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ABBREVIATIONS AND CONVENTIONS
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purine nucleoside triphosphate

pyrimidine nucleoside triphosphate
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vl n ot e

DNAnaependent RNA polymerase was isolated in a highly
purified form from E. coli MRE 600 by the method previously
established in this laboratory. The polypeptide composition
of enzyme samples was routinely analysed by SDS-wpolyvacrylamide
gel eléctrophéresis. This technique gave not only an analysis
of the purity of RNA polymerase samples but could also yield,
in some instances, estimates for mol.wt.'s of polypeptides
present.

RNA polymerase prepared in this laboratory had always
contained a polypeptide, © , in relatively high concentration.
The separation of 6 from RNA polymerase, by glycerol gradient
centrifugation, is reported here. It was found also that
0 existed as an aggregeate of the 58 000 mol.wt. monomer
observed by SDS-polyvacrylamide gel electrophoresis sduring
glvcerol gradient centrifugation at high,ionic'strength.u
The properties of 0 resemble those of a protein with ATPase
activity reported very recently by Paetkau & Coy (1972).

By use of the SDS-polyacrylamide gel electrophoresis technique,
the precisc polypeptide composition of RNA polymerase
preparations was found, in general, to be dependent on the
purification procedure used.

A flu;rimetric assay for DNA directed RNA polvmerase
activity was developed., This method is based on the
fluorescence properties of ethidium bromide~nucleic acid
compilexes and had been described originally for measuring
umprimed RNA polymerase activity. A variation of the
fluorimetric assay was employed to measure polynucleotide
pPhosphorvlase activity, which was present in some RNA

rolymerase sanmples,



The dependence of RNA polymerase activity on ijonic
conditions was investigated, in orde% to establish conditions
for subsequent kinetic experiments., The time course of
RNA synfﬁesis 5y RNA polymerase was studied and, in particular,
the RNA product was considered as an inhibitor of the reaction.
A complex inhibition pattern was observed, which did,however,
conform approximately to non-competitive inhibition at high
substfate concentration.

Kinetic experiments were carried out using T7 DNA and calfl
thymus DNA templates. The kinetic behaviour of RNA polymerase
was dependent on various faétors ¢ the nature of the template,
the presence of the initiatiomn Ffactor, 0, and whether purine
or pyrimidine nucleotides were varied. In order to use a
better defined enzyme-template system, the kinetic properties
off RNA polymerase core enzyme (apparently the simplest active
form of the enzyme) with a poly(dAudT) template were
investigated. With this system, the steady state rate
equation for a two substrate ping pong mechanism, with
éubstrate inhibition by ATP, was found to be applicable over
a certain range of substrate concentrations. At higher
sﬁbstrate concentrations, deviations from this rate law were
observed, Model rate equations, of the general form of
steady state rate laws, were analysed, by the least sqguares
method, for their ability to fit the experimental data.

The form of the equation that best described the experimental
results could be explained in several ways ; one of these

was the existence of alternative reacfion pathways. This
eventuality was investigated further by analysing the poly(Am
U) product in wvarious ways : nearest neighbour analysis,
determination of the S'mterminél, and the adjacent, base

residues, and measurement of the gross base stoichiometry.



The results of these experiments provided some evidence for
the operation of alternative reaction pathways at the stage

of the initiation of poly(A»U) synthesis.



SECTION 1

TNTRODUCTTON

Life, although eluding rigorous definition, is
unquestionably a dynémicg non~equilibrium process.
Schrodinger stated this tersely when he said thét 'living
matter evades the decay to equilibrium? (Schrodinger9 1944)6
The coordinated processes taking place within an organism
are continually engaged in protecting that organism from
the decline to equilibrium, which is death and disorder. Thus,
there must be an adequate supply of free energy, as food,
which can be utilised by the organism in question to overcome
the continual production of entropy.

The organism is, then, an open system and the eflfective
utilisation of food inputs, bolh as sources of materials and
energy, requires the integrated performance of many chemical
reactions. These reactions are Catalyzeé by enzymes which
are, to quote Pauling, 'the molecules that we must understand
to know how organisms carry on their metabolie activities!
(Forewérd to Webb, 1963). Enz?mes’not only act as catalysts;
but also provide means by which the rates of chemical reactions
may be controlled,.

Another feature of living systems is thaf they perpetuate
their kind by reproduction. This requires that each organism
carries a plan of itself, which it passes on to its progeny.
In fact, this information, stored in the base sequence of the
DNA molecule, resides in nearly every cell. The expression
of this information as specific cellular components has
commanded much attention in recent yvears, and the path of

information flew has been summarized in the so-called 'central



i

dogma of biology'.

