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SUNMMARY

In the introduction an outline of the currently known physical,
chemical and enzymic properties of E. coli DNA-dependent RNA
polymerase (E.C.2.7.7.6) is given. Some aspects of the
regulation and control of RNA synthesisxin Ee. coli with
special reference to specific protein factors are mentioned.

Two purification procedures for the preparation and
purification of RNA polymerase from E. coli MRE 600 are
described, compared and discussed,

The subunit composition of E. coli MRE 600 RNA polymerese
on analysis by SDS—polyacrylamide gel eléctrophoresis shows
the presence of five major protein species- '3', ps X and o
already described in the literature, and a fifth subunit @ ’
of molecular weight 58,000 daltons. Ois shown to be strongly
associated with E. coli MRE 600 RNA polymerase and it behaves
in & physico-chemical menner similar to the O subunit except
that it has no O-like activity determined by its inability to
gtimulate RNA synthesis on a T7 DNA template with core ENZYME 4

A crude frocction has been isolated from E. coli MRE 600
containing & protein factor which hes the property of
inhibiting beth the initiation and rate of RNA synthesis 5y
RNA polymerase holoenzyme in vitro. The inhibitor protein has
8 molecular welght of 320,000 daltons and has associated with
it some proteolytic activity.

The amino acid composition of E. coli MRE 600 RNA polymerase,
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core enzyme and holoenzyme, is presented. The ultra~-violet
spectrum of RNA polymerase has & maximum at 275.5nm and a
minimum at 251nm. The enzyme has & speclific absorbance of
0.63/mg/ml, A standard curve was prepared from the spectra of
E. coli MRE 600 DNA and RNA polymerase to allow the calculation
of nucleic acid contamination of the various fractions during
the enzyme preparation. A formula was derived for the
spectrophotometric determination of the concentration of RNA
polymerase in the presence of any contaminating nucleic acid.

The ORD of native RNA polymerase is that of a typical
protein containing right-handed helical snd random coil
'(disordered) conformations. The helix content of RNA polymerase
is around 32%. The presence of other conformations is also
indicated. The confcrmation of E. coli MRE 600 RNA polymerase
shows very little change with increasing jonic strength although
the enzyme dissociates from the dimer to the monomer over the
range of ionle strengths studied. The conformation of RNA
pblymerase in various denaturing solutions (8M-urea, 1% SDS
and OM-GuHCl) was also determined. There is = decreass in the
[m']232 ¢f the ORD of RNA polymerase holoenzyme when it is
bound to DNA dindicating a conformational change in the enzyme,
Thexre is no detectable denaturation of the DNA. Thermal ORD
studies indicate that RNA polymerase is unstable when bound to
DNA. This thermal densturation is irreversible,

The possible origin of the © subunit as a breakdown

preduct of the & subunit of RNA polymerase holoenzyme, its
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role in the regulation of RNA synthesls and transcription,

and the properties and function of the RNA polymerase inhibitor
protein are discussed. The physical and chemical properties

of the E. coli MRE 600 RNA polmerase are compared with those

of other strains of E. coli.
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SECTION 1 INTRODUCTION
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1.1,
DNA-DEPENDENT RNA POLYMERASE
DNA-dependent RHA polymerase (systematic name: nucleoside triphosphate
RNA nucleotidyl transferase; EC 2.7.7.6) is the enzyme which is believe
to be responsible for the synthesis of all types of cellular RNA
(messenger RNA, transfer RNA, ribosomal RHNA, etc.). Under the direction
of DNA, RNA polymerase catalyses the sequential assembly of ribonuclecei
triphosphates into RNA molecules. Thus the genetic information stored
in the nucleotide sequences of DNA can be transcribed into a form that
can be used to direct the synthesis of specific proteins.

The existence of DNA-dependent RNA polymerase was first demonstrate
5y Weiss and Gladstone (1959) in rat liver nuclei. Since then it has

been found in a wide variety of living organisms and tissues, and

——
—

appears to exist in all celis where RNA synthesis occurs. RNA polymeras
in its purest form has been isolated mainly from bacterial sources
although T7 bacteriophage DNA-coded RNA polymerase and Neurospora

crassa mitochondrial RNA polymerase have now been isolated and purified.
Purification of the enzyme from mammalian cells has proceeded at a

much slower rate due to the relatively lower specific activity of the
mammalian enzyme; these purification difficulties now appear to have

been partially resolved (Chamberlin, 13870).

ot

1

.
e w oo mveAr et
ouE O The properTlic C

Many ecxcellent rev

polymerase have appeared in the last two years (Richardson, 1969;

Geiduschek and Haselkorn, 1369; Chamberlin, 1970; Travers, 1971).
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1.2,

ESCHERICHIA COLI DHNA-DEPENDENT RNA POLYMLRASE

In Escherichia coli the synthesis of all types of cellular RNA is
believed to be mediated by only one species of RNA polymerase. The
highly purified enzyme catalyses the synthesis of RNA in vitro in

the presence of DNA and the ribonucleoside triphosphates (figure 1.1.)
When an intact double helical DNA is used as template, transcription in
vitro is asymmetric - only one strand of the complementary DNA strands
is transcribed (Hayashi, Hayashi and Spiegelman, 1964; Ceiduschek,
Tocchini-Valentini and Sarnat, 1964)., This is characteristic of
transcription in vivo (Tocchini-Valentini et al., 1963). The selective
franscription in vitro of only certain regions.of bacteriophage DNA
suggest that RNA polymerase initiates RNA synthesis at specific sites on
the DNA (Geilduschek, Snyder, Colvill and Sarmat, 1966; Cchen, Maitra and
Hurwitz, 1967).

It had been assumed that "highly purified" RNA polymerase was a
protein entity from which nothing further could be removed without
destiroying its enzyme activity, however in 1969 Burgess, Travers, Dunn
and Bautz reported that apparently pure RNA polymerase (holoznzyme)
could be split into two components, One of these is the basic enzyme
itself, the core polymerase, and the other is a protein factor, sigma (o
vhich adapts the cnzyme to specific template DNA.  DBoth RIA polynerase
holoenzyme and core polymerase are active with dATlcopolymev and calf

thymus DNA as template but only the holoenzyme can efficiently trans-
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geribe intact bacteriophage DNA. This discovery by Burgess et al.
(1369) opened the way to an intensive study of the properties of E. coli
RHA polymerase. The last two years have seen the determination of the
subunit structure and function of RNA polymerase, the discovery of
protein and other factors which influence its transcription properties
and the elucidation of the enzyme's role after bacteriophage infection
of E. coli. These discoveries have led to a much better understanding
of the transcription process.

This thesis is an investigation into some of the physical and
chemical properties of DNA~dependent RNA polymerase isolated from the

bacterium Escherichia coli strain MRE 600 (an RNase 1 strain).
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1.2,

PURIFICATION OF RNA POLYMERASE

1.2.1.

BACTERIAL RNA POLYMERASE

DNA-dependent RNA polymerase has been isolated and extensively
purified from several strains of Escherichia coli (Chamberlin and
Berg, 1962 (E. coli B); Zillig, Fuchs and Millette, 1966 (E. coli K12);
Maitra and Hurwitz, 1967 (E. coliw); Bazbinet, 1967 (L. coli A-~19);
Burgess, 1969%a (E. coli K12); Zillig, Zechel and Halbwachs, 1870
(E. coli K12); Bautz, Dunn, Bautz, Schmidt and Mazaitis, 1870

(E. coli B)).

RNA polymerase has also been purified from Azofobacter vinelandil
(Krakow, Daley and Fronk, 1968), Bacillus stearothermophillus

(Remold-0'"Donnell and Zillig, 1969), Bacillus subtilis (Losick,

+

Shorenstein and Sonenshein, 18703 Avila, Hermoso,
Vinuela and Salas, 1970) and Pseudomonas putida (Johnson, de Backer
and Boezi, 1971).
1.2.2,
PURITY OF RNA POLYMERASE PREPARATIONS
Before investigating the physical and ghemical properties of any
enzyme, it is important to coﬁsider the purity cf the enzyme pre-
paration.

The simplest criterion of purity would appear to be the specifi

activity of the enzyme. For RNA polymerase, unfortunately, this
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criterion is not reliable. (The specific activities of RNA polymerase
preparations from different laboratories are given in different enzyme
units as there is no generally accepted standard assay.) The specific
activity of a preparation of RNA polymerase as determined by the incor-
poration of nucleotides into acid-insoluble material does not reflect

a turnover rate of RNA chain elongation, as a result, there is currently
no convenient way to measure the amount of active enzyme in a given
preparation. Assays carried out with bacteriophage DNA (T2,T4,T7) give
specific activities which reflect the amount of ¢ subunit in the enzyme
preparation, while the specific activitics obtained with calf thymus

and salmon sperm DNA vary cover a wide range depgnding on the source and
the age of the DNA (Chamberlin, 1970), The synthetic copolymer

poly dAT comes the closest of any known template to give a true reflectic
of the amount of RNA polymerase present since it 1s active with beth
core polymerase and RNA polymerase holoenzyme (Berg and Chamber]in’ 1970
Most methods of RNA polymerase purification give mixtures of core
polymerase and hnloenzyme (Zillig et al., 1970b; Berg, Barrett and
Chamberlin, 19703 Richardson, 1970). Where the holoenzyme is required

it must be formed by reconstitution with purified o subunit (Zillig ct

al., 1970b).

