost adjacent to a start codon, 

AUG. McKenney suggested (pers. comm.) that ribosomes reaching this stop codon 

might restart with low efficiency at the AUG. Since this is in phase with the gal'T 

sequence, ribosomes would continue to the galT stop site and then reinitiate on galK, 

due to the translational coupling known to exist between these two genes. The stop 

codon in question is utilized by both pHR9 and pJW12. As can be seen from the 

galactokinase results, Table 3.3, the level of galactokinase expression in pHR9 is higher 

than in either pJW9 or pJW11. If translational coupling were occurring between galE' 

and galT this could account for the elevated result for pHR9. Likewise, the pJW12 

result could be anomalously high, and thus falsely indicate that translational 

readthrough of a rho-independent terminator abolishes termination.

The amount of galE' and galK mRNA was assessed using the method 

described in Section 2.12.6. The probe used to measure the production of galE' 

mRNA was constructed by cloning the 609bp Sph\ - A///7dlII fragment of pHR9 into 

M13mp19. The resulting M13 derivative was designated M13mp19-1, and both single 

stranded (SS) and double-stranded (RF) DNA was prepared. RNA complementary to
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galE mRNA was measured using M13mp19-2 (SS) which was constructed by cloning 

the 395bp Sph\ - Xho\\ fragment of pHR9 into M13mp19. galK mRNA was 

determined using a probe prepared from M13mp10 containing a 348bp Taql fragment 

(from the centre of the galK gene) in the Acc\ site, M13mp10-14 (RF). RNA 

complementary to galK mRNA was measured using M13mp10-14 (SS). I was unable 

to invert the galK Taql fragment in M13mp10-14 to produce a single-stranded probe 

for galK mRNA. All the probes used are listed in Table 3.4.

TABLE 3.4 DNA Probes Constructed For the mRNA Hybridization Experiments

CLONE

M13mp19-1
M13mp19-1
M13mp19-2
M13mp10-14
M13mp10-14

GENE

galE'
galE'
galE'
gal'K'
gal'K'

TYPE OF

DNA a

RF

SS

SS

RF
SS

STRAND b FRAGMENT COORDINATES C SIZE d

CLONED

+/- Sph\ -
+ Sphl -

Sph\ -
+/- Taql -

Taql -

H/ndlll
H/nd\\l
Xho\\
Taql
Taql

5
5

400
913
913

- 614
- 614
- 5

- 565
- 565

609 (445)
609 (445)
395 (231)
348
348

a RF = double-stranded DNA (replicative form); SS = single-stranded DNA.

b "+" indicates the strand which hybridizes to the galE or galK mRNA; "-" indicates the strand 
corresponding to the galE or galK mRNA, and which will therefore not hybridize to these RNAs.

c The nucleotide coordinates listed for the galE segments refer to the numbering system used in 
Figure 3.17. Those listed for the galK segments refer to the nucleotides of the gene.

d In some cases, only part of the insert segment is complementary and able to hybridize; the size of 
this part is given in parentheses.

The hybridization results are shown in Table 3.5. The two single-stranded 

probes used to measure the amount of RNA complementary to galE and galK gave 

very low levels of hybridization with all plasmids (8-20ppm). These results are not 

shown, but have been subtracted, as appropriate, from the galE (RF) and galK (RF) 

results. The efficiency of termination seen in the terminator plasmids (plG139, pJW10, 

and pJW12) was calculated by comparing the galE (SS) and galE (RF) levels of 

hybridization with that observed with galK (RF), taking into account the difference in 

length of the galE and galK probes (see footnote to Table 3.5). pHR24 and pJW14 do 

not contain the galE gene, and therefore no results are given for hybridization with 

the galE probes. The efficiency of termination in pJW14 has been calculated by 

comparison of the amounts of galK mRNA in pHR24 and pJW14.
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TABLE 3.5 The Amounts of mRNA Hybridization to Filter-bound M13 DNA

PROBE b,c
PLASMID TERMINATOR EFFICIENCY OF

pHR9 
plG139

pJW9 
pJWIO

pJW11 
PJW12

pHR24 
pJW14

PRESENT a galE (SS)

1256,1361 
ted 1286,1423

1051,1196 
tecl 1178,1079

870, 994 
tecl 839, 935

tecl

galE (RF)

1367,1468 
1414,1332

1118,1277 
1137,1219

898, 906 
940, 956

 

galK (RF) TERMINATION d

1284,1162 
403, 554

1094,1004 
87, 152

891, 801 
879, 785

126, 170 
20, 23

55%

87%

0%

85%

a In all cases, the orientation of the terminator with respect to transcription is normal.

b The results are given as ppm of input radioactivity The results from two separate experiments are 
given.

c Two single-stranded M13 probes were used to measure the amount of RNA complementary to galE and galK mRNA. These background levels of hybridization were very low (5-20ppm), but have been 
used to correct the galE(RF) and galK(RF) results by subtraction.

d Calculated using the formula:

100- [____amount of RNA:galK(RF) hybridization for the terminator plasmid x 100______
[amount of RNA:galE(RF/SS) mean hybridization for the terminator plasmid x 0.782 J

where 0.782 is the ratio of the relevant lengths of the probes for galE (348bp) and galK (445bp, from 
Pgaii onwards).

TABLE 3.6 Comparison of Termination Efficiencies Assessed by Galactokinase Assays 
and mRNA Hybridization

EFFICIENCY OF TERMINATION

TERMINATOR 
PLASMID

plG139 
pJWIO 
pJW12 
pHR24

GALACTOKINASE 
ASSAYS

50% 
65% 

0% 
80%

mRNA 
HYBRIDIZATION

55% 
87% 

0% 
85%
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A comparison of the levels of termination observed in the terminator plasmids 

as determined by galactokinase assays and mRNA hybridization is shown in Table 3.6. 

Both methods appear comparable and give a similar pattern of results. Both show that 

termination is abolished in pJW12, where the ribosomes read through tecl; and both 

illustrate the increased level of termination in pJW10 relative to plG139, the difference 

being accentuated in the mRNA results. This difference and the pJW12 result will be 

discussed in detail later. The results also suggest that the effect of translational 

coupling between galE' and gal'T in pHR9 and pJW12 is negligible or non-existent. If 

coupling was occurring then the mRNA results ought not to be consistent with the 

galactokinase assay results, and would instead show termination occurring in pJW12.

TABLE 3.7 Quantitative Estimation of the Products of in vitro Translation Using

Densitometric Scanning of Autoradiographs

PLASMID

pHR9 
plG139

pJW9 
pJW10

pJWII 
pJW12

TERMINATOR AREA OF 

PRESENT GalK PEAK a

9121

ted 3237

14726 
ted 5373

17540 
ted 3276

AREA OF 

Bla PEAK a

11545 
21895

9381 
17719

8768 
13181

RATIO 

GalK:Bla

0.79 

0.15

1.57 
0.30

2.00 
0.25

EFFICIENCY OF 

TERMINATION b

81%

81%

87%

a Areas are given in mm . 

b Calculated using the formula:

100 - Bla:GalK ratio for terminator plasmid x 100 
Bla:GalK ratio for parent plasmid

3.8 IS TERMINATION ABOLISHED IN VITRO AND IN VIVO!

In order to ascertain whether the effect on termination by translation occurred 

in vitro as well as in vivo, densitometric scanning was performed on an 

autoradiograph produced from the in vitro translation experiments discussed above 

(Section 3.5). This gave an estimate of the amount of galactokinase produced by each 

plasmid which was then corrected by comparison with the amount of 8-lactamase in 

each track (which should remain constant in each case, and was therefore used as a
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standard). The results are listed in Table 3.7 and show that transcription termination 
occurs to the same extent in p!G139, pJWIO, and pJW12. The abolition of termination 
at ted by translational readthrough is therefore an effect only seen in vivo.

3.9 THE EFFECT OF FUSIDIC ACID

The absence of termination observed in pJW12 probably reflects the effect of 
the presence of the ribosome on the nascent mRNA close behind the RNA polymerase.

FIGURE 3.20 The Mode of Action of Fusidic Acid

EF-G GTP

No 
fusidic

acid \ /

Translocation

EF-G GDP Pi

Translocation

After peptide bond formation, EF-G and GTP are needed for translocatlon but then dissociate from the ribosome In the presence of fusidic acid, the complex is stabilized m the post-translocatlon 
state and therefore dissociation cannot occur
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FIGURE 3.21 Histogram Showing Galactokinase Assay Results Obtained After Growth
in the Presence of Fusidic Acid
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The values, obtained after growth in medium containing 150ug ml fusidic acid, were corrected for 
copy number differences. The bars represent the limits of the Standard Error of 12 observations.

If so, the effects seen should be alleviated by slowing the rate of ribosome movement 

along the RNA. Fusidic acid is a steroid antibiotic which reversibly blocks translation. 

Ribosomes cannot bind the elongation factors, EF-Tu and EF-G, simultaneously; so 

protein synthesis follows a cycle in which these factors are alternately bound to, and 

released from, the ribosome. Thus EF-Tu:GDP must be released before EF-G can bind, 

and likewise EF-G must be released before aminoacyl-tRNA:EF-Tu:GTP can bind In 

the presence of fusidic acid, one cycle of translocation occurs (see Figure 3.20); EF--G
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TABLE 3.8 Galactokinase Production by the galK Plasmids in £ coli N100 in the

Presence of Fusidic Acid

PLASMID

pHR9 
plG139

pJW9 
pJW10

pJW11 
pJW12

pHR24 
pJW14

TERMINATOR GalK 

PRESENT a UNITS b

3648 ± 49 
ted 1177 ±27

3176 ±44 
ted 1019 ± 13

2355 ± 28 
ted 1203 ±28

251 ± 5 
ted 53 ± 2

COPY 

NUMBER c

127-129 
129-130

128-130 
127-129

128-131 
127-130

128-129 
127-130

CORRECTED 

GalK UNITS d

1083 ± 17 
345 ± 8

936 ± 13
303 ± 4

691 ± 10 
356 ± 9

74+2 
16 ± 0.6

EFFICIENCY OF 

TERMINATION e

68%

68%

48%

78%

a In all cases, the orientation of the terminator with respect to transcription is normal.

b One GalK unit is equivalent to one nanomole of galactose phophorylated in one minute by one OD650 

of cells. The mean of four assays on each of three separate cultures is shown, with the Standard 

Error.

c The range of two separate assays is shown. The copy number given represents the number of 

plasmid copies of the bla gene, relative to the number of chromosomal copies in a polA strain 

(MM20) harbouring an integrated pHR9 plasmid (assumed to be one copy).

d Normalized to a copy number of 38. 

e Calculated using the formula:

100 - [corrected GalK units for terminator plasmid x 100 
I corrected GalK units for parent plasmid

binds to the ribosome, GTP is hydrolysed, and the ribosome moves along by three 

nucleotides, but EF-G and GDP are not released because fusidic acid stabilizes the 

ribosome:EF-G:GDP complex. This prevents the binding of aminoacyl-tRNA:EF-Tu:G TP 

to the A site and the ribosome is blocked in the post-translocation phase (Bennett & 

Maaloe 1974).

I repeated the galactokinase assays on cultures grown in the presence of 

subinhibitory concentrations of fusidic acid, which should slow down the rate of 

translation. Initially I encountered problems with the uptake of the drug by the 

bacteria, since most gram negative cells, other than those of specific mutants such as 

Escherichia coli AS 19, are not normally susceptible to the drug (Godtfredsen et al 

1962). However, if fairly high levels (150ug ml" 1 ) were added to an overnight culture,
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and the concentration maintained at this level after dilution on the following day, 

enough fusidic acid entered the cells to cause a substantial reduction in growth rate, 

indicating a reduction of protein synthesis.

The results (Table 3.8 and Figure 3.21) show that, as predicted, termination of 

transcription is largely restored in the plasmid pJW12, while the difference in efficiency 

between plG139 and pJW10 is abolished.

3.10 THE EFFECT OF NusA ON ted

Although it is known that the termination factor p has no effect on the 

efficiency of ted, there are other factors which may be involved. NusA has been 

shown to play a role in transcriptional termination at many stop sites (Section 1.4.2), 

and could likewise participate in termination at ted. To test this, the six galK fusion 

plasmids (pHR9, plG139, pJW9, pJW10, pJW11, and pJW12) were introduced by 

transformation into the isogenic galK2, recA, nusAl and NusA + strains, LP144 and 

LP145 respectively. The NusAl mutation produces a temperature sensitive protein, so 

that by performing galactokinase assays on plasmid-containing cells grown at 30°C 

and 42°C the effect of this mutation on termination can be measured. In order to 

confirm the Nus phenotype of the transformants, X plating tests were performed. 

XAJN172 plated equally well on both strains at permissive and non-permissive 

temperatures, as expected, since it carries a nin mutation. It is therefore independent 

of the antitermination factor, p/V, and consequently has no requirement for 

NusA. XNM14 plated equally well on LP145 at 30°C and 42°C and on LP144 at 30°C, 

however, a 104-fold reduction in its efficiency of plating was observed when the phage 

was grown on LP144 at 42°C. The absence of a functional NusA protein prevents the 

action of p/V, and the resulting absence of antitermination prevents the growth of X.