[
{

There is some evidence that koth the methed of purificaticn, the
strain of E. coli and stage of growth of the E. coll may affect the
properties of the enzyme. RNA polymerase preparea by the Zillig

procedure (Zillig et al., 1966) and the Burgess glycerol gradient pro-

cedure (Burgess, 1963a) from the same E. coli, show different enzymic



properties in that in an unprimed synthesis reaction with ITP and CTP

as the sole substrates, enzyme prepared by the Zillig method synthesised
poly r(I-C), whilst enzyme prepared by the Burgess procedure

synthesised poly rI. poly rC (Stermbach and Eckstein, 1970). The amount
of ¢ factor is not involved in the reaction, therefore the differences
between these two methods of enzyme purification appear to lead to
differences in the purified RNA polymerase.

Morgan (1970) purified RNA polymerase from both E. coli B and ¥ and
found there to be different qualitative and quantitative kinetic proper
Abraham (1970) has reported that even two enzyme preparations isolated
by the same procedure from cells harvested at Qifferent stages of growtt
exhibit different template specifity.

Physical purity of a protein is usually indicated by its sedimentat
and electrophoretic homogeneity. Under the appropriate conditions of
.donic strength. e.g. 0.5H~-KCl, RNA polymerase appears as one sedi-
menting species of approximately 13S. Electrophoretic homogeneity was
harder to demon<trate, but now that the subunit composition of RNA
polymerase is known (Burgess et al. 1963; Burgess 196%a; Burgess 1869¢b)
SDhS-polyacrylamide gel electrophoresis as described by Burgess (1969b)
is an essential prccedure in determining the purity of any enzyme

hd * B . - . L
th this techniquc very small quantities of contaminating

e

preparation, W

F

protein can be detected. .
The ratio of the absorbance at 280nm to that at 260nm of a
purified preparation of RNA polymerase holoenzyme is 1.865

(Richardson, 1966a) this suggests a nucleic acid content of less than

0.1% RNA polymerase core enzyme purified by phosphocellulose
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chromatography by the method of Burgess (1969a) has an A?BO/AQBU
of 1.8 to 1.9. For studies of the physical properties of the enzyme
the above criteria may be sufficient. However for certain enzymetic
studies there are other tests that are even more important, All
highly purified RNA polymerase preparations have been shown to be free
of ribonuclease and deoxyribonuclease (Richardson, 1969) and it can he
concluded that it is possible to make preparations of RNA polymerase
that are virtually free of the most important contaminating activities.,
Ideally each RNA polymerase preparation should be prepared in large
batches that can be analysed properly and checked by every possible
ériterion of purity and then used for many experiments as there tend

to be variations between one enzyme preparation and the next even in

the same laboratory.



1.3,
PROPERTIES OF RNA POCLYMERASE
The physical properties of E. coli RNA polymerase have been under in-
vestigation for many years., It is only recently that the number of
conflicting properties, especially the sedimentation behaviour of the
enzyme, have become reconciled now that the subunit structure of the
enzyme has been determined.
1.3.1.
SEDIMENTATION PROPERTIES
Early studies on the sedimentation behaviour of the enzyme led to con-
flicting results. The enzyme appeared to aggregate at low salt concen-
trations but there was no agreement as to the number and nature of sedi-
menting species encountered under these conditions. (See table 1,2).
A dissociated form of the enzyme was generally obtained at high salt
concentrations but reports for the sedimentation coefficient of this
species varied from 1l to 135. Berg and Chamberlin (1970) have performe
an exhaustive study on the sedimentation properties of RNA polymerase anc
have determined the four major factors which affect the sedimentation
behaviour of the enzyme and which serve to reconcile all previous reports
Those factors are (1) ionic strength, (2) subunit composition,
(3) preferential hydration and (4) irreversible dissociation of the
enzyme .

At high ionic strengths both core polymerase and RIA polymerase

holoenzyme exis® in the protomer form., As the ionic strength is lowered
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asgociation to produce aggregates of various sizes occurs. At inter-

mediate ionic strengths, sedimentation analysis gives S-values which

appear to reflect sedimentation of reversible cquilibrium mixtures of
components c¢.g. 185 intermediates obtained by several authors

(Zillig, Fuchs and Millette, 1966)., The subunit compeosition of the
enzyme can vary in the relative content of ¢ and w components {RBerg and
Chamberlin, 1970). The amount of ¢ components in the enzyme affects

the sedimentation behaviour of the enzyme both at high ionic strength,
where it contributes to the mass of the sedimenting species, and low
ionic strength where it also has the effect of limiting aggregation of
the enzyme to a dimer, Preparations of RNA polymerase containing less
than 1 equiv. of ¢ exhibit sedimentation behaviour intermediate to

that of core polymerase and holoenzyme, Thus the subunit corposition
of an RNA polymerase preparation is important in the exact interpretatic
of sedimentation results. Thus differences in S-values obtained probabl
reflect different amounts of o(and w) in an RNA polymerase preparation,
Different methods of purification of RNA polymerase from *the same strain
of ¥. coli give different S~values for the purified enzyme (Colvill,

van Bruggen and Fernandez-Moran, 1966). The strain of bhacteria too,

may affect the sedimentation behaviour of RNA polymerase as different
strains of E. coli appear to contain different amounts of ¢ component
(Berg and Chamberlin, 1970) but this may also be due to the fact that
different strains are used by different workers, cach with their own

method of purification and this again may lead to differences in the
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relative amounts of o and w present in the preparation.
Preferential hydration of the protein plays a significant role
only in solutions containing high concentrationz of divalent salts
(Berg and Chamberlin, 1970). Irreversible dissociation of the
enzyme can occur (Berg and Chamberlin, 1970), the enzyme breaking

down to an 8S product at a slow but constant rate.

1.3.2.
THE MOLECULAR WETIGHT OF RNA POLYMERASE

Burgess (1969b) determined the weight ratio of the polypeptide chains

. present in RNA polymerase and found that RNA polymerase core enzyme had

the subunit composition B8'Bu, and the holoenzyme B’Bazd. Using the

2
Burgess (1969b) values of 39,000, 155,000 and 165,000 for a,8 and
B' respectively the molecular weight of the core enzyme is 400,000 +

4OPR00 © daltons and the holoenzyme, with a full complement of

0(95,000 daltons), has a molecular weight of 495,000 + 40,000 daltons.

1.3.2.1.

CORE POLYMERASE

The molecular weight of pure core polymerase has been determined by two
different lahoratories.

Berg and Chamberlin (1970) determined the mclecular weight of core
polymerase in high ionic strength buffer by the technique of lcw speced
sedimentation equilibrium, This yielded a value of 380,000, Ruet,
Sen*enac and Fromageot (1970) determined a value for the molecular weigh
of 420,000 + 30,000 by an electrophoretic technique using polyacrylamide

gels. Both these values are comparable to that obtained by SDS
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polyacrylamide gel electrophoresis.

HOLOENZYME

The molecular weight of the holoenzyme has been determined by many
authors (Table 1.3). Except for Ruel, Sentenac and Fromageot (1970)

who obtain a molecular weight of 480,000 + 30,000 by gel electrophoresis
and Richardson (1966a) who obtained a value of 440,000 + 40,000 hy
sedimentation equilibrium, the values of the molecular weight obtained
in other laboratories are considerably lower than the expected molecular
"weight which is predicted from SDS-polyacrylamide gel electrophoresis or
from the sedimentation equilibrium molecular weight of core polymerase
fo which one mole of ¢ component (molecular weight 80,000 -

95,000) has been added. These low values obtained for the sedimentation
equilibrium and sedimentation and diffusion molecular weights can
probably be attributed to several facts, Firstly, most preparations of
RNA polymerase invariably contain less than one equivalent of o

subunit (Richardson, 19703 Zillig et al., 1870b; Berg and Chamberlin,
1970). Secondly partial dissociation of the holoenzyme occurs to give
core pelymerase znd ¢ compenent during sedimentation (Berg and
Chawberlin, 1970). Thirdly, because of the high lonic strength of

the solution in which the sedimentation equilibrium molecular weights
are determined, correctiong may have to be made for the preferential
binding of solvent components to the RNA polymarasé to give the true -

molecular weight (Berg and Chamberlin, 1970).



1.3.2.3.

MOPECULAR WEIGHT OF RNA POLYMERASE SUBUNITS

The different methods used to purify RNA polymerase lead to enzyme
preparations which have essentially the same subunit composition as
determined by SDS-polyacrylamide gel electrophoresis.

There are four major kinds of protein subunits which appear to be
common to all enzyme preparations. These have been designated as
B',8,0 and a(Burgess et al,, 1869)., For the E. coli RNA polymerase,
these have molecular weights of 155,000 - 165,000, 145,000 - 155,000,
80,000 - 95,000 and 38,000 - 41,000 respectively. (Table 1l.4)

A value for a mixture of 8 + B' of approximately 130,000 daltons
Eave been obtained by Burgess by sedimentation equilibrium,

An additional minor subunit is present in most enzyme preparations
and has been designated w(Burgess et al., 1969)., This has a molecular
weight in the region of 10,000 to 12,000 (Burgess et al,, 1969;

Zillig, Fuchs, Palm, Rabussay and Zechel, 1870a). It is not clear,
however, whether this is a true functional component of the enzyme or
merecly a tightly binding contaminant. 2illig et al, (1970a) have re-
ported that 8' and ¢ appear to be complex subunits., When a dry powder
of 0 is dissolvad in 6M-urea at pH 10.5 to 11, besides the original ¢,
two new bands appear in 8DS gel electrophoresis. Their molecular weight
are around 15,000 for the lighter one, v, and 60,000 for the larger one,
Two new bands appear also in 6il~-urea cellogel eleé%rophoresis. It

would then appear that o is a complex with the sum formula HV e
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u has been reported as a component of an active RNA polymerase
prgparation purified by the method of Babinet (1967) from E, coli A-19
(Chelala, Hirschbein and Torres, 19713 Hirschbein, Dubert and Babinet,
1969). Krakow and von der Helm (1970) report a protein component
which they term e with a molecular weight of around 65,000, which is
present in some preparations of A, vinelandii RNA polymerase.

R', when reacted with heparin, appears to cleave into two parts, one
with the same molecular weight and electrophoretic properties as 8,
and a small protein component which has been termed y (2illig et al.,

13870a).
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1.3.2.4,

ELECTRON MICROSCOPY

Since RNA polymerase is guite a large molecule, it would seem likely
that something could be learned about its structure from electron micro-
scope studies. So far, however, such studies have been disappointing.
Objects with a very regular shape are observed in some preparations
(Fuchs, Zillig, Hofschneider and Preuss, 1964; Slayter and Hall, 19606,
Colvill, van Bruggen and Fernandez - Moran, 1966), and until recently

a model for the enzyme consisting of two stacked hexagonal rings seemed
appropriate (Zillig, Fuchs and Millette, 1966). Lubin (1969) gquestioned
these findings and suggests that the hexagons and several other particle:
éreviously observed are contaminants of impure breparations. Lubin
believes the enzyme to be 'porous' in nature without obvious planes of
symmetry or regularly repeating units and this would appear to be the
case now that the subunit composition of the enzyme has been determined
(Burgess et al., 1969). None of the elecgron micrographs so far

have been obtained with RNA polymerase whose homogeneity has been
adequately demonstrated.

1.3.2.5.

AMINO ACID COMPOSITION

The amino acid compositions of core enzyme from E., coli B (Nicholson, 1§

Fh

— ~Am1Ed 1 (D -~ 1 R g ¥ B e
and B, coli K12 VLU EESSE, .Lgﬁ:;w) ana G the LOLOELZYINE

Ll

(Priess and Zillig, 1967) and E. coli w(Maitra and Hurwitz, 1967), have

been reported. The amino composition of the RNA polymerases obtained fi
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these differcnt strains of E. coli differ slightly, although the

actual diffcrences are quite small and may be due to variations in

the purity of the preparation rather than to intrinsic differences
between E. coli strains. Morgan (1870) has found that RNA polymerase
purified from two different strains of E. coli (B and w) show different
qualitative and quantitative kinetic properties suggesting that there
may be diffcrences between the enzyme in at least these two strains.
1.3.2.6.

ULTRA-VIOLET SPECTROSCOPY

The ultra-violet spectrum of RNA polymerase has been reported by
several authors (Neuhoff, Schill and Sternbach, 1969; Anderson and
Abraham, 19703 Nicholson, 1971). The spectrum(exhibits an absorption
maximum in the region of 278nm and a minimum about 25lnm, The

Egéé% has been determined by several authors. Fuchs, Zillig, Hofschneid
and Preuss (1964) obtained a value of 0,82, Richardson (1966a), 0.6%
and Nicholson (1971), 0.541, |

1.3.2.7.

ORD AND CD OF RNA POLYMHERASE

Novak and Doty (1970) have examined the far UV ORD and CD spectra of

E. coli core polymerase. From the [Q]220 (13,000) and

651'232 (—3,9005 they estimated that the enzyme contained 32% helix.
Dissociation of the RNA polymerase in SDS resulted in no large change in

conformation as detected by ORD., No change in the conformation of core

polymerase when bound to native calf thymus DNA was detected by CD,
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however, thermal ORD studies over the temperature range 25 to GOOC
shoved that the core polymerase was much less stable in the DI
complex than in the free state. This thermal instabilily was not
found in an analogous complex formed with single stranded DNA or in
the same complex after the start of RNA synthecis. HNicholson (1971)
has determined a helix content of 13% for core polymerasc isolated

from E. coll B.

PROPERTIES OF E. COLI RNA POLYMERASE SUBUNITS

1.3.2.8.1.

SEPARATION OF RNA POLYMERASE SUBUNITS

A promising approach to the study of subunit function in RWA polymerase
involves the selective removal of one or more subunits from the native
enzyme molecule, The first exawple of such a cleavage was the remova

of the ¢ subunit from the E. coll polymerase by chromatozraphy on
phosphocellulose (Burgess et al., 1969) which led to the discovery of th
role of ¢ in tewplate promoter site recognition. Sigma subunit can be
similarly removed from A. vinelandii (Krakow and von der Helm, 1370),

B, subtilils (Losick, Schorenstein and Sonenshein, 1870), and

Psevdomronas putida (Johnson, De Backer and Zeeczi, 1871). A continuation

.

this approach has been reported by Sethi, Zilliig
& & -]

(&)

and Bauver (1970a, 13870b

by sucrose gradient centrifugation in 3M-LiCl, They were able to separa

a mixture of B'+Bf subunits Irom the o subunit, On reconstitution only
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25% of the original activity was recovered. Heil and Zillig (1970) have
completely dissociated and separated the RNA polymerase subunits by
cellulose acetate electrophoresis in 6M~urea. By codialysis of the
separated subunits, they were able to recover up to 100% of the
original activity. For a high yield reconstitution, the presence of ¢
during dialysis was required. The reconstituted enzyme was in-
distinguishable from the original RWA polymerase in sucrose gradient
centrifugation. None of the subunits alone displayed any RNA polymerase
activity. Burgess (1969b) has separated R'+f, o and w by chromato-
graphy of E. coli core polymerase on Sephadex G-200 in the presence of
1%(w/v) SDS. He was also able to separate the core polymerase into
two peaks, one cortaining 3' and w, the other o and B, on DEAE-
cellulose equilibrated with 8M-urea.

Krakow and von der Helm (1270) have been able to partially dissocia
A. vinelandii RNA polymerase with congo red dye (CR) to produce RNA
polymerase fragments consisting of 8,2a~CR and 3'-CR complexes.
1.3.2.8.2.
THE ROLE OF THE SUBUNITS IN TRANSCRIPTION
Zillig et al. (1970a) have shown that there is a striking inmunochemical
similarity between the different RNA polymerase subunits, but cn the
other hand the amino acid compositions of the subunits are significantly
different (Zillig et al., 1970b, Burgess, 19€69b). To test for the
possibility that thé different peptide chains shared sequences and also
that #' and R were perhaps related to each other, as indicated byAthe

conversion of £' into a product with a molecular weight and specific



electric charge very close to that of g by treatwent with heparin,
they compared fingerprints obtained by tryptic digest of the peptides

B',B and o. All three subunits yielded different peptide maps.

' SUBRUNIT: DWA BINDING

An a~free mixture of B'+B, obtained by sucrose gradient centrifugation

of core enzyme in 3.4M-LiCl (Sethi, Zillig and Bauer, 1970b) is able to

bind labelled T4 DNA when tested by the nitrocellulose filter

technique of Jones and Berg (1966), o is almost inactive in this

respect. Therefore either B' or B is the subunit responsible for

this effect, Zillig et al, (1970b) have observed that when a complex

of excess T4 DNA and holoenzyme is sedimented at high speed, a small

amount of a and R remain in the supernate, bhut ﬁo R', as shown by

cellulose acetate chromatography. The:interpretation is that the enzyme

contained some B' free enzyme particles which remained in the supernate

because they were unable to bind to DNA., Similarly after phosphocellulo:

chromatography Zillig et al. (1370b) report that o and f are found in

the flow through along with o¢. RB' is the onlv subunit of RNA polymerase

which binds to heparin (a polyanion) which is a potent inhibitor of the

enzyme, and acts by competing with DNA for the RNA polymerase (Zillig

et al., 1970b). Also among all the core polymerase subunits !

possesses by far the highest iso-electric point, between pH 8 and 9. Th

high basicity may possibly be conneccted to its binding to DNA and hepari
Burgess (19639b) has shown that on applying core enzyme in 4M-urea t

a column of phosphocellulose equilibrated with 4M-~urea, o and w appear ii
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the wash-through but B' and g bound strongly tc the phosphocellulose
suggesting that B' and B chains were able to bind very tightly to
phosphate groups and thus may be involved in binding polynucleotides.