The results of the galactokinase assays, before and after correction for copy 

number, are shown in Table 3.9. The levels of galactokinase were higher at 42+[o]C 

compared with 30°C as would be expected, since both the rates of transcription and 

translation increase with temperature. Early studies showed that the rate of 

transcription was 26 nucleotides s~ 1 at 29°C and 43 nucleotides s" 1 at 37°C (Manor et 

al. 1969). These values are now known to vary depending on the sequence of the 

DNA being transcribed, but they are still essentially correct. The polypeptide chain 

growth rate is very much in agreement with these values, 11 amino acids s" at 30°C 

(Causing 1972), and 16 amino acids s" 1 at 37°C (Dalbow & Young 1975; Hansen et al 

1973) suggesting that transcription and translation proceed at equal rates at all 

physiological temperatures.
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The results also show that the efficiency of termination increases with 

temperature. This too is not surprising if the thermal stabilities and bonding energies 

of different nucleotide base combinations are considered. The Td of rU:dA polymers is 

at least 20°C lower than that of similar sized rU:rA, rA:dT, dT:dA duplexes, and all G:C 

complexes (Martin & Tinoco 1980), and therefore, even though the terminator hairpin 

structure will be slightly destabilized by the increased temperature, the most profound 

effect would be upon the bimolecular rU:dA interaction. This effect would be manifest 

as an increased rate of dissociation of the RNA transcript from the DNA template at 

uridine encoding regions, presumably leading to an increased efficiency of termination. 

Increased temperatures have been reported to increase termination in other cases, for 

example the trp attenuator in vivo (Atlung & Hansen 1983) and in vitro (Farnham & 

Platt 1980).

There are no significant differences between the results obtained at 42°C with 

LP145 and LP144, suggesting that the mutation nusAl has little or no effect on 

transcriptional termination at ted. However, this does not necessarily mean that NusA 

is not involved at this signal, as will be discussed later (Section 3.11). In agreement 

with previous experiments, no termination is observed at tec! in pJW12 at 

30°C. However, a low level is observed at 42°C, both in LP144 and LP145. Similarly, 

the difference between the levels of termination in plG139 and pJW10 is present at 

30°C but abolished at 42°C. Both these results possibly reflect the fact that the 

carboxy ends of the galE' hybrid proteins are artificial, and therefore some less 

common codons are utilized. Because of these, the rate of translation may not 

increase to the same extent as that of transcription, as the temperature is raised. This 

would allow the RNA polymerase to move slightly ahead of the leading ribosome, 

permitting a low level of termination in pJW12 at 42°C and the same level in plG139 

as that observed for pJW10; compare the effect of fusidic acid.

3.11 DISCUSSION

The principle conclusion is: when ribosomes are allowed to translate through 

the rho-independent T7 early terminator (ted) in the plasmid pJW12, termination of 

transcription is abolished. The reason for this alleviation of termination is most likely 

to be the presence of the leading ribosome immediately behind the RNA polymerase 

on the nascent RNA. This hypothesis is strongly supported by the restoration of 

termination observed when the rate of ribosome movement is slowed down by fusidic 

acid. There are at least two ways, not mutually exclusive, in which the ribosome could 

affect the efficiency of the terminator: it might prevent the folding of the transcript
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and/or its interaction with RNA polymerase; or alternatively, it might prevent binding of 
auxiliary termination factors to the RNA.

The first suggestion is based on the current model for rho-independent 
termination which proposes that, initially, a GC-rich region of dyad symmetry forms a 
hairpin structure in the transcript. This causes the RNA polymerase to pause, and in 
subsequent steps the nascent RNA and the polymerase dissociate from the DNA 
template. The length of time that the enzyme pauses at a potential termination site is 
thought to be an important factor determinant of the efficiency of termination, and is 
likely to be controlled by several factors, including: the strength of the RNA:RNA 
interactions in the hairpin, the length of the loop of unpaired nucleotides, and detailed 
sequence elements affecting the rate of formation of the hairpin. I suggest that a 
ribosome present on the RNA, close behind the RNA polymerase, could prevent 
formation of the hairpin and/or "eat" into its base-paired stem, and release the paused 
polymerase. Strong support for this suggestion was published by Landick et al. (1985) 
during the course of my work. They provided evidence that RNA polymerase can be 
released from a (non-terminating) pause site in the trp leader region (1:2) by 
ribosomes translating the leader RNA (see Section 1.5.1).

It is interesting that in the case of pJWIO (where the ribosomes halt on the 
galK mRNA 41 nucleotides upstream of the normal (T7 gene 1.3) stop codon) and of 
pJW14 (where there is no upstream translation), termination appears to be more 
efficient than for plG139 (normal translation stop). Moreover, this difference is 
eliminated when ribosome movement is slowed by fusidic acid. In the case of pJWIO, 
such increased termination can hardly be ascribed to rho action; the 48 nucleotides of 
naked RNA preceding the ted stem-loop are too few to permit the entry of rho 
(Morgan et al. 1985). Nuclease digestion studies by Platt et al. (1976) have shown 
that £. co/i ribosomes protect 8-10 nucleotides of mRNA downstream of the triplet 
that they are decoding. Moreover, Johnston and Roth (1981) concluded, from studies of 
the his attenuator in Salmonella, that ribosomes can interfere with RNA secondary 
structure formation when the gap between the stop codon and the first nucleotide of 
the downstream RNA "stem" is 13 nucleotides; and some steric hindrance probably 
occurs when the distance is as great as 18 nucleotides. Thus, since there are only 
seven nucleotides between the T7 gene 1.3 stop codon and the nearest nucleotide of 
the putative ted "stem", the leading ribosome might well interfere with the function of 

this transcriptional terminator.
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I have surveyed a further 25 terminators known to be rho-independent in vitro 
or in vivo, for which the position of the upstream termination codon is known; the 
results of this survey are given in Table 3.10. The distance between the stop codon 
and the nearest G:C pair of the terminator stem-loop is given, and it varies from 11 to 
240, with the exception of three. These terminators, 4>X174-T2, trp t, and P14 have 
five, seven, and nine nucleotide spacings respectively; and are all known to be weak 
terminators. These data lend support to my suggestion regarding the T7 signal.

TABLE 3.10 Distance Between the Upstream Stop Codon and the Base of the
Stem-loop Structure in Rho-independent Terminators

ORGANISM

E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
E. coli
phage X
phage X
phage X
phage X
phage X
4>X174
<j>X174
phage fd
phage Pf3

TERMINATOR OR
PRECEDING GENE

gins
rpoD
infC
tufB
rpsT
rpoC
rpmQ
Ipp
rplQ
frdB
lexA
tonB
rpIT
PI 4
trpl
t
fL2a
fL3
fR2

fl_2b
T2
T4

VIII
VIII

NUCLEOTIDES BETWEEN
STOP CODON &

STEM-LOOP

200
55
33
33
29
26
24
24
20
19
16
14
11

9
7

240
136
62
26
25

5
38
18
34

The P14 terminator is an interesting case; it is a bidirectional terminator in 
vivo and in vitro, acting as the terminator of the tonB gene in the opposite 
orientation. From sequence comparisons alone it would be expected to function
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equally well in both orientations (see Table 4.1 for sequence); however, the efficiency 

of termination in vivo is 72% in the P14 direction, and 95% in the tonB orientation 

(Postle & Good 1985). From Table 3.10 it may be seen that in the PU direction the 

distance between the stop codon and the base of the stem is nine nucleotides, 

whereas this distance is increased to 14 nucleotides in the tonB direction, suggesting 

that the proximity of the ribosome in the P14 case relative to the tonB case might be 

responsible for the observed reduction in termination efficiency.

The second way in which uninterrupted translation of nascent mRNA could 

inhibit rho-independent termination of transcription is by preventing the access of, or 

inhibiting the function of, other termination catalysts. An obvious candidate is the 

NusA protein (see Section 1.4.2) which is believed to act through binding at, or 

immediately upstream of, a special sequence (jGCTCTT[T]A) designated BoxA, in the 

nascent RNA. Various BoxA candidates exist within my galK fusion plasmids: for 

example, 57 nucleotides upstream of the ted fragment originally isolated from T7, lies 

the sequence CGtTTgTaA. Within the galE ribosome binding site the sequence 

aGCgaaTTA is found, which quite closely resembles the proposed BoxA of the thr 

attenuator (aGCaTTA). However, neither of these sequences possess the GC (1 or 2bp) 

TT arrangement which is thought to be the most highly conserved part of the 

consensus sequence. It should be noted that the latter sequence arrangement can be 

found numerous times in any sequence and so a search for BoxA-like sequences is a 

fairly meaningless exercise.

This laboratory has previously presented evidence (based on studies using 

NusAl) for a possible role of NusA in termination at tecl in vivo, both in T7 and in 

plG139 (Garner et al. 1985). My results, although statistically sound, disagree: they do 

not show any effect of NusAl on ted at 42°C. This result cannot, however, be 

interpreted to mean that NusA is not playing a role in termination at this signal. The 

mutant used, namely nusAJ, has been used by a number of groups to examine the 

role of NusA as a termination factor (Greenblatt et al. 1981; Garner et al. 1985; 

Ishihama et al. 1987). However, the mutant was originally isolated by selecting for the 

prevention of X growth by the preclusion of p/V-dependent antitermination. In vivo 

experiments have suggested that the nusAJ mutant protein is only temperature 

sensitive for antitermination, and Greenblatt et al. (1981) suggested that although 

reduced, the activity of the nusAI mutant protein is adequate or almost adequate in 

vivo for transcription termination at X f R2 . Inevitably there will be variation in the 

dependence of termination on NusA in an analogous way to that seen for p, and 

therefore the effect of nusA 7 on termination will also vary from one terminator to
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another. Until recently, nusAl was the only mutant of the nusA gene available (other 
than amber mutations of nusA which can only be perpetuated in cells that carry 
amber supressors), and therefore the only means of studying the effect of NusA in 
vivo. Recently, a second mutant, nusAll, has been isolated (Nakamura & Tsugawa 
1985; Nakamura et al. 1986). The phenotype of nusAll is seemingly contradictory to 
that of nusAl, i.e. nusAl! is conditionally lethal, while nusA 1 is not lethal. 
Moreover, nusAll allows X to grow, while nusAl restricts its growth, suggesting that 
NusAl 1 does not interfere markedly with antitermination. NusAll has been shown 
to reduce the efficiency of various terminators, both rho-independent and 
rho-dependent. This new mutant would therefore seem to be more suitable for 
studying the dependence of a particular terminator on NusA.

The alterations caused by the NusAl and NusAll mutations have been 
identified by sequencing. Both are single base substitutions, and they lie almost 
adjacent to one another. NusAl 1 causes the alanine at position 181 in the protein, to 
be substituted with threonine; and NusAl has the alanine at position 183 replaced 
with a serine. It is interesting that two mutations which have such differing 
phenotypes should lie in the same hydrophobic amino acid cluster. Presumably this 
region of the NusA protein is an essential domain, possibly partaking in protein binding 
activities known to be important to its function both as a termination and an 
antitermination factor. The NusAl mutation increases the hydrophobicity of the 
region whereas the opposite is true for the NusAll mutation. This might explain the 
quite different phenotypes of the two mutants.

There are other termination catalysts, besides NusA, that could be influencing 
the efficiency of ted, and whose action could be inhibited by translation. For 
example, NusB, (discussed in Section 1.4.2) is thought to be involved with both 
termination and antitermination, in an analogous way to NusA, and it is possible that 
these two factors interact to enhance termination in a similar way to that proposed in 
the antitermination model. However, much more information is required about this 
protein before its mechanism of action can be elucidated. Lastly, the termination 
factor T, discovered by Briat and Chamberlin (1984) (Section 1.4.2), is known to be 
distinct from p, NusA, and NusB, and to enhance in vitro termination at ted to nearly 
100%. However, as with NusB, very little is known concerning its mode of action.

Termination at tec! in vivo is evidently a complex process, and until it is 
further unravelled it will be difficult to determine which of the above mechanisms (if 
not all) lead to inhibition of termination by translation.
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Sufficient reduction of the strength of the upstream translational initiation 

signal (that of galE in the present work) would be predicted to restore function to 

ted, as is seen in the presence of fusidic acid. This prediction has not been tested; 

however, the model proposing a role for rho-wdependent termination in the 

mechanism of nonsense polarity had a similar corollary which has been confirmed by 

Stanssens et at. (1986) during the course of my work. They studied the synthesis of 

lacZ mRNA in a set of expression vectors with altered ribosome binding sites. Their 

results indicate that as the efficiency of translational initiation is decreased, so the 

distance between the leading ribosome and the RNA polymerase increases, eventually 

allowing latent transcription termination sites present in the lacZ gene to become 

effective. In a similar way, Yanofsky and coworkers have shown that replacement of 

the AUG start codon of the trp leader peptide by ADA, allows the terminator hairpin 

(3:4) to form even under conditions of tryptophan starvation (Das et al. 1982; Winkler 

et al. 1982). Interestingly, my translation experiments in vitro showed that 

transcriptional termination occurred to the same extent on plG139, pJW10, and pJW12, 

i.e. they did not reflect the in vivo results. This could indicate inefficient initiation of 

elongation of protein synthesis in vitro, comparable to the situation in vivo in the 

presence of fusidic acid; and/or absence (or deficiencies) of accessory proteins. In 

this connection it should be noted that Zalkin et al. (1974), when examining gene 

expression in the trp operon, could not demonstrate nonsense polarity in vitro.

My principal finding has at least three implications:

1. Polarity arising from nonsense, frameshift, deletion or insertion mutations, may 

involve rho-independent as well as rho-dependent terminators. The model 

put forward by Adyha and Gottesman in 1978 assumed that translation could 

only affect rho-dependent terminators, and although such termination sites 

have been found to exist in vitro in some genes, a polar termination site has 

not been precisely characterized. My results suggest that any termination site 

within a gene could give rise to polarity. In connection with this Kassavetis, 

and Chamberlin (1981) studied pausing and termination of transcription within 

the early region of bacteriophage T7 DNA in vitro. They found that numerous 

rho-dependent and rho-independent pause and termination sites exist. 