@ SUBUNIT: INITIATION AND TRANSLOCATION

It is now known that ¢ is required for the correct initiation of RHNA
synthesis on native DNA templates (Bautz et al., 1970; Travers, 1870;
Sugiura, Okamoto and Takanami, 1970). Since however the specific
initiation inhibitor rifampycin does not bind te ¢ but to the core
enzyme (di Mauro et al., 1969) the core enzyne is also clearly invelved
in initiation. Rabussay and Zillig (1969) have shown that in a
rifampycin-resistant mutant of E. coli, the B subunit of the core

énzyme has a different electrophoretic mobility from that of the wild
type B, indicating a changed electric charge on the protein chain,
Zillig et al, (1970b) have demonstrated directly by sucrose gradient
centrifugation of the isolated subunits that rifampycin hinds only to
R subunit may also be involved in o function. Sethi et al. (1970a) have
shown that Bo complex can be obtained on inccmplete dissociation of
holoenzyme in uM-LiCl. Heil and Zillig (1970) prepared reconstitutes of
RNA polymerase frow subunits separated from both wild type (sensitive)
and rifampycin-resistant RNA polymerase., The reconstitutes from the
subunits of sensitive enzyme were fully sensitive, that from the subunits
of resistant enzyme was fully resistant. OF the three mincd constitutes
formed from either one of the subunits of the resgstant enzyme with the

others from the normal enzyme, those ccontainirg B from sensitive enzyme

are fully sensitive, that containing £ from resistant enzyme is resistar
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Thus the conclusion is that $ is the subunit responsible for the
interaction with rifampycin and is involved in the initiation step
specifically inhibited by the drug. The same result has been obtained
with a streptolydigin-resistant mutant. Thus streptolydigin-like
rifampycin exerts its action on RNA polymerase over the R subunit,
Since streptolydigin specifically blocks translocation, B is involved
in this partial function as it is in initiation. It has been shown

by other methods that B contains the binding sites for o and ¢ (Zillig

et al., 1970a; Zillig et al., 1970b). Thus R exhibits multiple function:

o SUBUNIT: CONTROL

The function of the o subunit is unknown but it can be modified by the
addition of 5'-adenylate after T4 bacteriophage infection of E, coli
(Goff and VWeber, 1970). Thus o subunit probably plays a part in
transcription specificity. Adenylation of RNA polymerase holoenzyme
has been reported by Chelala, Hirschbein and Torres (1971), these
observations suggest a possible control mechanism involvement for the
subunit,

G SUBUNIT : INITTATION

The role of o subunit in initiation will be discussed in detaiil in the

next section - ENA polymerase and transcription.
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1.4,

RNA POLYUERASE AND TRANSCRIPTION

l.4.1,

STEPS IN‘ RNA SYNTHESIS

RNA synthesis in vitro by purified bacterial RWNA polymerase on a
double-standed template DNA appears to proceed in a series of steps.
These have been differentiated into:

1. binding of the enzyme to the DNA;

2. initiation, a number of consecutive events, the completion of
which is prerequisite to the onset of RNA synthesis;

3. elongation of the RNA chain which consists of a continuous re-
petition of a number of sequential events required for the addition
of each further nucleotide residue to the growing chain, and the
concomitant translocation along the template by one nucleotide pair;

4, termination, which may or may not require the presence of a
termination factor rho {(p).
l.4.1.1.

DNA EINDING

The number of sites available on DNA for primary binding of RY

polymerase has been measured by saturation experiments based on the

sedimentation of the enzyme as a stable complex with DNA in sucrose

gradients (Richardson, 1$66b) and also by a Filter technique based on
®

the finding that a complex of DHA and enzyme. in contrast to its free

components, is fixed to nitrocellulose filters (Jones and Berg, 1966).
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This binding is rapid and completely reversible and probably results
from a fairly non=-specific interaction between DNA and RNA polymerase
(Richardson, 1966b; Jones‘and Berg, 1966). Heasurement of the binding
of RNA polymerase to DNA reveals that the number of enzyme molecules
bound per unit of DNA varies with the ionic strength of the solution
in a continuous manner. The values range from 2upug of RNA polymerase
per pg of DNA to zero as the ionic strength of the solution increases
from 0.02 to 0.20 (Pettijohn and Kamiya, 19673 Ihler, refereunce in
Chamberlin, 1870). The upper value represents essentially one RNA
polymerase molecule bound for every 1008 of DNA helix, this aprroaches
pdﬂmeﬂme
the diameter of the RNA|molecule itself., Hence the total number of
binding sites is probably limited only by the packing of enzyme molecule
on the DNA a condition which would not obtain if the enzyme was
binding specifically to the sparsely scattered true promoter sites.
The decrease in binding with increasing ionic strength is attributable
primarily to a decrease in the electrostatic free energy of interaction
between RNA polymerase and DNA, ¢ is not required for this initial
interaction for both holoenzyme and core polymerase bind to DNA in this
manner with equal facility (Zillig et al., 1970b; Hinkle and
Chamberlin, 1976; di Mauro, et al,, 1969).

RNA polymerase binds at random sites on the DNA which it
encounters during diffusion. This binding is in most cases rapidly
reversible and the number of potential binding sites on DNA is large;
probably any nucleotide sequence has an apprzciable affinity for the

enzyme. When however the holoenzyme bhinds at a true promoter site the



rapid dissociation no longer occurs, the enzyme forming a comparatively
stable complex with DNA (Hinkle and Chamberlin, 1970; Zillig et al.,1970b
This specific binding site on the DNA is termed a promoter site
(promoter site is a specific binding and initiation site which has an
in vivo Ffunction). The number of such sites on any E. coli bacteriophage
DNA molecule is believed to be small. Binding at such a promoter site
leads to a specific reaction with RNA polymerase in which the strands
of the double~helical DNA are opened over a short local region (Zillig
et al.y1970b; ilinkle and Chamberlin, 13%70), The affinity of the enzyre
fog DNA in this complex 1s enhanced by several orders of magnitude
over that for random binding. The initiation of specific RNA chains
aépears to occur without the velease of O from this complex, FEvidence fo
this model for specific DVA binding comes from direct studics of the
binding of RNA polymerase to DNA (Zillig et al. 1970; Hinkle and
Chamberlin, 1970) and from studies of the sensitivity of RNA polymerase
to the inhibitors heparin and rifamycin (Zillig et al., 1970b; Bautz and
Bautz, 1970). PNA polymerase bound to DNA in a promoter complex has an
extremely low rate of dissociation from DNA and is relatively resistant +
the inhibitors heparin and rifamycin,

With an intact phage DNA as template, formation of an active
promoter complex occurs al temperaturcs over 20°C and requires the
presence of the ENA polvymeracse gub

»
. B ™
mit o, Dven a

t 377C, RIUA polymer
N
dissociates from such a complex very slowly, the complex itself having

a half iife of 60 hours (Travers, 1971). The requirement for ¢ subunit

and elevated temperatures in the formation of a complex resembling the



promoter complex can be replaced by using a single-stranded or broken
DNA, or a DHA with an open structure such as dAT copolymer. The complex
formed with these templates is active in subsequent RNA synthesis (but
is not formed at specific promoter sites.)

RNA polymerase holoenzyme transcribes bhacteriophage DNAs
asymmetrically and in many cases initiates only early 'phage mRNA
(Geiduschek and Haselkorn, 19693 Richardson, 1969). In addition the
. coli RNA polymerase can carry out asymmetric transcription of
DNAs from bacteriophage specific for other hosts. In contrast, the
core polymerase shows no apparent strand selectivity with a variety of
DHA templates and fails to synthesise detectable amounts of specifically
initiated RNA chains. (Takanami et al., 1870), Two important con-
clusions can be drawn from these observétions. First, the nature of
prometer sequences for hacterial RNA polymerase located on different
E. coli bacteriophage DNAs, and on the DNAs of other hacteriophage
seem to be similar. This suggesis that at least part of the promoter
site structure is kept relatively constant in bacteria. Secondly, o
subunit is intimately involved in the functional interaction of the RNA
polymerase with such promoter sites,

Chamberlin (1970) has proposed two general models to account for
the mechanism by which RNA polymerase holoenzyme recognises a specific

promoter site; both of these assume that the promoter sile 1s a specific
:

@
sequence of nucleotides -



(1) Sigma subunit identifies a specific nucleotide sequence (promoter)
and directs the core polymerase to bind at this site. By this
hypothesis, the specific information for site selection is localised
mainly in ¢ subunit. A major fraction of the binding energy is
provided by the core polymerase since o itself, does not bind to DNA
(Darlix et al., 1969).
(2) Core polymerase identifies a specific nucleotide sequence but
must bind ¢ in order to enhance its affinity. By this hypothesis the
specific information for site recognition is localised in the core
polymerase and o subunit serves as a kind of allosteric effector to
promote tight binding.

These are extreme models for the recognition of promoter sites by
RNA polymerase more probably, both ¢ and core polymerase both contain
specificity determinants which are essential for promoter recognition.
It is known that ¢ subunit a component of core polymerase, is required
for initiation (2illig el al., 1870b) and alsc that the initiation
specificity of core polymerase can be altered by substituting one type
of o-like activity for another (Travers, 1969) showing that ¢ subunit
itself must contain at least some information necessary for promoter
recognition. Tﬂerefore it would appear that both sigma factor and
core polymerase contain promoter recognition determinants.
le,1.2.
CHAIN INITIATION
Chain initiation by RNA polymerase involves the oriented binding of two

nucleoside triphosphates to the enzyme followed by elimination of
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inorganic pyrophosphate to form a nucleotidyl nuclecside - 5% -
triphosphate. Polymerisation of RNA chains in vivo and in vitro

occurs with a 5' » 3' chemical polarity. It is quite likely that

the binding of the first nucleotide is different from the binding

of the rest because there is no 3' hydroxyl group to which the first
nucleotide can be added. It has been suggested by Anthony,

Zeszotek and Goldthwait (1968) that the rate limiting step in initiation
may be the binding of the first nucleotide. When the nucleoside
triphosphates are present in low concentrations there is a notable lag
in initiation which is most pronounced when purine nucleoside tri-
phosphates are limiting. Since RIA chains are known to be initiated
ﬁreferentially with a purine nucleotide, this 6bservation would be
consistent with initiation being more sensitive to the substrate
concentration than subsequent steps in synthesis., The S5'-terminal
nucleoside triphosphate is predominantly ATP or GTP when native 'phag
DNAs are used as templates in vitro (Maitra, Lockwood, Dubnoff and
Guha, 1870). There is probably a unique starting sequence associated
with each specific DNA binding site. In the case of transceription with
£d bacteriophagg RF DNA as template, each of the four RNA products has
a discrete size and seems to begin with a uninue sequence of nucleotides
at the 5'-terminus. (Takanami, et al,, 1970). This suggests that the
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selection of the ide Seyuelice Lo be transcribed is
o

dictated exactly by the positioning of the RNA polymerase on the promotex

site. However in the case of T7 DNA, only a single promoter site was
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visualised by Davis and Hyman (1270) in their electron micrographs

of in vitro transcriptioun, yet both ATP and GTP initiated RNA chains
have been reported (Maitra et al. 1870). This could be explained by
non-specific initiation of T7 RNA species with GTP and there is sore
evidence for this. (1) core polymerase transcribes only GIP -
initiated RNA chains with f7 DHNA as template (Goff and Minkley, 1970
Chamberlin, 1970), (2) at raised salt concentrations, GIP incorporation
into the 5'-terminal nucleotide is much reduced (Maitra et al. 1970),
(3) RNA polynmerase from a template-sensitive RVA polymerase mutant

is deficient in ATP, but not GTP initiation with T7 DNA as template
(Jacobson and Gillespie, 1970)}.

Rifampycin, an antibiotic which binds specifically to the 8 subunit
of bacterial RNA polymerase blocks RNA chain initiation. The drug does
not prevent the binding of the enzyme to DNA or the formation of the
highly stable enzyme-promoter complex (Chamberlin, 1870), ‘Bautz and
Bautz (1970) and Lill and Hartmen (1.970) have shown that the enzyvme
bound to DNA is inactivated at a much slower rate than the free enzyme.
Bautz and Bautz (1970) have employed this observation to estimate the
number of promoter sites on a variety of phage DNAs to which the enzyme
will bind in a rifampycin-resistant complex.

What is the role of ¢ in initiation? It is known that o acts
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Berg et al., 1969) but is not required for chain elongation (Darlix et al

1969). In accordance with this conclusion was the ohservation that o
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ig released from the DNA-RHNA polymerase complex in vitro during or
shortly after the process of initiation itself (Travers and Burgess, 1969
Krakow, Daley and Kerstadt, 1969) and that the core polymerase continues
chain elongation. The free ¢ is able to combine with another core enzyme
molecule and RNA synthesis can be initiated. This has led Travers and
Burgess (196%) to propose the 'sigma cycle' (figure 1.2)., Pettijohn,
Stenington and Kossman (1970) have isolated a DNA~-RNA polymerase complex
from E. coli which is actively synthesising rRNA. No ¢ is present in
this complex suggesting that ¢ release probably occurs in vivo as well

as in vitro. It is not yet clear what triggers the release of O or

n initiation this release occurs. Krakow and von der Heln

e

qt what step
(1970) have noted that with poly dAT as temwplate, using UTP and a

low concentration of ATP as substrates, RNA polymerase (A, vinelandii)

will catalyse active pyrophosphate czchange but no observable 0 release
occurs nor is U released with DHA templates when iﬁitiation is limited

by adding only three of the four ribonucleoside triphosphates

(Fromageot in Chamberlin, 1970)., On current evidence it is not

145]

possible to pinpoint the timing of U release with any great accuracy.

In vitro O release can be mediated by binding single-stranded poly-

(o
nucleotides to the holoenzyme (Krakow, Daley and Karstadt, 196%). IF th:
reaction mimics ¢ release during initiation, it follows that o will be

reneraten,

(]

released when a2 single-stranded polynuclieotide structure is

o

Such a structure could either be the product RNA, in which case ¢ releas:
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PIGURE 1.2 THE SIGMA CYCLE
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E is the core RNA polymerase ?R3c<l

Travers and Burgess (1969) prorosed this msdel for the
involvment of & in the transcripiion process. Sigme
initially forms a complex ( E. %) with corve enzyme ( E )
which then binds to DNA ( E.("-DNA ) to initiate RNA
synthesis. After initiation & is released from the
complex and becomes svaillable for re-use by anobher

core enzyme molecule,



would occuf shortly after the initiation of an RNA chain, or single-
stranded DNA formed by melting of the double helix,

To elucidate the role of g, the nature of the lesion in the
initiation process as manifested by core polymerase must be determined.
Single-stranded breaks in the DNA template stimulate initiation by
core polymerase (Vogt, 1969) and open structured DNA species such as
poly dAT (Chamberlin, 1970) and fd RF DNA (Sugiura, Okamoto and
Takanami, 1970) are also efficient templates for core polymerase
suggesting that core is only able to initiate RNA synthesis when a
certain receptive DNA structure, possibly a local melting, occurs for-
tuitously in the template. Goff and Minkley (1970) have observed that
ﬁith T7 DNA as template a large fraction of the RNA chains initiated by
core polymerase are hybridised to the template DNA at their 5'-
terminus, whereas no such effect is observed when holoenzyme transcribes
T7 DNA. This suggests that initiation by core polymerase may occur at
sites with unusual structural features. Random initiation by the core
polymerase could then be simply a consequence cf the random occurrence
of a receptive DNA structure, the core enzyme differing from the holo-
enzyme in being unable to form the receptive DNA struc%ure of the
promoter complex itself.
1.4.1.3,

FLONGATION
Growth of RNA chains occurs by the sequential addftion of nucleoside

monophosphates to the 3'-terminus of the nascent RNA chain, The rates c



RMA chain growth in vivo and in vitro are comparable (Geiduschek and
Haselkorn, 1969). Davis and Hyman (1970) determined the in vitro rate
of RNA synthesis to be 45 nucleotides per second into an RNA chain,
using T7M DNA as template. Bremer (1870) has obtained a maximun

in vitro rate of 36 nucleotides per second using T4 DNA as template;
with T7 DNA as template the RNA chains grow 2.3 times faster than

on T4 DNA, The in vivo rate of RNA chain growth in Tu-infected E. coli
is 28 nucleotides per second (Bremer and Yuan, 1968a). In uninfected

E. coli Bremer and Yuan (1968b) have determined the rate of chain growth
to be 55 nucleotides per second.

It has been suggested that the rate of RNA chain growth may vary
auring the synthesis of a specific RNA chain, perhaps due to variations
in the sequence of the RNA transcript (Chamberlin, 1970). In support
of this T4 and T7 RNA seem to differ twofold in their rate of
elongation (Bremer, 1970) although this could be due to the absence of
glucosylation in T7 DNA, The extreme case ol such a dependence of
chain growth rate on sequence would be sequence where chain growth rate
stopped. Such sequences would provide control wpoints for chain
termination. Chain elongation is blocked by the antibiotic sireptolydig
(Cassani, Burgess and Goodmén, 1870) which, like rifampycin, acts by’
binding to the RNA polymerase molecule and not DUA.

¥osagenov at al. (1271) have produczed some pin

unwinding of DNA during transcription.
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TERMINATION

Termination of an RNA chain can occur by at least four possible
mechanisms, Although probably only two of them have any in vivo
significance. The four types of RNA chain terminations are (1) DNA
sequence~induced termination, (2) p~induced termination, (3) salt~
induced termination and (4#) hybrid induced termination.

(1) DNA~induced termination,

Termination can occur during RNA synthesis with native bactericphage
DNA as template when the RNA polymerase enéounters a specific ter=~
mination site (DNA sequence). This has been demonstrated for fd RF,

¢ 80, T7, T2 and T4 bacteriophage DNAs (Takanaﬁi et al., 1970;
Millette, Trotter, Herrlich and Schweiger, 19703 Maitra, Lockwood,
Dubnoff and Guha, 1970; Maitra and Barash, 186393 Richardson, 1870).
This termination results in the release of RNA molecules of defined
length and a unique 3'-terminus, at the same time the RNA polymerase is
released. It is not certain whether thisz form of terminaticn is of
strict physiological significance as RNA meclecules synthesiced

in vitro are generally larger than those synthesised on the same
template in vivo (Travers, 1971). Morgan (1970) has shown that trans-
cription of synthetic DNA polymers terminates soon after initiation
when the transcribed DNA stand contains either UAA (ochre) or UAG (amber
codons. This DNA sequence-induced termination oceﬁrs in the absence of
protein factors other than purified bacterial RNA polymerase and occurs

at both low and high salt concentrations although termination is greatly
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enhanced by high (0.2M-KCl) salt concentrations.