However, the rate of RNA chain elongation observed in vitro is much slower 

than that known to occur in vivo, suggesting a reduction or elimination of 

pause and/or termination sites internal to operons, in vivo. Translation could 

obviously have a dramatic effect upon any or all of these sites, regardless of 

their dependence on p.
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2. The efficiency of any transcriptional terminator may be affected by upstream 

translation - a fact which should be given careful consideration during the 

planning of experiments designed to study gene expression in vivo.

3. Prokaryotes might regulate the expression of some genes by modulating the 

efficiency of fully rho-independent transcriptional termination by alteration of 

the upstream translation, through novel mechanisms - distinct from those 

elegant but indirect modifications of mRNA secondary structure by translation 

that underlie the attenuation control of amino acid biosynthetic operons (see 

Section 1.5.1). In this connection the de novo synthesis of UMP should be 

discussed.

This pathway is catalysed by six enzymes encoded by six unlinked pyrimidine 

genes and operons (O'Donovan & Neuhard 1970; Bachmann & Low 1980; Pauza 

et al. 1982). The expression of these genes and operons appears to be 

coordinately regulated by pyrimidine nucleotides. The most thoroughly 

characterized pyr regulatory systems are those of pyrBI and pyrE. The level 

of gene expression in both cases is inversely correlated with the cellular DTP 

pool; and, by the use of gene fusions, it has been shown that attenuation 

rather than promoter control is responsible for the majority of regulation by 

DTP (Roland et al. 1985; Poulsen & Jensen 1987). Both operons possess a 5' 

translated leader region which has at its 3' end a transcriptional terminator 

which possesses the characteristics normally associated with rho-independent 

signals. In either case, it has been suggested that when DTP supplies are 

high, the RNA polymerase draws ahead of the leading ribosome, and is then 

free to respond to the transcriptional terminator, reducing expression of the 

ensuing structural gene(s). However, when [DTP] is low the enzyme is slowed 

up in a region encoding a large number of U residues, immediately upstream 

of the terminator. This allows the leading ribosome to catch up with the 

transcription complex, and so prevent termination of transcription, presumably 

through interference with the stem-loop. My results clearly lend support to 

this hypothesis.

The finer details of the model differ slightly in each case. In the pyrE operon 

the presence of poorly translated codons in the leader region has been shown 

to be important in allowing the gap to develop between the RNA polymerase 

and the leading ribosome (Bonekamp et al. 1985). In the pyrBI operon a 

stem-loop structure exists immediately upstream of the uridine encoding
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region needed for slowing the RNA polymerase. This structure is thought to 

act as a pause site, and thus to enhance the effect of the uridine encoding 

region, allowing the gap to close between the polymerase and the ribosome. 

Indeed, it may be that the leading ribosome is responsible for the release of 

the paused transcription complex in a manner analogous to pause complex 

release in the trp operon leader region.

In connection with the discussion above concerning the proximity of a 

translational stop codon to the terminator hairpin, it should be noted that in 

the case of pyrE (thought to be rho-independent) only seven nucleotides 

separate the stop codon and the stem, analogous to the ted situation. The 

close coupling which develops between the RNA polymerase and the leading 

ribosome during uracil limitation is sufficient to reduce the termination 

efficiency from 94% to -0%. This is a more severe reduction in efficiency 

than that observed for ted (comparing the plG139 result with that for pJW10); 

however, the coupling between translation and transcription is likely to be 

tighter in this instance.



CHAPTER 4

Mutagenesis of the 

Symmetric Terminator tL17
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4.1 INTRODUCTION

The alpha operon of E. coli harbours the gene for the alpha subunit of RNA 

polymerase, as well as the genes for the ribosomal proteins S13, S11, S4, and L17 (see 

Figure 4.1). The operon is transcribed from P a (or from further upstream) and the 

transcripts are terminated downstream of rplQ at a terminator, designated tL17 . t L17 

possesses the characteristics normally associated with rho-independent terminators, 

i.e. a GC-rich region of hyphenated dyad symmetry followed by a uridine encoding 

region; but, in addition, a string of adenine residues precedes the GC-rich domain (see 

Figure 4.2). S1 nuclease mapping has been used to determine the precise location of 

transcription termination at t L17 (Bedwell et al. 1985); the stop sites are shown in 
Figure 4.2.

FIGURE 4.1 Characteristics of the Alpha Operon

rpsM rpsK rpsD rpoA rplQ

L17

S13 S11 

Ribosomal

S4 a L17
RNA polymerase Ribosomal 

subunit

The genes are represented by boxes with their respective protein products underneath. The 
promoter (P) and terminator (t) are shown above the line, the direction of transcription from the 
promoter is indicated by an arrow.

I have carried out a survey of known terminators seeking those which possess 

a structure similar to that of t L17 : i.e. they have a symmetric counterpart to the uridine 

encoding region. The results of this survey are shown in Table 4.1. As may be seen, 

although these terminators all obey my criteria, they are diverse; some possessing a 

lengthy uninterrupted run of adenines, while others have a much shorter run or just an 

adenine rich region. In theory, all of these terminators could function bidirectionally, 

since the GC-rich stem is followed on both strands by a run of thymidylate residues
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FIGURE 4.2 The Nucleotide Sequence and Secondary Structure of the Terminator tM7

c c
C G
C - G
G - C
C - G

TAATCATGAACGTAAAAAAAC - GTT l T l T A T * TTATACCCG

The wild type stop codon (end of rplQ) is underlined. The positions where RNA 3'-termini have 
been shown to occur m vivo are indicated by the vertical arrows. The additional hyphenated dyad 
symmetry is indicated with dashed arrows.

In practice, however, only a handful have been tested and shown to do so. This small 
group is itself divided into those terminators that have merely been found to function 
bidirectionally away from their normal environment, and those that are known to 
prevent transcription from convergent promoters in their wild type location. The 
terminator at the 3' end of gene VIII in bacteriophage fd falls into the first class. 
This functions bidirectionally when placed in a plasmid downstream of lac DNA (Gentz 
et al. 1981). However, the construction provides a lengthy untranslated region 

upstream of the terminator, suitable for the action of p, and indeed the addition of p 
protein to an in vitro system greatly enhances the level of termination observed. 
Thus the high efficiency of termination is most likely attributable to the acquired rho 
function, which is not found for the terminator in the fd genome. Various terminators 
fall into the second class; for example, the terminator at the end of the tonB gene in 
E co// also acts as the terminator for the convergently transcribed P14 gene; the 
terminator at the 3' end of the histidine operon of Salmonella typhimurium also acts 
to stop a 1200 nucleotide long RNA molecule of unknown function; and the tetA 
terminator on transposon Tn 10 also halts convergent transcription from orfL.

Is the function of this type of terminator confined to providing important 
genes with a protective barrier to transcription from convergent promoters? It is 
possible that in addition to this role, the extra symmetry enhances the efficiency of 
the terminator. This could happen either by allowing a longer, and therefore stronger, 
stem-loop structure to form, which may be more effective in causing the RNA 

polymerase molecule to pause; or, after formation of the primary stem-loop, and
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TABLE 4.1 Sequences of Terminators Which Possess Additional Symmetry

10 20 30 40 50

EC thr (A) b ACACAGAAAAAAGCCCGCACCTGACAGTGCGGGCI I I M M IICGACCAA 1 d

EC leu (A) CGCAGTCAMCAAAAMCCC6CGCCATTGCGCGGGTTTTTTTATGCCCGA 2

EC ilv (A) GATTCCAAMCCCCGCCGGCGCAMCCGGGCGGGGTTTrrCGTTTAAGCA 3

EC his (A) CATGAGAMGCCCCCGGMGATCACCTTCCGGGGGCTTTTTATTGCGCGG 4

EC phe (A) GAAGACGMCAATAM6GCCTCCCAMTCGGGGGGCCTTTTTTATTGATA 5

EC pheS (A) ACGGAAMCAGCGCCTG^GCCTCCCAGTGGAGGCTTiTTTTGTATGCG 6

St leu (A) CTCGAAGTCAAACAAAACCCGCGCCGTTGCGCGGGl I m MATGCCTGA 7

St his (A) CATGAGAAAGCCCCCGGAAGATCATCTTCCGGGGGCII I I[MIIGGCGC 8

EC rrnBT^ (T) c AATAAAACGAMGGCTCAGTCGAMGACTGGGCCTTTCGTrTTATCTGTT 9,10

EC rrnBJ2 (T) TCAMn/W\GCAGAAGGCCATCCTGACGGATGGCCTTTTTGCGTTTCTAC 9, 10

EC rrnC (T) CCCTGCCAGAAATCATCCTTAGCGAAAGCTAAGGA^I I .N .N jATCTGAA 11

EC rmDti (T) c AATAAMCAAAAGGCTCAGTCGG/W\GACTGGGCCTJTTGTJTTATCTGTT 12

EC rrnF (T) CACTTATTAAGAAGCCTCGAGTTAACGCTCGAGGI I I I I I 1 ICGTCTGTA 13

EC rpoC (T) AATCCGCAAATAACGTAAAAACCCGCTTCGGCGGG M \_ M I IATGGGGGG 14, 15

EC rpoD (T) AGGCCCTCTGCACAAACGCCACCTTTTCGGJGGCGIII I I IlATCGCCCAC 16, 17

EC rp/Q (T) GTAATCTGAAGCAACGTAAAAMACCCGCCCCGGCGGGI III I I I lATACC 18
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TABLE 4.1 (continued)

	10 20 30 40 50
	I I I I I

EC rpIS (T) GACATCCTGTTAA6AAGGGCTGGCCAATTGGCTGGCCCTTTTTTATCT6T 19

EC rpIT (T) CATAAGCCAGTTGAMGAGGGAGCTA6TCCTCCCTCTTTTCGTTTCAACG 6

EC rpsQ (T) TCMTACGAATAMCGGCTCAGAMT6AGCCGTTTATTTTTTCTACCCAT 20

EC rpsT (T) GCT6MGCTTTGTGAAAMGCCCGCGCMGCGGGTTTTTTTATGCCTGCT 21

EC rpmG (T) CTTTGATGTAACAAAAMCCCCGCCCCGGCGGGGTTTTTTGTTATCTGCT 22

EC Ipp (T) CCTGTGAAGTGAAAAATGGCGCACATTGTGCGACAII I I I I IIGTCTGCC 23, 24

EC papG (T) GAAAAGCACAAAAGCCAGTCTGGAAACAGGCTGGCi HUM IGCGC6TG 25, 26

EC aceF (T) TGATGTMGTAAMGAGCCGGCCCAAC6GCCGGCTTTTTTCTGGTAATCT 27

EC ompA (T) AAGTTCTCGTCTGGTAGAAAAACGCTGCTGCGGGiI I I I I I IIGCCTTTA 28

Sd ompA (T) TCTCGTCTGGTAGAA^CCCCGCAGCTGCGGGGCTTTTTTTCGCCTTTA 29

EC tsf (T) nMTTATCAAAAAGGAGCCGCCTGAGGGCGCTTTTTGTGCCCATCTTGT 30

EC supBE (T) CCCAGCCACATTAAAAMGCTCGCTTCGGCGAGCTTTTT6CTTTTCTGCG 31

EC tonB (T) c AGTAAGCAGAAAGTCAAAAGCCTCCGACCGGAGGCTTTTGACTATTACTC 32

EC tufB (T) CGCAATGCGCACTAAAGGGCATCATTTGATGCCClI I \ IGCACGCTTTCG 33, 34

EC rho (T) c TATGCCAAAMCGCCACGTGTTTACGTGGCGTTTTGCTnTATATCTGTA 35

EC glnS (T) AACAGCAAACAATCCAAAACGCCGC6TTCAGCGGCGI 11 I I ICTGCTTTT 36



CHAPTER 4 123

TABLE 4.1 (continued)

10 20 30 40 50
I I I I I

EC rnpB (T) TTCACCTGATTTACGTAAAMCCCGCnCGGCGGGTTTTTTCTTTTGGAG 37, 38

Bs amyl (T) GACnACCGAMGAMCCATCMTGATGGTTTCTTTTTTGTTCATAAATC 39

X oop (T) TGGATTTGnCAGMCGCTCGGnGCCGCCGGGCGTTTITTATTGGTGAG 40, 41

EC tetA (T) c TTCCGCGAMTATMTGACCCTCTTGATMCCCAAGAGGGCATTTTTTAC 42

fd VIII (T) c GATAAACCGATACAATTAAAGGCTCCTiTTGGAGCCI I I I I I I I IGGAGA 43

St his (T) c CGTCATCMTMGCGTAAAAAMCCGGGCAATGCCCGGTTTTTTAATGAG 44

a Only those terminators with at least 3 adenine residues in the 5 nucleotides preceding the first G:C 
pair of the main stem have been included. The GC-rich hyphenated dyad symmetry is underlined 
and regions of extra symmetry are underscored (""). T:G base pairs have been included, and a 
minimum of 4 bases has been allowed for the loop of the hairpin. The known or proposed 
termination points have been aligned at about position 42 of each sequence.

b The names of the sites describe: organism (Bs = Bacillus subtilis, EC = Escherichia coli, Sd = Shigella 
dysenteriae, St = Salmonella typhimurium); preceding gene or operon; terminator name where 
ambiguity might arise; and function (A = attenuator, T = terminator), respectively.