There is a difference in termination between the two commonly
used strains of T7 bacteriophage DNA. T7L DNA contains a DNA ter-
mination site at the end of the 'early' T7 genes (Millette et al.,
1970) whereas T7M DNA contains n§ such DNA termination signal and RNA
polymerase can transcribe the entire length of the T7 DNA r-strand
(Davis and Hyman, 1970),. |
(2) Rho-~induced termination.
A second mechanism of RNA chain termination involves the protein factor
rho (p) (Roberts, 1969). This protein is isolated from E. coli and
exists as a tetramer whose individual polypeptide chains have a molecula:
weight of 50,000, Termination in the presence of p occurs at sites
in addition to DNA termination sites, Takanami et al, (1970) have re-
ported that p factor leads to a reduction in the size of £d RF RNA.,
The in vitro transcription of T4, T7 and A DNAs is limited to early
mRNA when p is present, but in the absence of p, delayed early mRNA
appears after a *“ime lag (Richardseon, 1870; Rcberts, 1969). For T7M DNA
where only one active promoter is;fesent, RNA synthesis in the presence ¢
p leads to the formation of several RNA species.(Davis and Hyman, 1870)
instead of one. The mechanism ofp-induced termination is not known.
Rho-induced termination appears tc require more than the stoichiometiric
amount of p protein, suggesting that its mechanism of action does not
require a tight permanent binding at its binding site. The p protein doe

not bind appreciably to DNA or to RNA polymerase but does bind slightly



to RNA (Richardson, 1970). Rho is not a simple ribonuclease (Goldberg,
1870).

(3) Salt-induced termination,

Termination in the absence of p is enhanced in the presence of elevated
salt concentrations. Salt-induced termination leads to the release of
both active enzyme and RNA molecules and there is reinitiation of RNA
synthesis. (Maitra, Lochwood, Dubnoff and Guha, 1970; Millette et al.,
1970; Bremer, 1970). There is evidence that, in the presence of
elevated salt, much of the RNA released with T4 and T7 DNA as templates
consists of species of unique size (Millette et al., 1970; Maitra et al.
1970). One explanation of this effect is that elevated salt leads to

a general decrease in the binding affinity of RNA polymerase for DNA.

It may also be that the high salt concentrations increase the recognitio
of RNA polymerase for DNA termination signals,

(4) Single stranded DNA termination.

Termination of RNA chains is strongly enhanced with single stranded DNA
as template (Maitra and Hurwitz, 1967). Chamberlin (1970) has suggested
that this is due to the formation of DNA-RNA hybrids in the reaction. T
possible biological significance of this type of termination is unknown
l.4.2,

THE RATE OF TRANSCRIPTION

1 the overall reactiion sequence

te

The relative rates cf the varicus steps
for the synthesis of a specific RNA molecule by E. coli RNA polymerase
can be summarised. Binding of RNA polymerase holoenzyme to DNA is known

to be complete within a few seconds, Chain initiation is completed with



w2 e

one or two minutes. The growth of RNA chains is rapid from 40 to 100
nucleotides per second. Enzyme releace after chain termination is
slow, even in the presence of elevated salt, about half of the enzyme
is released and restarts in 60 minutes. Thus in vitro RNA polymerase
spends a large portion of its time in chain initiation and termination

(Chamberlin, 1970).
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1.5.
CONTROL OF TRANSCRIPTION IN BACTERIA
Transcription of the bacterial genome is regulated in response to the
environmental conditions imposed on the cell. At any one time only a
certain set of all possible RNA transcripts will be synthesised, these
to be succeeded by another set with changes in the growth conditions
of the bacteria. The production of a defined RNA molecule from a DNA
template requires that synthesis of the molecule be initiated at a
specific site on the template, then that the coding DNA strand be copied
in accordance with classic Watson-Crick rules of base pairing before
synthesis is finally terminated at a specific site on the template.
| At what stage of this transcription proceés could control be
exerted? Only control of initiation appears to provide the necessary
flexibility for transcriptional control (Travers, 1971). Other suggeste
mechanisms invoking regulation of chain elongation (Stent, 1966) or of
chain termination (Roberts, 1969; Brody, Sederoff, Bolle and Epstein,
1970) are probably of less importance.

Control of transcription can be exerted at varicus molecular levels
As the basic component of the transcription machinery the corc polymeras
(B'Baz) does not have sufficient specificity for accurate promoter
recognition (section 1l.4), such necessary specificity is provided by o

h]

factor which is the primary delerminant for promoter recognition and is
probably required for all in vivo initiations. Although RNA polymerase
holoenzyme (8'8&20) transcribes most bacteriophage DNA species efficient

it has long been known that bacterial DNA is a poor template for this



enzyme (Travers, Kamen and Schleif, 1970). It has been suggested that

the franscription of many bacterial operons requires additional positive

~control elements termed psi (w) factors (Travers, Kamen and Schleif, 1970

of which there would exist several t&pes in the bacterial cell, &nd which
would themselves be regulated by low molecular weight effectors, providing

a system of control that is readily reversible allowing the bacterial cell

to respond rapidly to environmental changes and exerting their control by

regulating the ini‘c‘iation of transcription of a cla'ss of transeriptional
units. An example of such a postulated class is the rRNA and tRNA cistrons
which are under the control of a protein factor\yr (Travers, Kamen and
Schleif, 1970). #& activity is inhibited by ppGpp, guanosine tetraphosphat

(Travers, Kamen and Cashel, 1970), a nucleotide whose appearence in vivo

is correlated with the stringent response (Cashel and Gallant, 1969), If

there were several types ofqifactor in the bacterial cell it would be
predicted that they would compete for the RNA polymerase and thus the
level of RNA synthesis of each class of transcriptional units would
depend on the relative affinities of these q/factors for the enzyme or
their availability. .

It has been known for some time that a positive control factor is
required for the expression of the arabinose operon (Englesberg, Squires
and Meronk, 1969). Chamberlin (1970) has suggested that the protein
factor M (Davidson, Pilarski and Echols, 1969) may be relevant in this
context. This factor stimulates RNA synthesis by both core polymerase
and holoenzyme with A\ DNA as template. M thus appears to éombine the
properties of'a \}J and ¢ factor. Evidence has been obtained that Pai also
acts by binding to RNA polymerase (Davidson, Brookman, Pilarski and Echols
1970). |
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In the control of transcription of the lac operon, a protein factor,
cyclic AMP receptor protein, CRP (Emmer, de Crombrugghe, Pastan and
Perlman, 1970) which is probably identical to the '‘catabolite gene
activation protein" (CAP) isolated by Zubay, Schwarz and Beckwith (1970)
is a necessary. protein factor. Cyclic AMP binds to and activates CRP.
Travers (1971) has ﬁroposed that CRP be classified as a y¢ factor but
this classification has now turned out to be incorrect.

Control of transcription can be mediated by another category of
regulatory proteins which interact directly with DNA at or near promoter
sites and thus either potentiate or inhibit initiation. Examples of
such regulatory elements would be the A and lac repressors., Any in-
dividual regulatory element of this type would probably control only a
small number of transcriptive units which may or may not be under ¢
centrol,

CRP appears to be another such regulatory protein. Pastan et al.
(1971) (reference in de Crombrugghe et al. 1971) have demonstrated that
CRP binds tightly to lac-containing DNA and not to RNA polymerase
De Crombrugghe et al., (1971) have suggested that the promoter region on
the lac genome i35 subdivided into an RNA polymerase binding site and a
CRP binding site. The formation of a complex between CRP and lac DNA
is probably required for the binding of RNA polymerase to its site on

s

the DNA molecule. De Crombrugghe et al, (1971) have sheoun that three

14

proteins only control the transcription of the lac operon: RNA polymeras

(+ o), lac repressor and CRP, All three interact with DNA. The latter
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two, in conjunction with small effector molecules, regulate the
activity of the first by controlling the rate of transcription.

Modifications to the structuré of RNA polymerase itself may change
the initiation specificity of the enzyme, Martelo, Woo; Reimann and
pavie (1970) have shown the phosphorylation of ¢ factor stimulates RNA
synthesis by the holoenzyme. Chelala, Hirschbein and Torres (1971)
have shown that adenylation of RNA polymerase holoenzyme results in an
inhibition of RNA synthesis. How either of these modifications could
control specific gene expression is not yet known.

Changes of a more irreversible nature such as those associalted with
sporulation in B. subtilis (Logick, Shorenstein and Sonenshein, 1970)
or with T4 phage development (Walter, Seifert and Zillig, 1968) in-
volve such phenomena as modification to the polypeptide chains of core
polymerase, the appearance of a phage induced transcription initiation
_ factor (Travers, 1970) or even the denovo synthesis of a new REHA

polymerase (Chamberiin, McGrath, Waskell, 1970).
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MATERIALS AND METHODS



2.1.

MATERIALS

2,1.1.

NUCLEIC ACIDS AND NUCLEOTIDES

ATP, GTP, UTP and CTP were obtained from P-I Biochemicals and used
without further purification. 8-1"C-ATP and 3H-GTP were purchased
from Schwarz Bio Research. Calf thymus DNA (Worthington) and

E. coli DNA (Mann) were used without further purification. F. coli
MRE 60O DNA was a gift from D. Donelly. T7 DNA, prepared by the
method of Rush et al, (1967) was a gift from Ailsa M. Campbell and

D.J. Jolly.

2.,1.2.

ENZYMES AND OTHER PROTEINS

Deoxyribonuclease (electrophoretically pure), alkaline phosphatase,
pyruvate kinase, trypsin, pepsin, ovalbumin, lysozyme and ribonuclease
were purchased from Sigma. Sheep v~globulin and bovine serum albumin
were Armour products., For all the proteins purchased only the most

pure available were obtained.