c Terminators which are known to function bidirectionally.

d The numbers in brackets indicate the source(s) of the sequence data:

1. Gardner (1979); 2. Wessler & Calvo (1981); 3. Friden et al. (1982); 4. Verde et al. (1981); 5. Zurawski 
et aj. (1978); 6. Fayat et al. (1983); 7. Gemmill et aj. (1979); 8. Barnes et al. (1978); 9. Brosius et al. 
(T981); 10. Brosius (1984>ni. Young (1979); 12. Duester & Holmes (1980); 13. Sekiya et al. (1980); 14. 
Squires et al. (1981); 15. Newman et a]. (1982); 16. Burton et al. (1981); 17. Burton et al. (1983); 18. 
Bedwell et al. (1985); 19. Bystrom et al. (1983); 20. Post et al. (1978); 21. Mackie (1981); 22. Lee et al. 
(1981); 23. Nakamura & Inouye (1979); 24. Pirtle et al. (1980); 25. Saraste et al. (1981); 26. Kanazawa 
et aj (1982); 27. Stephens et al. (1983); 28. Beck & Bremer (1980); 29. Braun & Cole (1982); 30. An et 
af. (1981); 31. Nakajima et al. (1982); 32. Postle & Good (1983); 33. An & Friesen (1980); 34. Hudson 
et al. (1981); 35. Pinkham & Platt (1983); 36. Cheung & Soil (1984); 37. Reed et al. (1982); 38. 
SakTmoto et al. (1983); 39. Yang et aj. (1983); 40. Sanger et aj. (1982); 41. Rosenberg et al. (1976); 42. 
Hillen & Schollmeier (1983); 43. Beck et al. (1978); 44. Carlomagno et aj. (1985).

initiation of the pause, by increasing the rate of dissociation of the nascent RNA from 
the DNA template, due to competition for pairing with the uridine residues arising 
between the adenines preceding the terminator on the RNA, and those on the DNA 
coding strand. The extra symmetry could, in the latter case, be said to help "unzip" 
the transcript from the template. The work outlined in the following sections was 
aimed at testing whether either of these hypotheses are correct.
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4.2 PRELIMINARY WORK ON tL17

Galactokinase assays had previously been performed in the laboratory, by 

Elizabeth Marson, on strains harbouring one of two plasmids carrying t L17 (pHR35 and 

pHR36). pHR35 was constructed by cloning a 359bp Sai/3A fragment carrying t L17 (see 

Figure 4.3) from an M13tg131 derivative into the BamHl site of pHR9, i.e. between Pgai 

and galK. The orientation of the tL17 fragment was normal with respect to 

transcription of the galK gene. The second plasmid, pHR36, was identical to pHR35 

except for the orientation of the t L17 fragment. The galactokinase assays revealed that 

the efficiency of termination was 69% when the terminator was correctly orientated, 

whereas the efficiency increased to 88% when the terminator was reversed. However, 

the possibility existed that a promoter or promoters might lie downstream of the 

terminator, leading to underestimation of termination from the galactokinase assays.

FIGURE 4.3 Nucleotide Sequence of the 359bp 5at/3A Fragment Carrying tM7

t|_17
Pstl ——- —————» «———— ———— 

GATCTGCAGA GJAATCTGAA GCAACGTAAA AAAACCCGCC CCGGCGGGTT I I I IIATACC
Sau3A "-35* (A) 

CGTAGTATCC CCACTTATCT ACAATA6CTG TACTCTTTTT GTTCATCCCC TGGAGTATTT
-10 (A) Rsa{ -35 (B)

ATGTGGTTAC TCGACCAGTG GGCCAGAGCG CCATATAGCA GAAGCGCAAG CGAAAGGTGA

-10 (B)

GTTGATAACC TGGCAGGTAC GGCGAACCGA CTGATACTGG ATGATGATTC TCACTGCCAC 

CGGAATTACG TGCAGGGGTA CGCTTGCTGA AGAGATGCCC GGTCTGCTTA CCGCCAGAAC 

TTGAGCAACG GAGAGAAGCA ATTCAGCTTC TGGATATTCT CCAAAGGTAT CCGTCCGATG
-35 (C) -10 (C)

ATC

Relevant restriction sites and the wild type (rplQ) stop codon are underlined. The -10 and -35 
regions of three possible promoters are indicated (", ~, "). The consensus sequences are. -10, 

TATAAT; -35, TTGACA.
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To investigate this, two further plasmids were constructed, pHR45 and pHR46, in which 
the -1090bp EcoRI - ////7dlll (P ga |) fragments of pHR35 and pHR36, respectively, were 
replaced by a 292bp EcoRl - H/nd\l\ promoterless fragment from A. Whereas the 
level of galactokinase in pHR46 was very low, the activity of pHR45, where the t L17 
fragment is in the correct orientation, indicated that a weak promoter or promoters lay 
between the terminator and the galK gene.

Analysis of the sequence revealed three possible candidates, see Figure 4.3. 
None show particularly strong homology with the promoter consensus sequence, but 
all have the highly conserved thymine residue in position 6 of the -10 hexamer, and 
two have the optimum 17bp spacing, with 16bp in the other case. The 361bp Sau3f\ 
fragment possesses no suitable restriction enzyme sites at which to cleave the 
fragment and thereby remove the putative promoters, so I decided to use M13 
site-directed mutagenesis to introduce a suitable restriction site. Bam\\\ seemed an 
obvious choice as this would mean that, with the help of the M13 polylinker, t L17 could 
be obtained on a small Bam\\\ fragment, and use could therefore be made of the galK 
fusion plasmids: pHR9, pJW9, and pJW11, discussed in Chapter 3.

4.3 INTRODUCTION OF A BamHl SITE DOWNSTREAM OF tL17

The laboratory already possessed various M13 derivatives carrying t L17 
fragments. A derivative, designated M13mp11-14, was chosen. This was constructed 
by David Meek, who cloned a -3360bp Pst\ fragment into the Pstl site of M13mp11. 
Part of this fragment is shown in Figure 4.4. The synthesized oligonucleotide had the 
sequence 5' GTATCCCCACGGATCCACAATAG 3' (oligonucleotide A) and was 
complementary to a region downstream of t L17 (see Figure 4.4). The oligonucleotide 
would allow three bases to be changed and a new Bam\\\ site to be thereby created. 
The oligonucleotide was initially used as a sequencing primer to check that it was 
binding to the correct (and unique) location on the M13 derivative DNA. This was 
verified, and then site directed mutagenesis was performed using both the double 
primer and the gapped duplex methods (M13mp11 linearized with Pstl was used in the 
latter method). Owing to the size of M13mp11-14, I expected that the gapped duplex 
method would produce a higher yield of mutants. However, as this was the first 
mutagenesis that I had undertaken I was interested to see if there was a considerable 
difference in yield between the two methods. Following transformation into JM101 I 
attempted to screen the resultant plaques by T-screening. However, it was clear from 
the sequencing results that the small scale single-stranded DNA preparations used for
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FIGURE 4.4 Partial Nucleotide Sequence of the -3360bp Pstl Fragment Carrying tM7 
in M13mp11-14

cagctggACG TCTCATTAGA CTTCGTTGCA IlllllIGGG CGGGGCCGCC CAAAAAAATA 
Sal\ Pstl - ——————— » «—————————

t|_17

TGGGCATCAT AGGGGTGAAT AGATGTTATC GACATGAG... ...Gacqtcgg gttcgaaccg
II! Mill II I II III I I II Rsa\ Pstl 

(Oligo A) GTA TCCCCACGGA TCCACAATAG
Bam\\\

The sequence in lower case represents M13mp11 DMA, and that in upper case represents E. coli 
DNA. The sequence of the coding strand is given. The binding of oligonucleotide A is shown, 
including the BarnHl site that it introduces.

the T-screening were a mixed population, suggesting that the mutants were unstable. 
I had previously experienced similar difficulties with M13mp11-14 itself, and it seemed 
likely that the size of the M13 derivative and/or the nature of the inserted DNA 
rendered the derivative unstable, and that this instability was exemplified in the 

resulting mutants.

Using plaque hybridization with the oligonucleotide as a probe, and varying 
the washing conditions, I was able to pick out likely mutants (see Figure 4.5). 
Interestingly, a similar number of positive plaques were obtained with both the gapped 
duplex and the double primer methods. Large scale double-stranded DNA preparations 
were made from these plaques in the hope that, even if the resulting DNA was mixed, 
I would be able to rescue the correct fragment and clone it into a more stable 
environment. However, restriction analysis of the DNA revealed that although I had 
successfully created a second Bam\\\ site, it was some distance (4000bp) removed 
from the intended position. As mentioned above the oligonucleotide when used as a 
sequencing primer had shown no detectable binding to any other site on the M13 
DNA; and so this result indicated that a recombination event had occurred. The 
experiment could have been repeated and the possibility of recombination removed by 
transforming the DNA into a recA host such as JM109. However, I felt that the size 
of the M13 derivative would still be a problem, and that it would be better to make 

use of another of the M13 derivatives carrying t L17 .



CHAPTER 4 127

FIGURE 4.5 Autoradiographs From a Plaque Hybridization Experiment Using a Variety, 
of Washing Conditions and Oligonucleotide A as a Probe

-ve control

Washed in 6x SSC 
for 3x5 minutes 
at room temperature

• •
• •

-ve control

-ve control o

Washed in 6x SSC
for 3x5 minutes

at calculated Td (70°C) % % • £
% .fiHff 

•

-ve control

50 plaques including negative controls, were picked onto an agar plate using a numbered gnd 
grown overnight, and transferred onto a circular nitrocellulose filter Following hybr.dizat.on with 
Oligonucleotide A. the filter was washed as stated above
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I chose a derivative designated l\/n3mp11-16 which had again been 

constructed by David Meek, by cloning a 83bp Rsa\ - Pstl fragment carrying t L17 into 

the Sma\ and Pstl sites of Ml3mp11. This derivative had not been chosen before 

because, although it carries a much smaller fragment, the cloning event had removed 

the BamHl site from the polylinker, so that two mutagenesis events would be 

necessary to obtain t L17 on a BamW\ fragment. Moreover, the terminator is cloned in 

the opposite orientation and therefore the sequence is not complementary to 

oligonucleotide A. These problems were overcome by cloning the 107bp H/ndlll - 

EcoRl fragment of M13mp11-16 into the same sites in pJW11 to give pJW15, see 

Figure 4.6. As this event replaces the P ga) region of pJW11 with a promoterless 

fragment, recombinants could be easily identified (following transformation into N100) 

by their white phenotype on galactose MacConkey agar indicator plates, as compared 

with the red phenotype of pJW11-containing cells. The recombinants were checked 

by restriction enzyme analysis (see Figure 4.7).

The 114bp Bam\\\ - EcoRl fragment from pJW15 was then cloned into the 

same sites in M13mp18 to give M13mp18-1 (see Figure 4.6). This procedure aligned 

the fragment in the correct orientation for site directed mutagenesis, and also 

reintroduced a Bam\\\ site upstream of the terminator. Site directed mutagenesis was 

performed using the Eckstein method and kit from Amersham International and the 

same oligonucleotide (A) as mentioned above. Following transformation of TG1 cells 

some of the resulting plaques were screened by sequencing. These results showed 

that using this method mutants were obtained at an efficiency of 95%. Figure 4.8 

shows the full sequence of the wild-type (M13mp18-1) and the resulting mutant 

(M13mp18-2), and it establishes that a Bam\\\ site has successfully been created 

downstream of the terminator. As a result of this mutagenesis, tL17 was contained on 

an 87bp Bam\\\ fragment, with no putative promoters downstream.

4.4 ATTEMPTED MUTAGENESIS OF tL17

In order to assess what effect, if any, the adenines preceding the terminator 

have on the efficiency of termination, two further oligonucleotides were synthesized. 