2‘]—.3'
DYES

Coomassie blue and amido black were purchased from Gurr. FEthidium

bromide was a Calbiochem product,



2.1.4,

BIOCHEMICALS

Phosphoenol pyruvate was purchased from Sigma. Actinomycin D (a Merck
Sharpe and Dohme product) was a gift from R, Billing. Rifampicin

was bought frem Mann,

2.1.5.

CHROMATOGRAPHIC MATERIAL

Phosphocellulose (PC 11) and DEAE-cellulose (DE 52) were Whatman
products. Biogel A5M, Al.5M and HTP (hydroxylapatite) were purchased
from Bio-Rad. Sephadex G-25 and Sepharose 6B were bought from

Pharmacia.

2.1.6.

CHEMICALS

Ludox was a gift from E.I. Du Point De Nemours Inc, Casamino.acids
vere purchased from Difco. Guanidine hydrochloride, urea and sucrose
(ribonuclease-free) were Mann Ultrapure reagents. 2-mercaptoethanol
and dithiothreitol were obtained from Koch-~Light. All other chemicals
were BDH Analar grade.

2.L.7.

MISCELLANEOUS

Dialysis tubing (Visking) was boiled twice in 5% (w/v) Na,CO4, rinsed
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with water, boiled in 0.05M-EDTA, pH 7, and then stored at 4°c in

0.05M~EDTA, pH 7.
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Table 2.1. E. COLT GROWTH MEDIUM
COMPONENT g/litre
Glucose 1.8
Casamino acids ' 15,25
KH,PO,, 5,442
MgS0, . 7H,0 0.493
(NHI{.)Q_SOL} 1.32

The pH was adjusted to 7.1 by the addition of NaOH.

The growth mediun was that of Holms, Bennel and Robertson
(1969). '



2.2,

METHODS

2.2.1.

PREPARATION OF ESCHERICHIA COLI 15224 .
E. coli 15224 were grown at 37°C with vigorous aeration in 10 litre flask
to the end of the logarithmic growth phase (10Y cells/ml), The growth of
the bacteria was followed by taking aliquots of the medium at 20 min time
intervals after innoculation and measuring the turbidity at 420 nm on a
Cary 15 spectrophotometer. The medium was that of Holms, Bennet and
Robertson (personal communication, 1969) (table 2.1). The cells were
harvested after 225 min by pouring onte an excess of crushed ice and
collected by centrifugation at 15,000 rev/min (i0,000g) in a Sharples con
tinuous flow centrifuge. The bacterial sediment was washed with TMA buff
(0.01M-tris acetate, pH 7.5, 0.022M-NH,Cl, O.0M-Mg acetate and 0,0014~-2-

mercaptoethanol). The washed bacterial sediment was stored at-70°C.

2.2.2.
PURIFICATION OF RNA~POLYMERASE BY THE ZILLIG PROCEDURE
RNA polymerase was originally prepared by a method based on that of Zilli.

Fuchs and Millette (1864).

COLUMN CHROMATOGRAPHY
Whatman DEAE-celiulose (DE52) was suspended in 5 volumes of TMA buffer an
titrated to pH 7.5 with 1M~HCl at 20°C., The DEAE-cellulosc was

equilibrated with an excess of TMA buffer,



PROTEIN DETERMINATION

The protein concentration of fractions 1 to 3 was determined by

the Biuret method (Layne, 1957). Fractions 4 to 6 were assayed by the
method of Lowry, Roseborcugh, Farr and Randall (1951). Both

procedures used crystalline bovine serum albumin as a standard.

RNA POLYMERASE ASSAY
The assay measured the incorporation of !“C-ATP into acid insoluble
RNA .
One unit of enzyme is that amount of enzyme that, in excess of DNA
template, incorporates one nmole of ATP into RNA in 10 min at 370C,
under the conditions described. The assay mixture contained in a total
volume of 0.5 mlj

0.03M - tris acetate pH 7.9

0.13M -~ NH,C1

0.03M - magnesium acetate

0.001M - 8-1%C-ATP (specific activity approx. 0.3 c/mole)

0,001K ~ GTP, UTP, CTF

0.01M - phosphoenolpyruvate

10ug pyruvate kinase

50ug calf thymus DNA

1~10 units of enzyme,

e

In the standard assay, incubation was carried out at 37°C for 10 min.



w5 e

ASSAY PROCEDURE

The reaction was started by the addition of enzyme to the pre-incubated
reaction mixture. After 10 min incubation the reaction was stopped by
the addition of 1 ml of ice water (where the amount of protein in the
incubation was less than 200ug, 20Cug of BSA was added with the ice
water), The acid insoluble product (RNA) was precipitated by the
additicn of 1l.5ml of ice-cold 10% (w/v) TCA. After cooling on ice for
10 min, the precipitates were collected on membrane filters (Millipore
HA4S5, 450nm pore size), washed four times with 5ml of ice-cold 5% (w/v)
TCA, placed in a scintillation vial and dried in a hot oven. Both TCA
solutions contained 1% (w/v) tetra-sodium pyrophosphate to help prevent
ginding of labelled ATP to the filter., The aséay blank either contained
no enzyme or was not incubated. The incorporation of 4C-ATP into the a
insoluble precipitate was determined in a Nuclear Chicago liquid

scintillation counter with 8ml of a toluene solution containing 0.5% PPO

PURIFICATION OF E. COLI RNA POLYMERASE
This procedure was performed at O to 4°c, ALl centrifugation was at

4°c,

PREPARATION OF CRUDE EXTRACT

g of wached E, coli MRE 600 were suspended in 6C00ml of TMA buffer
(0.01M~tris acetate pH 7.5, 0,022M-NH,C1 0,01M magnesium acetate,
0.0C1M~2-mercaptoethanol) and homogenised in 90ml portions in the

presence of 135ml of dry cold acid-washed glass beads (diameter
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0.11 + 0.012mm). Homogenisation was performed by shaking at 50Hz

for 2 min at O to 4°C in tbe 200ml stainless steel vessel of the Zillig
vibrational cell-mill (Zillig and Holzel, 1958). The bacterial extract
was separated from the glass beads by squeezing it through two layers

of muslin by hand. The beads were suspended in 400ml of TMA buffer and
re~extracted. The beads were further re-extracted with TMA buffer

until the volume of the bacterial extract (fraction 1) was 1 litre. The
bacterial debris was removed by centrifugation at 30,000 rev/min (78,000g
in Spinco 30 or MSE 30 rotors. The supernate is the crude extract

(fraction 2).

PREPARATION OF DNA~PROTEIN FRACTION

The crude extract was centrifuged at 78,000g for 20h in the Spinco 30
rotor and the supernate was discarded., The sediment consisted of two
distinct layers. The upper layer, DNA and protein, which contains the
enzyme, was removed from the lower layer, ribosomes, with a spatula.
The combined upper layers were suspended in a final volume of 400ml of
TMA buffer by geutle homogenisation in a Potter-Evejhem homogeniser

(fraction 3).

DEAE-CELLULOSE CHROMATOGRAPHY
400g of wet weight TMA-eguilibrated DEAE~cellulose was added to the DNA-
protein fracticon and stirred slowly for 20 min, The eicess THA buffer

was then removed by suction on a Buchner funnel.



To elute a large part of the unwanted protein the DEAE-cellulose

was washed three times with 300ml of 'prewash' buffer (0.05M-tris
acetate pH 7.5, O.llM-NHqu, 0.01M-magnesium acetate, 0.001-B-mercapto-
ethanol, 0.001M-E TA), suspended in 300ml of this buffer and finally
de~aerated by suction in a Buchner flask, )

The DEAE-cellulose with the absorbed DNA and protein was poured onto

a hem column of DEAE-cellulose and washed with 'prewash' buffer in a

5 cm x 60cm glass column, The adsorbed proteins and nucleic acids were
eluted from the column by a linear gradient of 0.11lM to O~7M~NHHC1 in
brewash! buffer (figure 2.2). Each of the closed mixing vessels
contained 600ml of buffer. The flow rate through the column was
90ml/h. The extinction of the effluent at 280nm was recorded with an

LKB Uvicord. 15ml fractions were collected and assayed for enzyme

activity. The enzyme containing fractions were pooled (fraction 4).

AMMONIUM SULPHATE FRACTIONATION

Fraction 4 was adjusted to a protein concentration of 5-10mg of protein
per ml by the adadition of TMA buffer. Ice-cold saturated (NHH)QSOu in
TMA (pH 7.5) was added slowly to give 40% (qu)zsou saturation., After
standing in ice for 30 min, the precipitate was removed by centri-
fugation at 20,000 rev/min (35,000g) for 10 min in the 30 rotor of the
MSL ullracentrifuge. The supernate was then brought to 50% (NHq)QSOu
saturation. Affer standing in ice for 30 min the precipitate was

further collected by centrifugation and dissolved in 30ml of TMA buffer.

The crude enzyme particles were collected by centrifugation at 50,000
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rev/min (151,000g) for 5h in the Spinco 50 rotor. The sediment was

dissolved in 6ml of TMA buffer (fraction $).

SUCROSE GRADIENT CENTRIFUGATION

Three Spinco SW 25.2 tubes were each filled with SGmi of a linear
sucrose gradient of 10 to 30% (w/v) sucrose in TMA buffer

(Glycerol 5-10% (v/v) was added to stabilise the enzyme) (figure 2.3).
(This sucrose gradient was later replaced by a 16 to 50% (v/v) glycerol
gradient (figure 2.4)). The gradients were each layered with 2ml of
fraction 5 and centrifuged at 25,000 rev/min (75,500g) for 20h., 2.2ml
fractions were collected from the top of the tubes and the extinction

at 280nm was followed by an LKB Uvicord II.

The enzyme containing fractions were combined, diluted two-fold with TMA

precipitated by 55% (NHu)QSO saturation and collected by centrifugation

m

The precipitate was dissolved in 6&ml of TMA (fraction 6).

STORAGE OF ENZYME
Fraction 6 enzyme was stored either at 0°C in ice or at ~10°C diluted

~

1 in 2 with glycerol.

2.2.3,
PURIFICATLON OF RNA POLYMERASE BY THE BURGESS PROCEDURE

This purification procedure is based on that of Burgess (1869a) and was

used to obtain the RNA polymerase for the physical studies.

BUFFERS

All buffer solutions (Table 2.2) were prepared from Analar grade chemica
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Distilled water was used for all sclutions. All buffers were made from
stock solutions and KC] was added as indicated in the purification

procedure.

COLUMN CHROMATOGRAPHY

DEAE~cellulose (DE 52) was suspended in 2 volumes of 0,05M-Tris-HCl

pH 7.9 with 1M=-HCL. The column was poured at 20°C (room temperature)
and equilibrated at 4°C with at least four column volumes of buffer

A before use.

Biogel A5M, 100 to 200 mesh, was mixed with 2 volumes of buffer C at
room temperature and allowed to settle. The supernate was discarded.
Another 2 volumes of buffer C was added, and the slurry de-aerated under
vacuum before pouring into a column. The column was equilibrated at

4°C with at least two column volumes of buffer C. After use the column
was washed twice with buffer C + 0.02% (w/v) sodium azide as a bacterio-
static agent. Before re-use the column was washed three times with
buffer C. Biogel Al.5M, 100 to 200 mesh, was treated similarly with

bufier A + 1M-KCl.

PRCTEIN DETERMINATION

Protein in fractions 1 to 3 was measured by the Biuret procedure

(Layne, 1457). Protein concentration in fractions 4 to 6 was measured
by the method of Lowry et al (1951). Protein estimation was also
carried out by a method modified from that of Warburg and Christian (194,

(See Section 3.0).



RNA POLYMERASE ASSAY

- CL]

RNA polymerase activity was assayed by two procedures:

(1)
(2)

1970) from that of Krakow et al. (1969).

a radio-active assay similar to that described by Burgess (196%a),

a fluorescence assay modified by Roach (personal comnunication,

This assay utilises the

increase in fluorescent intensity of the fluorescent dye ethidium

bromide when bound to nucleic acids (Le Pecq et al. 1964, Le Pecq et al.

1966).

0.5ml:

0.0uM-tpisHCl pH 7.9 (20°

0.01M-MgCl,

0.1mM-EDTA
0.lmM-dithiothreitol
0.15M=KC1
1.5mM~GTP, UTP, CTP

l.SmM"luC—ATP

C)

The standard assay mixture contained in a total volume of

0.05-0.15 mg/ml DNA (calf thymus or T7)

0.,01M-PLEP®
20ug/ml pyruvate kinase®

* omitted when pure enzyme was

(1) Radio-active assay: This
lalf fa%] . - " L i ’,
C~-ATP (specific activity 0.3

assayed.

assay mi

c/mole),

RPN S
i

ALure

also contains

Incubation is at 37°C for 10 mi

and the rest of the procedure is as described in the Zillig assay

procedure (Section 2.2.2.).



nab't e

(2) TFluorescence assay: This required an assay volume of 1 ml.

RNA polymerase was added to start the reaction, 0.1 ml aliquots were
removed at various time intervals and added to 1.9 ml of an ethidium
bromide solution (5ug/ml ethidium bromide, 0,01M-tris-HCl ph 7.9,
0.05M~NaCl, 1mM-EDTA). Excitation was at 300nm and the fluorescent
intensity at 590nm was measured. The fluorescent intensity increases
with increasing RNA concentration. Fluorescence was measured on an
Aminco-Bowman Spectrophotofluorometer. RNA polymerase units measured

by the fluorescence assay were corrected (from ug RNA synthesised/10 min
to n moles of nucleotide monophosphate (ATP) incorporated into RNA per

10 min.
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PURIFICATION OF RNA POLYMERASE

All operations were performed at O to 4°c.

CELLS

E. coli MRE 600 were obtained from MRE Porton. These cells had been
grown in continuous culture at 37°C under conditions of carbon
limitation and processed as described by Elsworth et al. (1968)., The
cells had been washed with a buffer containing O0.0lM-magnesium acetate,

0.01M~tris-HC1 pH 7.4. The cells weve stored at -70°C.

GRINDING AND DNASE TREATMENT

The frozen pellets (2 x 100g) of E. coli MRE 600 were broken into small
pieces and suspended in 300ml of buffer G in an Atomix blender. 90ml
portions of the bacterial suspension were homogenised in the presence
of 135ml of cold dry glass beads. Homogenisation was performed by
shaking at 80Hz for 2 min at 4°C in the 200ml stainless stecl vessel of
the Zillig vibrational homogeniser., The combined extracts and glass
beads were poured into a beaker and a further 300ml of buffer G added,
2ml of a freshly prepared solution of 1.25mg/ml DNase was added with
mixing and stirred slowly for 30 min. The glass beads were allowed

to settle and the supernate was then decanted into a flask through a
funnel loosely plugged with glass wool. The beads were then re-
extracted several times with buffer G. Gentle suction was applied *o
draw the bulk of the solution from the beads. Excessive foaming was

avoided. The filtrates were combined to give fraction 1 (1 litre).
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ULTRACENTRIFUGATION
Fraction 1 was centrifuged at 78,000g for 4 hours. This removes cell
debris and ribosomes in cne step. About 800ml of clear amber supernate

is obtained (fraction 2).

AMMONIUM SULPHATE FRACTIONATION

23.1g of solid ammonium sulphate per 100 ml of fraction 2 was slowly
added with stirring to give a 33% saturated solution. The solution

was stirred slowly for 30 min and the precipitate removed by
centrifugation at 5,200 rev/min (5,100g) for 45 min in 750ml poly-
propylene bottles in an MSE 6L centrifuge. 10.75g of ammonium sulphate
ﬁas added per 100ml of 33% saturated supernate to give a 50% saturation.
The precipitate contained the RNA polymerase and was stirred and
centrifuged as above. The precipitate was suspended in 260ml of 42%
saturated solution of ammonium sulphate in buffer A, stirred 30 min and
centrifuged for 70 min at 5,200 rev/min. The pellet, which contains
the enzyme was dissolved in buffer A and diluted with approximately
500ml of buffer A until the specific conductivity of the solution was

9,6mmhos/cem (fraction 3).

DEAE~CELLULOSE CHROMATOGRAPHY

Fraction 3 was applied to a DEAE-cellulose column (100ml) which was
equilibrated with buffer A. The column was washed with 40ml of buffer A
then 300ml of buffer A + 0.13M-KC1 (figure 2.5). The RNA polymerase was

then eluted with buffer C + 0,23M-KC1(300ml). The fractions containing
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the enzyme activity were pooled (fraction u4),

AGAROSE GEL FILTRATION (1)

Fraction 4 was precipitated by the addition of 13 volumes of saturated
ammonium sulphate in buffer C, centrifuged 70 min at é,200 rev/min,
suspended in a total volume of 20ml of buffer C and dialysed 5 hours
against the same buffer. A column of Biogel ASM (5 x 95cm) was equili-
brated with buffer C., The dissolved enzyme was applied, washed into the
column with buffer C and eluted with this same buffer at a flow rate of

60ml/h (figure 2.6). The tubes containing RNA polymerase activity

were pooled to give (fraction 5).

AGAROSE GEL FILTRATION (2)

Fraction 5 was precipitated by the addition of 1} volumes of saturated
ammonium sulphate in buffer C, centrifuged 70 min at 5,200 rev/min and
suspended in 4ml of buffer A + 1.0M-KCL. A column of Biogel Al.5M

(2.5 x 95cm) was equilibrated with buffer A. 1.0M~KCl and eluted with th
same buffer at a flow rate of 2u4ml/h (figure 2.7). The tubes containing
RNA polymerase activity were pooled, precipitated by the addition of 13
volumes of saturated ammonium sulphate in buffer C, centrifuged at

12,000 rev/min (11,000g) for 40 min inlan MSE 18 centrifuge. The pellet
was suspended in 3ml 2x storage bhuffer (2 x S), and an equal volume of

ice-cold glycerol was added (fraction 6).

STORAGE OF ENZYME o

RNA polymerase in storage buffer does not freeze at the storage temperatu:
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wlOOC and is stable for at least six months.

2‘2.1*.
ANALYTICAL COLUMN CHROMATOGRAPHY

2.2.4,1, ‘
PHOSPHOCELLULOSE CHROMATOGRAPHY

Phosphocellulose was stirred with 5 volumes of 0,5M-NaOH for 30 min then
rinsed with distilled water until the rinse was about pH 8. The phospho-
cellulose was then suspended in 5 voiumes of 0,5M-HC1, stirred for 30 mir
then rinsed with distilled w<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>