The first of these (oligonucleotide B) had the sequence 

5' CTGAAGCAACGAAAACCCGC 3' and was designed to remove the thymine residue 

preceding the string of adenines, in addition to three of the adenine residues. The 

second, oligonucleotide C, had the sequence 5' CTGAAGCAACGCCCGCCCC 3' and was 

designed to remove the thymine residue and all seven adenine residues, as shown in 

Figure 4.9.
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FIGURE 4.6 Construction of M13mp18-1

Ss
*R/Sm

M13mp11-16 
7327bp

H/ndlll, EcoRl 

ligase

3790/0

3040 P

/ac/ ' M13mp18 
7253bp

EcoRI, SamHI 

ligase

M13mp18-1 
7367bp

Restriction sites are denoted as follows, and in some cases the distances in bp from the EcoRi site 
are shown: B, BamHl, E, EcoRl; H, Hmdlll; P, Pstl; R, Rsal; Sm, Smal; Sp, Sphl; Ss, S^ti An~astensk 
adjacent to a restriction enzyme site indicates that the site was used during the construction of the 
vector, and is no longer cleaved by the enzymes shown Only the outermost sites of the M13 
polylinker (i e. Hindlll and EcoRl) and those used in the construction are shown An arrowhead on 
the M13 vector maps indicates the binding site of the universal primer, and the direction of negative 
strand synthesis. The orientation of t L17 with respect to transcription of rpJQ is shown The three- 
crosses on the plasmid maps denote stop codons m all three reading frames The l()7hp Hmdm 
EcoRl fragment from M 1 3mp 1 1 -1 6 was cloned into pJWll. and the resultant 114bp BamHi Li.oRi 
fragment was cloned into M13mpl8
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FIGURE 4.7 Restriction Analysis of pJW15

1 2 3 4 5 6 7 8 9 10 11 12

21226-

1584- 

1375-

947-
-844

Plasmid DNA was prepared on a small scale, digested, and the fragments separated by 

electrophoresis in a 1% agarose gel

TRACK 
NUMBER

1
2
3
4
5
6
7
8
9

10
11
12

DINJA

X ci857
pJW15
pJW11
P JW15
pJWH
pJW15
pJW11
pJW15
pJWII
pJWIS
pJWH
X ci857

ENZYMES EXPECTED FRAGMENT 
SIZES (bp)

Hindm & EcoRi
Sstl
Ssti
EcoRi
EcoRi
BamHl
BamHl
Pstl
Pstl
undigested
undigested
Hmdiii & EcoRi

see above
3790

-
3790
4773
3790
4773
2946, 844
4773

-
-

see arjove

nJW1 1 and pJWIS give a similar restriction pattern, except for *he presence of a second Pstl site 

and a unique Sstl site m pJWIS
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FIGURE 4.8 Autoradiographs of Sequencing Gels Showing the t l17 region in 
M13mp18-1 and M13mp18~2

:?°

M13mp18-1 M13mp18-2

T CGA TCGA

A T
r T 

A

i*r —C A ""

*T T i-
-r T ^

A A *• ~
T

°A ~A °l -
Tc o --

The direction of the sequence analysis with respect to the coding strand ot the inserted DNA is 
indicated The nucleotldes changed m M13mp) 8-2. relative to Ml 3mp 18-1. are marked with an 

asterisk
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FIGURE 4.9 Nucleotide Sequence of the 87bp Bam\\\ Fragment Carrying t L17 in 
M13mp18-2, and the Expected Binding of Oligonucleotides B & C

CCTAGGGTTC GAACCCGACG TCTCATTAGA CTTCGTTGCT TTTGGGCGGG GCCGCCCAAA 
Bam\\\ || MM II I III Mill!!!

(Oligo B) CT GAAGCAACGA AAACCCGC

AAAATATGGG CATCATAGGG GTGCCTAGG
Bam HI

CCTAGGGTTC GAACCCGACG TCTCATTAGA CTTCGTTGCG GGCGGGGCCG CCAAAAAAAT
Bam\\\ \\ MINIUM I Illlll

(Oligo C) CT GAAGCAACGC CCGCCCC

ATGGGCATCC ATAGGGGTGC CTAGG
Bam\\\

The upper sequence shows the expected binding of oligonucleotide B, and the deleted region. The 
lower sequence is identical but has been written to show the expected binding of, and deletion 
caused by, oligonucleotide C. In both cases the sequence of the coding strand of M13mp18-2 is 
given.

Site directed mutagenesis of M13mp18-2 was performed using the Amersham 
kit, and either of the two Oligonucleotides. Following transformation of TG1 cells, 12 
of the resulting plaques from each experiment were tested by T-screening. The 
experiment using oligonucleotide B produced mutants at an efficiency of approximately 
90%. However, the expected mutation had not occurred; full sequencing revealed that 
the oligonucleotide had removed the T and the three A residues as hoped, but had 
also deleted the whole terminator, with the 3' end of the oligonucleotide binding to 
the sequence GGGA downstream of the terminator, instead of the sequence GGGCG 

that occurs in the upstream arm of the stem, see Figure 4.10.

The 12 plaques initially tested from the experiment using oligonucleotide C 
were all wild-type, but by using plaque hybridization with the oligonucleotide as a
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FIGURE 4.10 Nucleotide Sequence of the 87bp Bam\\\ Fragment Carrying t L17 in 
M13mp18-2 Showing the Actual Binding of Oligonucleotides B & C

GGCGGGGCCGCCCAAAAAAATAT-

CCTAGGGTTC GAACCCGACG TCTCATTAGA CTTCGTTGCT TTTl^GGCATC CATAGGGGTG CCTAGG
Bam\\\ || IIIIMMM || || I II Bam\\\

(Oligo B) CT GAAGCAACGA AAACCCGC

-ATTTTTTTGGGCGGGGCCGCCCAAAAAAATATGGGCATCCATA-

CCTAGGGTTC GAACCCGACG TCTCATTAGA CTTCGTTGC ^GGGTGC CTAGG
Bam\\\ II III MINI MM Bam\\\

(Oligo C) CT GAAGCAACGC CCGCCCC

The upper sequence shows the actual binding of oligonucleotide B, and the deleted region. It should be noted that the four consecutive adenine residues in oligonucleotide B need not necessarily have paired with the thymine residues in the template strand as shown. The lower sequence is identical but has been written to show the actual binding of, and deletion caused by, oligonucleotide 
C. In both cases the sequence of the coding strand of M13mp18-2 is given.

probe, putative mutant plaques were later selected. These occurred at a frequency of 
approximately 1%, and sequencing revealed that as with oligonucleotide B the resulting 
mutants were not correct. Again the terminator stem-loop had been deleted, with the 
3' end of the oligonucleotide binding to the sequence GGGG beyond the terminator, in 
preference to the sequence GGGCGGGG within the terminator (see Figure 4.10). The 
sequence of both of these mutants, designated M13mp18-3 (result using 
oligonucleotide B) and M13mp18-4 (result using oligonucleotide C) along with the 
parent, M13mp18-2, are shown in Figure 4.11.

These results indicate that the hairpin structure is extremely stable, and did 
not undergo dissociation during annealing of the oligonucleotide to the M13 DNA 
template. The Amersham manual suggested that the annealing reaction should be 
performed by incubating the reaction tube at 70°C for 3 minutes and then at 37°C for 
a further 30 minutes. My results suggest that 70°C is not a high enough temperature 
for this particular mutagenesis. I therefore repeated the experiment using 
oligonucleotide B, but performed the annealing reaction by placing the reaction tube in
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FIGURE 4.11 Autoradiographs of Sequencing Gels Showing the tM ? Region in 
M13mp18-2, M13mp18-3, and M13mp18-4
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Th. Hir.rtion of the sequence analys.s w.th respect to the coding strand of the inserted DNA ,3 
Ihown The d elet,on .it., in M13mp18-3 and M13mp18-4 are marked w,th arrow,.
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a boiling water bath for 3 minutes, then switching the bath off and leaving it to cool 

slowly over a period of about 3 hours. Allowing the mixture to cool slowly should, in 

theory, increase the probability of intermolecular rather than intramolecular pairing, and 

therefore increase the probability of the oligonucleotide binding to part of the 

terminator, rather than the terminator hairpin forming. Although this experiment gave 

a much lower yield of plaques, suggesting that some damage to the template DNA had 

occurred, T-screening revealed that exactly the same mutation had occurred again, 

with a similar frequency.

4.5 CONSTRUCTION OF galK FUSION PLASMIDS

Despite the initial failure of the mutagenesis of t L17 , I was still interested to 

examine the efficiency of termination using the 87bp Bam\\\ fragment created by 

mutagenesis with oligonucleotide A. Insertion of this fragment in both orientations into 

the galK plasmids, pHR9, pJW9, and pJW1l, discussed in Chapter 3, would help to 

confirm that the result seen with ted is a general effect, and not specific to a 

particular terminator. I hoped that, in addition, it might shed some light on the way in 

which t L17 functions as a terminator; in particular, how efficiently it functions in both 

orientations, and whether the preceding adenines pair with the thymine residues to 

increase the length of the stem-loop structure. As a consequence of the results 

discussed in Chapter 3, i.e. that translation can have a dramatic effect upon the 

efficiency of termination, it was obvious that the mutated terminator, when 

constructed, would be better studied in an environment with no upstream translation, 

such as pHR24. However, as the results of Chapter 3 show, owing to the weakness of 

the ftsQ promoter, this plasmid produces only low levels of galactokinase, which are 

decreased even further when a terminator is inserted between the promoter and galK. 

These low levels would make it very difficult to assess subtle changes in the efficiency 

of termination that might result from deletion of part or all of the string of adenines 

preceding the main stem of the terminator. For this reason I decided to construct a 

plasmid in which there would be no translation from the region upstream of the 

terminator, but with a stronger promoter than P ftS Q- pYEJQ.01 is a pBR327 derivative, 

available from Pharmacia, which has a synthetic consensus E. coli RNA polymerase 

promoter, tandem synthetic lactose operators, and a CAT gene cartridge (see Figure 

4.12). The 839bp Pst\ - Hin&\\\ fragment from pYEJOOl, which carries part of the bla 

gene, the tandem operators, and the consensus promoter (but not the Shine-Dalgarno 

sequence of the CAT gene), was cloned between the same sites in pJW15 (Section 

4.3), see Figure 4.12. pJW15, because of the absence of a promoter
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FIGURE 4.12 Construction of pJW16

Ss

pJW15 
3790bp

H

Psfl, H/ndlll 

ligase

3772/0

3022 P

pJW16 
3772bp

Hp 64
con 
H89

rB96
t
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Restriction sites are denoted as follows, and in some cases the distances in bp from the EcoRl* site 
are given: B, Bam Hi; E, EcoRl; H, Hmdlll; Hp, Hpal; N, Nrul; P, Pstl; Ss, Sstl. An asterisk adjacent to a 
restriction enzyme site indicates that the site was used during the construction of the vector, and is 
no longer cleaved by the enzymes shown. The orientation of t L17 with respect to transcription of 
rplQ is shown. The three crosses on the plasmid maps denote stop codons in all three reading 
frames. The 839bp Pstl - H i n d 111 fragment carrying the consensus promoter (Pcon ) was cloned from 
pYEJOOT into pJWIS.

upstream of galK gives white colonies on galactose MacConkey agar indicator plates. 

The recombinants from this experiment should yield red colonies because of the 

insertion of a promoter. Hopeful recombinants were checked by restriction analysis
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(see Figure 4.13), and correct clones were designated pJW16.

The 87bp Bamtil fragment carrying t L17 was then cloned from M13mp18-2 

into pHR9, pJW9, pJW11, and pJW16 (see Figure 4.14). Putative recombinants were 
screened by restriction analysis. As the terminator fragment possesses a Pst\ site, the 

presence of this site was used to pick out positive clones in all cases; except where 
pJW9 was the parent plasmid, when Nru\ and EcoR\ were used (because of the 
proximity of another Pst\ site to the terminator fragment). Correct recombinants were 
then analysed further, using 3% wide-range agarose gels, to determine the orientation 

of the t L17 fragment, see Figure 4.15. From these gels recombinants were isolated 
which possessed the terminator fragment in both orientations, and names were 
assigned as shown in the footnotes of Figure 4.15 and Figure 4.14. The terminator 
was successfully cloned in both orientations into pJW9 (pJW18 & pJW28), pJW11 
(pJW19 & pJW29), and pJW16 (pJW25 & pJW26). However, only the normal orientation 
(with respect to rplQ transcription) was achieved for pHR9 (pJW17). 50 recombinants 
derived from pHR9 were isolated, but further analysis revealed that all of these 
contained the terminator fragment in the correct orientation, indicating a strong 
selection against the inverse clone. Some of the 50 recombinants contained two of 
the 87bp terminator fragments, and as these gave exactly the same restriction pattern 
as pJW17 when digested with Sph\ and Pstl the two fragments were evidently both 
aligned in the normal orientation. These double recombinants were designated pJW20.

Knowledge of the DNA sequence of t L17 allowed prediction of the nonsense 
codons utilized by ribosomes emanating from the galE ribosome binding site in the 
tL17-containing plasmids. The stop sites used in the plasmids containing t L17 in the 
normal orientation, namely pJW17, pJW20, pJW18, and pJW19, are given in Figure 4.16. 
In the case of pJW19, translation stops at the wild type position upstream of t L17 . In 
pJW18, translation stops just downstream of this site; and in pJW17, translation reads 
through the terminator, stopping 130 nucleotides downstream of the normal position. 
Ribosomes translating pJW20 will stop in the same position as in pJW17, having 
traversed both 87bp t L17 -containing fragments. The stop sites used in the plasmids 
containing t L17 in the reverse orientation are given in Figure 4.17. In pJW28, 
translation reads through the terminator (as it would in the missing pHR9 derivative); 
and in pJW29, the ribosomes stop at the TAA at the beginning of the extra symmetry. 

In pJW25 and pJW26, no translation is expected.
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FIGURE 4.13 Restriction Analysis of pJW16
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Plasmid DNA was prepared on a small scale, digested, and the fragments separated by 

electrophoresis in a 1% agarose gel.

TRACK 
NUMBER

1
2
3
4
5
6
7
8
9

10
11
12

DNA

X c!857
pJW16
pJW15
pjwie
pJW15
pjwie
pJW15
pJW16
P JW11
pJW16
pJW15
X cl857

ENZYMES EXPECTED FRAGMENT 
SIZES (bp)

Hindill & EcoRl
BamHl
BamHl
EcoRl
EcoRl
Hpal
Hpai
Pstl
Psti
undigested
undigested
Hmdlll & EcoRl

see above
3772
3790

-
3790
3772

-
3772
2946, 844

-
-

see above

pJW16 possesses a Hpal site not present in pJW15. but it lacks an EcoRl site and a second Pstl site
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FIGURE 4.14 Construction of Plasmids Containing t L17

M13mp18-2

Sam HI

B t L17 B
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ligase
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SamHI 
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Restriction sites are denoted as follows: B, BamHl; E, EcoRl, H, Hmdlll; N, Nrul; P, Pstl; S, Sail; Sp, 
Sphl. The orientation of t L | 7 with respect to transcription of rplQ is shown. The three crosses on 
the plasmid maps denote stop codons in all three reading frames. The 87bp BamHl fragment 
carrying t U7 was cloned from M13mp18-2 into pHR9, pJW9. pJWll. and pJW16.
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FIGURE 4.15 Restriction Analysis of Parent and Terminator Plasmids

5 6 8 9 10 11 12 13

3556V 
3542-

Plasmid DNA .vas prepared on a small scale, and the fragments separated by electrophoresis m a 

3% wide-range agarose gel
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The fragments sizes shown m brackets indicate fragments that are too small to be visible on the 
gel The orientation of the t, ? fragment is shown relative to rplQ transcription -* indicates that 
the fragment is m the normal orientation *- indicates the .everse
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FIGURE 4.16 Nucleotide Sequence and Translational Reading Frame of pJW17 
Showing the Stop Codons Used in All galK Plasmids Containing t L17 in the Normal 
Orientation

cgG GAT CCc AAG CTT ggg CTG CAG agT AAt cTG Aag caa cgt aaa aaa ace cgc ccc
BamU\ Hindm Pst\ 1 2 ———— — —————— »

999 ttt ttt tat ace cgt agt ate ccc aCG GAT CCg ggg gca ata agg get gca

cgc gca ctt tta tec gee tct get gcg etc cgc cac cgt acg TAA
3

The limits of the 87bp fragment carrying t L17 are defined by the BannHl sites, and the position of the 
terminator is indicated by the dashed lines and arrows. The stop codons that are used in the four 
plasmids are shown (underlined and numbered), as follows: 1, pJW19; 2, pJW18; 3, pJW17 & pJW20. 
Although pJW20 contains two copies of the 87bp fragment, both in the normal orientation, the stop 
codon is the same as that used in pJW17.

FIGURE 4.17 Nucleotide Sequence and Translational Reading Frame of pJW28 
Showing the Stop Codons Used in All galK Plasmids Containing t L17 in the Reverse 
Orientation

cGG ATC CGt ggg gat act acg ggt aTA Aaa aaa ccg gee ggg gcg ggt ttt ttt acg
Bam\\\ 1

ttg ctt cag att act CTG CAG ccc AAG CTT gGG ATC Cgg ggg caa TAA
Pst\ H/ndm Bam\\\ 2

The limits of the 87bp fragment carrying t L17 are defined by the BamHl sites, and the position of the 
terminator is indicated by the dashed lines and arrows. The stop codons that are used in both of 
the plasmids are shown (underlined and numbered), as follows: 1, pJW29; 2, pJW28.

4.6 GALACTOKINASE ASSAYS

N100 cells were transformed with all 12 plasmids, and the efficiency of 

transcriptional termination was assessed indirectly by measuring the galactokinase 

activity in the Amp R transformants when grown under standardized conditions. The 

results are summarized in Table 4.2. In this experiment, copy number determinations
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TABLE 4.2 Galactokinase Production by the galK Plasmids in E. coli N100

PLASMID

pHR9 
pJW17 
pJW20

pJW9 
pJW18 
pJW28

pJW1l 
pJW19 
pJW29

pJW16 
pJW25 
pJW26

TERMINATOR & 

ORIENTATION a

t|_17 (->)
til? (->-*)

t L 17 (-») 

tL17 (<-)

tL17 (-») 

t L 17 (*-)

t L 17 (-») 

tL17 H

GalK 
UNITS b

1085 ± 17 
742 ± 24 
625 ± 8

1024 ± 19 
136 ± 4 
697 ±21

824 ± 13 
58 ± 2 

161 ± 4

564 ± 5 
316 ± 5 
345 ± 6

EFFICIENCY OF 

TERMINATION c

32% 
42%

87% 
32%

93% 
80%

44% 
39%

a The arrow denotes the orientation of the terminator: -» indicates orientation normal with respect to 
rplQ transcription; <- indicates orientation reversed.

b One GalK unit is equivalent to one nanomole of galactose phophorylated in one minute by one OD650 
of cells. The mean of four assays on each of three separate cultures is shown, with the Standard 
Error.

c Calculated using the formula:

100 - corrected GalK units for terminator plasmid x 100 
|_ corrected GalK units for parent plasmid

were not performed on the cultures used for the assays. However, all of the plasmids 

carrying P ga) gave very similar yields of DNA when small plasmid DNA preparations 

were performed, suggesting that the differences (if any) in copy number between the 

plasmids are minor. On the other hand, the plasmids carrying P con (pJW16, pJW25, 

and pJW26) gave very reduced yields of DNA, suggesting a much lower copy number. 

This is partly reflected in the assay results, which show that pJW16 yields 

approximately 50% of the amount of galactokinase produced by pHR9; despite the fact 

that, from the relative strengths of the two promoters, pJW16 would be expected to 

give a higher result than pHR9.

Consider first the P ga | plasmids carrying t L17 in the normal orientation. In 

pJW19, where ribosomes stop at the normal position, 93% termination is observed. 

This is reduced slightly in pJW18, where translation ends immediately beyond the wild
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type stop site. It is impossible to say whether the minor difference observed between 

pJW18 and pJW19 is significant. However, if the adenines preceding the primary stem 

and the uridines following it pair together at some instant during the termination 

event, then ribosomes at the stop codon in pJW18 may interfere to some extent with 

such pairing and hence cause a decrease in the termination efficiency. In pJW17, 

where ribosomes translate through the termination region, the efficiency is reduced to 

a level of 32%, showing that, as for tecl, translation through the terminator has a 

drastic effect upon the signal. The level of termination is increased to 42% in pJW20 

where two copies of the t L17 fragment are present, suggesting that the presence of 

tandem terminators increases the probability of a termination event despite the 

interference by translation.

The P ga) plasmids carrying tL17 in the reverse orientation show similar results. 

In pJW29, where translation stops at the TAA located prior to the terminator in the 

region of extra symmetry, a level of 80% termination is observed. Since no P ga | 

plasmid exists in which translation stops upstream of this site, it is impossible to 

assess whether such a stop position would reduce the efficiency of termination or not. 

The level of termination is reduced to 32% in pJW28, where the ribosomes read well 

beyond the terminator, reflecting the result seen in pJW17.

The Pcon plasmids, where no translation should occur, gave unexpected 

results: pJW25 displayed 44% termination, and pJW26 gave 39%. From the results 

using P ga) , it is clear that the 87bp fragment carrying tL17 is sufficient to cause at least 

93% termination in the normal orientation and 80% in the reverse. However, these 

results are apparently not repeated when P ga | is replaced by Pcon . The reason for this 

discrepancy appears to be that the environment provided by the Pcon plasmids renders 

the tL17 fragment unstable, so that it is gradually lost from the plasmid population. 

Small scale plasmid DNA preparations of pJW25 and pJW26 show a substantial level of 

parental plasmid (pJW16), which increases in proportion with continued growth. It is 

possible that cells containing the parental plasmid are also faster growing, 

accentuating the effect of the instability. Therefore, the galactokinase assay results of 

pJW25 and pJW26 do not accurately reflect the efficiency of tL17 , because of its 

gradual loss from the plasmid population.
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4.7 DISCUSSION

The problems encountered in attempts to mutate the terminator t L17 suggest 

that the termination hairpin is extremely stable, more stable than perhaps the 

sequence alone would suggest. Such strength is probably partly due to the fact that 

the primary stem-loop is composed entirely of cytosine and guanine residues. 

Throughout this chapter, tL17 has been depicted as possessing a 5 base-paired primary 

stem and a 4 nucleotide loop. This is based on stereochemical studies, which suggest 

that the loop size cannot decrease below 3. However, these studies may not 

accurately reflect what occurs in natural DNA and RNA molecules, and tL17 may in fact 

have a 6bp stem, or some especially stable folding of the loop. The removal of the 4 

or 8 (TAAA or TAAAAAAA) nucleotides immediately preceding the primary hairpin was 

hampered by the stability of this structure, resulting in the deletion of the complete 

terminator, as seen in M13mp18-3 and M13mp18-4. The desired deletions could be 

obtained from these M13 derivatives by using oligonucleotides that encoded the 

terminator in their length, as shown in Figure 4.18. In this approach, the stability of 

the hairpin structure should promote the formation of the correct deletion, as opposed 

to hindering it. Oligonucleotides D and E have been synthesized and this work will be 

attempted in the near future.

The galactokinase assay results shown in Table 4.2 appear to reflect the 

results seen with ted in Chapter 3, except that the effect is not so marked. In this 

case, translational readthrough of the terminator reduces the efficiency of termination 

to a level of 32% when the terminator is present in either orientation (pJW17 and 

pJW28). It is not really surprising that what is obviously such a strong transcriptional 

signal is able to maintain a proportion of its strength in the presence of translation. 

This result suggests that the effect of translation does not always result in the 

complete abolition of termination as seen with ted; but rather, is a graded response 

depending on the initial strength of the terminator and, presumably, the frequency of 

translation of the upstream region. Such a situation would provide an additional 

evolutionary opportunity for fine tuning of gene expression in prokaryotes.

The problems encountered with the terminator in pJW25 and pJW26 were 

unexpected, as it was hoped that the presence of a potentially very strong promoter 

would select for the presence of a terminator downstream. Why the terminator 

fragment deletes, apparently so readily, from this plasmid system is unknown, but it is 

possible that the intrinsic secondary structure of the terminator fragment underlies or 

accentuates the problem. Transformation of another galK host with the plasmids may
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FIGURE 4.18 Nucleotide Sequence of the Bam\-\\ Fragment in M13mp18-3 and 

M13mp18-4 Showing the Expected Binding of Oligonucleotides D & E

M13mp18-3

CCTAGGGTTC GAACCCGACG TCTCATTAGA CTTCGTTGCT TTTGGGCATC CATAGGGGTG CCTA6G
Bam\\\ IIIMI | | | Mill III I Bam\\\

(Oligo D) GCAACGA AAACCCGTAG G

-CCCGCCCCGGCGGGTTTTTTTATA- 

M13mp18-4 

CCTAGGGTTC GAACCCGACG TCTCATTAGA CTTCGTTGCG 6GGTGCCTAG G
MINIUM MllllltonHi

(Oligo E) GAAGCAACGC CCCACGG

-CCCGCCCCGGCGGGTnTTTTATACCCGTAGGTAT

The upper sequence (M13mp18-3) shows the expected binding of oligonucleotide D and the lower 

sequence (M13mp18-4) that of oligonucleotide E.

alleviate the instability by providing a more stable environment for the terminator. 

Alternatively, another plasmid which possesses similar characteristics to pJW16 will 

need to be constructed: a reasonably strong promoter and no ribosome binding site, 

upstream of an assayable gene product.

The results show quite clearly that t L17 is capable of termination in either 

orientation away from its natural environment, and that it might therefore act as a 

bidirectional signal in the E. coli chromosome. Hamann et al. (1987), whilst working 

on the trxA gene of E. coli, which lies downstream of rplQ, identified a protein of 

unknown function (MW 17,000), located between the trxA and rplQ genes. They 

speculated that this might be the RimE protein involved in ribosomal modification. 

The complementary strand of the SauZk fragment shown in Figure 4.3 has an open 

reading frame that ends 85 nucleotides before t L17 , and which could encode 78 

carboxy-terminal amino acids of a polypeptide. The codon choice of this ORF is 

suggestive of a genuine protein (as assessed by the TESTCODE computer program, 

based on Fickett's testcode statistic (Fickett 1982)) This may conceivably encode part 

of the protein identified by Hamann and colleagues, and t L17 may function as its gene 

terminator. If this is true, this may explain the presence of the string of ndenme
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residues in the terminator. However, it is difficult to imagine why so many 

attenuators, located at the beginning of operons also possess this structure, if it does 

not in some way enhance the efficiency of termination.
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Transcriptional termination at a fully rho-independent site in 
Escherichia coli is prevented by uninterrupted translation 
of the nascent RNA

Joanna J.Wright and Richard S.Hayward
Department of Molecular Biology, University of Edinburgh, Mayfield Road 
Edinburgh EH9 3JR, UK

Communicated by W.Fiers

We have examined the possibility that translation reading 
through a fully rho-independent transcriptional terminator 
in Escherichia coli might prevent termination, as already 
established for rho-dependent terminators. Plasmids were 
constructed with and without interposition of the rho- 
independent coliphage T7 'early' terminator between a pro 
moter and galK. Our constructions ensured either that there 
was no upstream translation, or that translation (initiated at 
the galE ribosome binding site) stopped upstream of, or at 
the normal position (the T7 gene 1.3 stop codon) with respect 
to, the transcriptional terminator; or else downstream of both 
this stop codon and the terminator. Our galactokinase en 
zyme and mRNA measurements on strains harbouring these 
plasmids indicate that 'readthrough translation' eliminates 
transcriptional termination at the T7 site. This effect is sup 
pressed if the rate of ribosome movement is reduced with 
fusidic acid.
Key words: transcriptional termination/translation/rho- 
independent/ polarity

Introduction
Studies of the polar effects of nonsense or frameshift mutations, 
and the discovery that suppression of polarity could arise from 
mutations affecting the termination factor rho, have established 
the fact that in Escherichia coli translation passing through rho- 
dependent transcriptional terminators can reduce or abolish the 
effect of such transcription signals (reviewed by Adhya and 
Gortesman, 1978; Platt and Bear, 1983; Galloway and Platt, 
1986; Platt, 1986). It is widely accepted that this occurs because 
the rho factor has to gain access to the transcribing RNA 
polymerase through interaction with a rather extensive region 
of naked nascent RNA (Adhya and Gottesman, 1978; Platt and 
Bear 1983; Morgan etal., 1985, Galloway and Platt, 1986; Platt, 
1986). We thought that the same effect might arise for rho- 
independent terminators, although through a different mechanism. 
The first step of termination at such signals is believed to be the 
formation of a stem —loop structure in the nascent RNA im 
mediately behind the RNA polymerase, with the initial effect of 
making the enzyme 'pause' (reviewed by Platt and Bear, 1983; 
Platt, 1986). We reasoned that if a ribosome were translating 
the nascent RNA close behind the polymerase, formation of the 
RNA stem -loop might well be prevented. We therefore con 
structed a series of galK fusion plasmids of the pKO family 
(McKenney et al., 1981; Garner et al., 1985) with and without 
interposition of the coliphage T7 'early' terminator (tecl) be 
tween the promoter and galK. This terminator shows no signs 
of being affected by rho factor, in vitro (O'Harc and Hayward, 
1981) or in vivo (Kiefer et al. , 1977). The plasmids used were

designed to preclude translation of galK mRNA upstream of the 
terminator; or to allow ribosomes (emanating from the galE 
ribosome binding site) to terminate translation at the normal site 
relative to tecl (the gene 1.3 termination codon; Dunn and Studier, 
1983); or some distance upstream of the normal position; or, 
finally, at a point downstream of the transcriptional terminator.

Results
Construction of plasmids with altered translational properties 
A recent paper from this laboratory (Garner et al., 1985) de 
scribed the construction and properties of a plasmid, pIG139, 
in which a 142-bp fragment of T7 DNA, including the 'early' 
transcriptional terminator (tecl), was inserted (with Bam\\\ 
linkers) between the gal promoter and galK gene in pHR9 (itself 
a derivative of the pKO family of promoter-assessment plasmids; 
McKenney et al., 1981). As show in Figure 1, on the galK 
mRNA derived from plasmid pIG139, ribosomes emanating from 
the galE ribosome binding site should terminate translation at 
the normal position relative to tecl; i.e. at the T7 gene 1.3 stop 
codon (Dunn and Studier, 1983; Garner et al., 1985).

The steps taken to change the translation frame upstream of 
tecl are summarized in Figure 1. Initially the 21-bp 
Hindlll—BamHl fragment of pHR9 was replaced by a 20-bp 
Hindlll—BamHl fragment from M13mp8 (Messing and Vieira, 
1982). The plasmid obtained was designated pJW9 and its struc 
ture was verified by restriction analysis and sequencing of the 
altered region (data not shown). pJWl 1 was obtained in two steps 
from pJW9. First, the 14-bp Hindlll-Sall fragment of pJW9 
was replaced with a 13-bp Hindlll—Sall fragment from 
M13tgl31 (Kieny et al., 1983). Next, since the latter fragment 
includes a BamHl site, we thought it advisable to remove the 
resulting 12-bp BamHl fragment. The structure of pJWl 1 was 
verified as for pJW9. Further, to exclude translation upstream 
of the BamHl site, an EcoRl fragment carrying the moderately 
weak E. coli PfcQ promoter (Robinson et al., 1986) was inserted 
at the EcoRl site in pKO4 [parent of pHR9, identical to pKOl 
(McKenney et al., 1981) except for a BamHl linker inserted in 
to the Smal target], in the orientation required to activate galK. 
The resulting plasmid, pHR24, was constructed, checked and 
kindly donated by Brian Morgan. Next, the 164-bp BamHl frag 
ment carrying tecl in pIG139 was subcloned into pJW9, pJW 11 
and pHR24 between the gal (orfisQ) promoter and the galK gene 
yielding respectively pJWIO, pJW12 and pJW14. The required 
orientation of the tecl fragment (normal with respect to transcrip 
tion) was verified in each case by polyacrylamide gel analysis 
of Haelll restriction fragments (data not shown).

It was essential for us to know the translation frame of 
ribosomes emanating from the galE ribosome binding site, when 
they pass through the Hindlll site on the galK mRNA prcxluced 
by the above plasmids. The sequence of the gal promoter/operator 
regions is well established (Nucleotide Sequences, 1985). We 
have independently determined the nucleotide sequence shown 
in Figure 2; it is largely in agreement with an unpublishal c.ulin 
determination kindly given to us by Dr Keith McKenney in I WO.

©IRL Press Limited. Oxford, England
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PIG139 /pJW10/pJW12

B
H B

pH39/3lG13;> A AGC TTa etc CCC ate ccc ccG GAT CC
~ * I I

H B
pJW9/pJW10 A AGC TTg get gca ggt cga cGG ATC C

pJWll/pJW12 A AGC TT'g 'GGA TCC' aga tec ggc gca ccc ate gtt cgT AAt gtt
1

ccg tgg cac cga gga caa ccc tea aga gaa aat gTA Ate aca
2

ctG GCT CAC CTT CGGGTGGGCCtt tct gcg ttt ata agg aga

cac ttt atg ttt aag aag get ggt aaa etc ctt gcg ccg gat 

B
ctG GAT CCg ggg gca ata agg get gca cgc gca ctt tta tec

gcc tct get gcg etc gee cac cgt acg TAA
3

Fig. 1. Construction and relevant sequences of plasmids. Restriction sites
are denoted as follows: B, BamHl; E, EcoKl, H, Hindlll; P, Pstl and S, 
So/I. (A) The main features of all the plasmids are shown, including the 
Hindlll and BamHl sites (between galE" and the galK gene) used in the 
constructions. The three crosses denote stop codons in all three phases. 
(B) The sequence and translation phase of each plasmid between the Hindlll 
and the BamHl sites. The translation phase through the terminator in pJW12 
is also shown, and the stop codons used in pJWIO, pIG139 and pJW12 are 
shown as 1, 2 and 3, respectively. The terminator (tecl) is indicated by 
arrows.

Knowing all relevant DNA sequences we can predict the nonsense 
codons which will terminate translation of the galK mRNA, by 
ribosomes emanating from the galE ribosome binding site, in 
pIG139, pJWIO and pJW12 (Figure 1). As mentioned above, 
translation stops at the normal site in the T7 DNA inserted in 
pIG139. In the case of pJWIO, however, translation stops 41 
nucleotides upstream of this site; whereas ribosomes translating 
the mRNA derived from pJW12 would not halt until they had 
read through and beyond the tecl region, and reached a point 
161 nucleotides downstream of the normal position. Finally, in 
the case of pHR24 and pJW14 no translation is expected upstream 
of the BamHl insertion site. The P^Q EcoRI fragment does not 
include the ribosome binding sequences of the ftsQ gene (Robin 
son et al., 1986), and there are no other plausible initiation points 
with (or without) extensive open reading frames downstream. 

We confirmed these predictions by in vitro translation, using 
the kit and protocols supplied by Amersham International pic. 
The sizes in kilodaltons of the galE hybrid proteins produced 
in vitro were estimated by comparison with markers on 
SDS-polyacrylamide gels, and are listed below. As can be seen 
they agree well with the mol. wts predicted by the DNA se 
quence, which are given in brackets: pHR9: 19.1 (18.1); pIG139: 
19.3(18.5); pJW9: 15.9(16.3); pJWIO: 16.3 (16.9); pJWll: 
20.1 (19.6); pJW12: 24.0 (23.8).

1
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181

241

301

361

421

-J81

541

601

B

gcatgcagcc

ctgttttata

actaatttat

taagcctaat

gtcacacctg

gtaacagcaa

ttgt tgaagg

tcgacaccgt

tggaatatta

ctaacgtcaa

ttccatacgt

atgaaaccgc

atcacttaat

tccatgtcac

ggagcgaat t

tgtgcaatta

gcgcagcgta

cgatattcgt

gatccacttc

cgacaacaat

aaactttatt

tgaaagctt

gtcttttttc

cgcgcataaa

acttttcgca

atgagagttc

ctgcaaaacg

ctgcctgtta

aacgaagcgt

gccgggctga

gtcaacggca

tttagctcct

s
1

100 200 300
u~

--

agataaaaag

aaacggctaa

tctttgttat

tggt taccgg

gtcatgatg t

tcgagcgtt t

tgatgaccga

aagccgtggg

ctctgcgcct

ccgccaccgt

T XT
I ! 1

400

cgcaa'cat i

ac-.ccrq-ct

gc-.atggcta

tggtagcgcL

catcat tc: :

aggcggcaaa

gaccctgcac

cgaatcggca

gattagcgcc

ttatggcgat

500

v,

c^ taaacc^*

a^accattcc

" tcataccj

tacat:cca3

cataacctct

C3:cca,cgt

gatcacccta

c^^aaaccge

aiccgccccg

caccccaaaa

H B
I

600

Fig. 2. Nucleotide sequence of the PgargalE' DNA present in plasmid 
pKGlSOO and its derivatives. (A) The sequence commences with an Sphl 
target upstream of Pga|. Nucleotides 82-220 correspond to 1 - 139 in the 
existing GenBank/EMBL data library (entry name ECOGALE). As shown 
in (B) we have determined the sequence for both strands from nucleotide 
120 onwards. The Pgal2 transcript starts at 170, and that initiating from 
Pgaii, at 175. The galE start codon is at 201—203. The sequence ends at 
the Hindlll site internal to galE; the translation frame at this point reads 
aAGCtt. Our result for the subsequent Hindlll—BamHl 'linker' sequence of 
pKO4 and pHR9 is shown in Figure 1, and agrees with that reported by 
McKenney et al. (1981, and personal communication). (B) Sequencing 
strategy. S is an Sphl target; T, Taql; X, XhoU; H, Hindlll, and B, 
BamHl. The arrow (•-») represents a synthetic oligonucleotide primer. 
Multiple runs were made from each priming site; the arrows show the 
maximum reliable coverage.

The effects of translation on a rho-independent terminator 
The above plasmids were introduced by transformation into E. 
coli strain N100, and the efficiency of transcriptional termina 
tion was assessed indirectly by measuring the galactokinase ac 
tivity in the Amp-R transformants when grown under 
standardized conditions (McKenney et al., 1981; Newman et al., 
1982). The results are summarized in Table I, which shows the 
mean galactokinase activity data (with standard errors). It also 
presents our estimates of plasmid copy number (see Materials 
and methods), and the galK data corrected for this parameter. 
When the result for a plasmid carrying tecl is compared with 
that for its parent, the efficiency of termination at tecl can be 
assessed. The result for pIG139 (relative to pHR9) indicates 50% 
termination at tecl.

The efficiency is increased to 65% in pJWIO. In the case of 
pJW 12, however, where the ribosomes can translate through tec 1, 
no decrease in galK expression is seen; there is no detectable 
transcriptional termination. The levels of galactokinase produced 
by pHR24 and pJW14 are lower than for the above plasmids, 
because of the weakness of PfeQ as compared to Pga) . The level 
of termination in this case appears to be 80%.

Since galactokinase assays only provide an indirect measure 
of termination efficiency, we have carried out filter hybridiza 
tion experiments to examine directly the levels ofgalE' and galK 
mRNA. The results are shown in Table II. They confirm the 
above conclusions both with respect to the absence of termina 
tion in pJW12, and the increased efficiency of termination in 
pJWIO as compared with pIG139.
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Table I. Galactokinase production by, and copy number of, the galK 
plasmids in E. coli N100

Parent plasmid

GalK unitsd

Copy no. c
Corrected 
GalK units'

GalK unitsd

Copy no. e
Corrected 
GalK unitsf

Efficiency of 
termination (%)b

Upstream trans 
lation stops atc

pHR9

1151
(± 41)
38-39
1136

Terminator

pIG139

579 
(± 13)
38-39
571

50

-7

aT7 tecl terminator inserted at
transcription. 
. corrected
Dl AA ————————————

GalK units

pJW9

960
(± 25)
37-40
948

plasmida

pJWIO

423 
(± 19)
47-49
335

65

-48

BamHl site in

for terminator

pJWll

747
(± 25)
35-37
788

pJW12

860
(± 35)
37-41
838

None

+ 154

normal orientation

plasmid 1

pHR24

79
(± 2)
37
81

pJW14

16 
(± 0.5)
37-39
16

80

-

relative to

corrected galK units for parent plasmid I 
c -x means x nucleotides upstream of the first (5') nucleotide (G) of the 
terminator stem—loop; + x means x nucleotides downstream of this site. 
The major 3'-terminal nucleotides produced by tecl (C and G) are at + 34 
and + 35 on this scale; see Figure 1.
dGalactokinase units per /4650 . The means of four assays on each of three 
separate cultures are shown, with their standard errors. 
The range of two separate assays is shown. The copy number given 
represents the number of plasmid copies of the Amp gene, relative to the 
number of chromosomal copies in a polA strain harbouring an integrated 
pHR9 plasmid (which is taken as 1). 
Normalized to a copy number of 38.

The effect of slower translation on termination efficiency
We assume that the above results reflect the presence of a 
ribosome on the nascent mRNA close behind the RNA 
polymerase. If so, the effects seen should be alleviated by slow 
ing the rate of ribosomal movement along the RNA. Fusidic acid 
is a steroid antibiotic which reversibly blocks translation im 
mediately after the translocation step, by preventing the release 
of EF-G.GDP from the ribosome (Bennett and Maal0e, 1974). 
We repeated the above galactokinase assays on cultures grown 
in the presence of sub-inhibitory concentrations of fusidic acid, 
which should slow up translation. The results (Table III) show 
that, as predicted, termination of transciption is largely restored 
in the case of pJW12, while the difference in efficiency between 
pIG139 and pJWIO is abolished.

Discussion
Our principal finding is that when ribosomes are allowed to 
translate through the rho-independent T7 early terminator (tecl) 
on the plasmid pJW12, termination of transcription is effective 
ly abolished. We suggest that this arises because the leading 
ribosome is located immediately behind the RNA polymerase on 
the nascent mRNA. This suggestion is strongly supported by the 
restoration of termination observed when ribosome movement

Table II. Level of mRNA hybridization to filter-bound M13 DNA

Probe

galE(SS) 
galE(RF)d 
galK(RF)d

Probe

galE(SS) 
galE(RF)d 
galK(RF)d

Efficiency of 
termination

aAs for Table

b ioo- . .level

Parent plasmid
pHR9 pJW9 pJWll pHR24c

1256C 1051 870 
1367 1118 898 
1284 1094 891 126

Terminator plasmid3

pIG139 pJWIO pJW12 PJW14C

1286 1178 839 
1414 1137 940 
403 87 879 20

62 91 None 84L'
/ (ff \D 
\ '0 )

I. 
level of RNA:galK (RF) hybridization
of RNA:ga/E (RF/SS) mean hybridization

for the terminator plasmid divided by 0.782 (the ratio of relevant lengths of
the probes for galK (348 bp) and galE (445 bp, from gal P, promoter
onwards).
°Results are given as p.p.m. of input counts.
dTwo single-stranded M13 probes were used to assess the amounts of RNA
complementary to galE and galK mRNA. The levels of hybridization seen
were very low (8—16 p.p.m.). These amounts have been subtracted
appropriately from the galE(RF) and galK(RF) results shown.
epHR24 and pJW14 do not contain galE and therefore no results are given
for hybridization with the galE probes. The efficiency of termination is
calculated by comparison of galK mRNA for the terminator and parent
plasmids.

Table III. Galactokinase production by the galK plasmids in E. 
in the presence of fusidic acid

coli N100

Parent plasmid

GalK unitsd

GalK units'1

Efficiency of 
termination (%)b

pHR9

3648C
(± 49)

Terminator

pIG139

1177
(± 27)

68

pJW9

3176
(± 44)

plasmida

pJWIO

1019
(± 13)

68

pJWll

2355
(± 28)

pJW12

1203
(± 28)

49

pHR24

251
(± 5)

PJW14

53
(± 2)

79

a - b - dSee footnotes for Table I.
cThe levels of galactokinase seen in this experiment are greatly increased as 
compared with those shown in Table I. This is probably the result of 
increased plasmid copy number caused by the presence of fusidic acid.

is slowed by fusidic acid. There are at least two ways, not mutual 
ly exclusive, in which the ribosome could affect the efficiency 
of the terminator. It might prevent the folding of the transcript 
and/or its interaction with RNA polymerase. Alternatively, it 
might prevent binding of auxiliary termination factors to the 
RNA.

The first suggestion is based on the current model for rho- 
independent termination (Platt and Bear, 1983) which proposes 
that initially, a GC-rich region of dyad symmetry forms a hair 
pin structure in the transcript. This either binds to RNA
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polymerase, or its formation alters the structure of the 
RNA —DNA —enzyme complex, causing the enzyme to pause 
in its movement along the DNA. In subsequent steps the nascent 
RNA and the polymerase dissociate from the DNA template. The 
length of time that the enzyme pauses at a potential termination 
site is thought to be an important factor in determining the effi 
ciency of termination, and is likely to be controlled by the strength 
of the RNA-RNA interactions in the stem of the hairpin, the 
length of the loop of unpaired nucleotides, and detailed sequence 
factors affecting the rate of formation of the hairpin. We sug 
gest that a ribosome present on the RNA, close behind the RNA 
polymerase, could prevent formation of the hairpin and/or 'eat' 
into its base-paired stem, and release the paused polymerase. 
Strong support for this suggestion was published by Landick et 
ai (1985) during the early stages of our study. They provided 
evidence that RNA polymerase can be released from a (non- 
terminating) pause site in the trp leader region by ribosomes 
translating the leader RNA.

It is interesting that in the cases of pJWIO, where the ribosomes 
halt on galK mRNA 41 nucleotides upstream of the normal (T7 
gene 1.3) stop codon, and of pJW14 where there is no upstream 
translation, termination appears to be more efficient than for 
pIG139 (normal translation stop). Moreover, this difference is 
eliminated when ribosome movement is slowed by fusidic acid. 
Such a difference was not observed in a previous study by this 
laboratory (Garner et al. , 1985), but plasmid copy number was 
not rigorously tested in that work. In the case of pJWIO such 
increased termination can hardly be ascribed to rho action; the 
48 nucleotides of naked RNA preceding the tecl stem—loop are 
too few to permit entry of rho (Morgan et al. , 1985). Nuclease 
digestion studies by Platt et al. (1976) have shown that E. coli 
ribosomes protect 8 — 10 nucleotides of mRNA downstream of 
the triplet they are decoding. Moreover, Johnston and Roth (1981) 
concluded from studies of the his attenuator in Salmonella that 
ribosomes can interfere with RNA secondary structure forma 
tion when the gap between a stop codon and the first nucleotide 
of the downstream RNA 'stem' is 13 nucleotides, and probably 
even 18 nucleotides (but not 29). Thus, since there are only seven 
nucleotides between the T7 gene 1.3 stop codon and the nearest 
nucleotide of the putative tecl 'stem', the leading ribosome 
(unless swiftly released) might well interfere with the function 
of this transcriptional terminator. We have surveyed a further 
23 terminators known to be rho-independent in vitro or in vivo, 
for which the position of the upstream termination codon is clearly 
known (Brendel et al., 1986; Nucleotide Sequences, 1985; 
Bedwell et al., 1985). The distance between this codon and the 
nearest G.C pair of the terminator stem—loop varies from 13 
to 248 nucleotides, with the exception of the weak 0X174-T2 
and trpt terminators (respectively five and seven nucleotides). 
In 15 of these cases the spacing is between 18 and 58 nucleotides. 
This lends support to our suggestion regarding the T7 signal.

The second way in which uninterrupted translation of nascent 
mRNA could inhibit rho-independent termination of transcrip 
tion is by preventing access or function of other termination 
catalysts. An obvious candidate is the NusA protein (Friedman 
and Gottesman, 1983) which is believed to act through binding 
to a special sequence (Box A), probably in the nascent RNA 
(Olson et al., 1984; Warren and Das, 1984). We have previous 
ly presented evidence for a possible role of NusA in termination 
at tecl in vivo, both in T7 and pIG139 DNA (Garner et al., 1985). 
Other candidates, less clearly understood, include tau, known 
to affect termination at tecl in vitro (Briat and Chamberlin, 1984), 
and NusB protein (Friedman and Gottesman, 1983). Until the

evidently complex process of termination in vivo at T7 tec 1 
further unravelled, it will be difficult to determine which oft! 
above mechanisms (if not all) lead to the inhibition of tcrmin 
tion by translation.

We predict that sufficient reduction of the strength of tl 
upstream translational initiation signal (that of galE in the pr 
sent work) would, as in the case of fusidic acid, restore functic 
to tecl. We have not yet tested this prediction. However, tl 
model proposing a role for rho-dependent terminators in tl 
mechanism of 'nonsense polarity', explicitly stated by Adhya ar 
Gottesman in 1978, had a similar corollary which has been co 
firmed by Stanssens et al. (1986) during the course of our wor 
Interestingly, our translation experiments in vitro showed, \ 
comparison of the amounts of galactokinase and /3-lactamase pr 
duced, that transcriptional termination occurred to the same e 
tent on pIG139, pJWIO, and pJW12. This could reflect inefficie 
initiation or elongation of protein synthesis in vitro, comparab 
to the situation in vivo in the presence of fusidic acid, and/< 
absence or deficiencies of accessory proteins. In this connectio 
note that nonsense polarity could not be demonstrated in vit, 
(Zalkin et al., 1974).

Our principal result has at least three implications: (i) polari 
arising from nonsense, frameshift, deletion or insertion mut 
tions may involve rho-independent as well as rho-depende 
transcriptional terminators and, by the same token, pausing < 
rho-independent termination observable within genes in vitro mi 
often be precluded by translation in vivo (see Kassavetis a 
Chamberlin, 1981 for a relevant example and discussion); ( 
the efficiency of any transcriptional terminator may be affecte 
by upstream translation; (iii) prokaryotes might regulate the e 
pression of some genes by modulating the efficiency of fully rh 
independent transcriptional termination by alteration of upstrea 
translation, through novel mechanisms — distinct from tho; 
elegant but indirect modifications of mRNA secondary structu 
by translation which underlie the attenuation control of amir 
acid biosynthetic operons (Kolter and Yanofsky, 1982). In th 
connection, it has been proposed that the attenuator regulatic 
of pyrE and pyrBI in response to intracellular UTP concentr 
tion also involves coupling of transcription and translation. 
5' leader region is translated and, in the case of pyrE, at lea:, 
this translation is significantly slowed by the presence of poor 
translated codons. In either case it is suggested that when UT 
supplies are high the RNA polymerase draws ahead of the lead.- 
ribosome, and is free to respond to a transcriptional terminate 
(shown to be rho-independent in the case of pyrE in vitro), whic 
reduces expression of the ensuing structural genes. Howeve 
when UTP supplies are low the enzyme is slowed up in a regie 
encoding a large number of U residues, immediately upstrea 
of the terminator. This allows the leading ribosome to catch i 
with the RNA polymerase, and so prevent termination ( 
transcription, presumably through interference with the RN 
stem-loop (Bonekamp et al., 1984; Poulsen et al., 1984; Rolar 
et al., 1985). Our results clearly lend support to this model

Materials and methods
Strains
The E. coli K-12 strains used were N100 (galfCl recA\3 pro; McKenney el al.,
1981) as host for plasmids in galK assays; and the polA strain MM20 (Jenkins
et al., 1986), with pHR9 inserted into its chromosome, as control for copy number
determinations.
Plasmid constructions
Plasmids were constructed using standard recombinant DNA techniques All con
structions are derivatives of the pKO-1 transcription-fusion vector described by
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McKenney et al. (1981). pHR9 and pIG139 have been described previously 
(Newman et al., 1982; Garner et al., 1985).
Galactokinase assays and copy number determinations
A probe common to all the galK plasmids was prepared as described by Feinberg 
and Vogelstein (1984) and copy number determinations were performed using 
the method described by Adams and Hatfield (1984) with slight modifications. 
Cells were grown in Spizizen-casamino acids medium with fructose as a car 
bon source, to log phase (/^so 0-2). The /1650 was noted and 1- and 5-ml samples 
were taken. Galactokinase assays were performed on the 1-ml samples, using 
the method previously described (Newman et al., 1982). The 5-ml samples were 
used to determine copy number. The cells were pelleted at 4°C and resuspended 
in 500 n\ of cold TE, prior to sonication at 6uM for 30 s, and the addition of 
4 ml of 15 x alkaline SSPE. The samples were next incubated at 80°C for 10 
min, to denature the DNA and hydrolyze all RNA, then neutralized by the addi 
tion of 1.2 ml acidic Tris-HCl and placed on ice. Nitrocellulose filters were 
spotted with varying quantities of each solution and then baked under vacuum 
at 80°C for 2 h. Pre-hybridization, hybridization and washing of the filters were 
performed a described by Maniatis et al. (1982) and the counts retained were 
determined by liquid scintillation counting.
Galactokinase assays in the presence of fusidic acid
Fusidic acid (sodium salt) was added to overnight cultures to a concentration of 
150 /ig/ml. The following day the culture was diluted 1 in 50 and the fusidic 
acid concentration maintained at 150 jig/ml. Galactokinase assays were perform 
ed as above. 
DNA sequencing
Suitable restriction fragments were subcloned into M13mplO (Messing and Vieira, 
1982) and M 13mpl9 (Norrander et al. , 1983) and were sequenced by the dideox- 
ynucleotide chain termination method (Sanger et al., 1977; Biggin et al. , 1983).
mRNA hybridization
Cells were grown in Spizizen—fructose—casamino acids medium to log phase 
(/4650 0.2). [ 3H]RNA samples were then prepared according to Zengel et al. 
(1980). Both single-stranded (SS) and double-stranded (RF) DNA probes were 
prepared from M13 carrying either part of the galE gene or part of the galK 
gene. Nitrocellulose filters were loaded with an excess of DNA, denatured by 
heating and alkali treatment, and baked under vacuum at 80°C for 2 h. Hybridiza 
tions were performed with varying amounts of RNA as described by Anderson 
and Young (1985) and the counts retained were determined by liquid scintilla 
tion counting. The presence of excess DNA was verified by the linear relation 
ship seen between input and hybridized counts, using increasing amounts of RNA. 
galE mRNA production was measured using two probes, M13mpl9-l(SS) and 
M13mpl9-l(RF), while RNA complementary to galE mRNA was assessed us 
ing M13mpl9-2(SS). Likewise galK mRNA was analysed using 
M13mplO-14(RF), and anti-mRNA was measured using M13mplO-14(SS). We 
were unable to invert the galK insert present in mplO-14, and so had no single- 
stranded probe for galK mRNA. The galE insert in mp 19-1 consists of nucleotides 
5-614 (Figure 2), and that in mp!9-2, nucleotides 400-5. The galK insert in 
mplO-14 includes nucleotides 913-565 of the gene.
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