DNA ——» RNA —s PROTEIN

DNA
This much seems clearly established. It‘remains to elucidate
in detall the mechanisms whereby the above process is broushth
about and controlled, temporally and spatially. Some progress
has been made, especially for simpler organisms like bacteria
and viruses,

Lilke most cellular reactions, the processes of itranscrip-
tion, translation and replication are catalyzed by enzymes
(or enzyne systems). These enzymes (Gr enzyme systems) not
only control the rate of information transfer but also select
which information is transfe?red, and so have unique foles in
cellular life, bridging as they do the dynamic and information-
al aspects of living systems. A bacterial DNA-dependent RNA
polymerase (E.C. 2.7.7.6) which catalyzes the transfer of
information from DNA to RNA is the subject of this investig-
apion. For bacteria especially, the raté and selectivity of
RNA synthesis has an important influence on cell growth and
reproduction.

As‘described more fully in’thelfollowing sections, RNA
polymerase is of complex structure and the reaction it
catalyzes, a complicated one by comparison with many enzvme
catalyzed .reactions. In this study, some kinetic properties
off RNA polvymerase were investigated, with a view to assessing
how far the enzyme'l!s behaviour could be described by the
conventional formulations of enzyme kinetics, in particular,
steady state kinetics. Also, an operational description of
the enzyme's properties provides a basis for characterizing

RNA polymerase samples kinetically.
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1a SYNTHESTS OF RNA IIY RNA POLYMERASE

LAl BASIC REACTION

A general equation for the reaction catalyzed by RIA

polymerase is

R, enzyne N . . " PP
DNA + NTI Jivalent DNA + RNA 4 lli
cation

The reaction is a programmed condensation polymerization of
the four nucleoside triphosphates, ATP, CTP, GTP and UTP,
leading te the production of RNA and PPi. In terms of
covalent bLondsg, the condensation of one nucleoside
triphosphate involves the formation of a 3'-5' phosphodiester
linkage betwecen the ribose moieties of two nucleoside
triphosphates (Fig. 1). This could result from nucleophilic
attack by the oxygen of the 3'~hydroxyl of the terminal sugar
moiety on the a-P of the incoming nuéleotide, with PPi as the
leaving group (Florentiev & Ivanov, 1970). Nuclcotides add
to the 3'-end of the growing RNA molecule, both in vitro
(Shigeura & Boxer, 1964; Bremer et al., 1965) and in vivo
(Goldstein et al., 1965). The RNA product retains its 5'-
terminal triphosphate (Bremgr et al., 1965). The synthesis
of an RNA molecule of high molecular wedight will evidently
require the formation of a large nﬁmber of 3'=5"¢

phosphodiester linkages.

The -fidelity of information transfer ffom DNA to RNA is
established in the control by the template of the selection of"
the incoming nucleotide. Only a ribonucleoside triphosphate
complementary, as dictated by Watson-Crick base pairing, to
the prevailing basc on the DNA, can be added to the grewing

RNA chain.



This dimplies an overall conplemenvarity ol wlie Ria product and
thie DNA template, as has been observed experimentally by
hybridization studics (Bautz & Hall, 1962; Hayashi et al., 1963:
As with any polymerization, the rcaction ma& be
conveniently divided into an initiation phase, an elongation
phase and a termination phase. Control of initiation and
termination offers the possibility of regulating precisely
the regions of DNA which are transcribed. Seveiral mecans of

implenenting such control have, in fact, been discovered ana

will be discussed in Section 1lA6. Meantime, the main
components of the reaction will be considered -~ the enzyme,

the template, the substrates and the products.

LAZ RNA POLYMIERASE

Enzymes capable of catalyéing RNA synthesis in vitro
were isolated from both higher organisms (Weiss & Gladstone,
1959) and bacteria (Stevens, 1960; Ilurwitz et al., 1961
Ochoa et al., 1961; Chamberlin & Berg, 1962) as long ago as
the early 1960's. That RNA polymerase gas becen well-studied
since that time is apparent from the number of recent reviews
of this enzyme and related topics (Richardson, 1969;
Geiduschek & Haselkorn, 1969;.Chamber1in, 1970; Travers, 1971;

Burgess, 1971; Bautz, 1972). The enzyme purified from

Escherichia coli has been the subject of the most extensive
investigation and reference to thie RNA polymerase from
B. coli is implied in this dissertation unless otherwise

specified.



LA2 .1 Structure of RNA polymerase

Most RNA polymerase preparations contain four main sube
units, designated ﬁ,ﬁ[,a , and o, in the stoichiometry
QZBKU . PEnzyme of this composition has been called
'holoenzyme!. It is now evident that most laboratories
observe less than this stoichiometric amount of o (Zillig

2t QL'; 1970; Berg et al., 1970). Holoenzyme may be

j@

separated into a second enzyme form, called core enzyme,

and the subunit o, by chromatography on a phosphocellulose
column (Burgess et al., 1969; Berg et al., 1969). Core
enzyme hés stoichiometry azﬁg . Functionally, these two
enzyme forms differ in their RNA synthesizing capabilities.
Core enzyme can catalyze RNA synthesis from templates such

as calf thymus DNA or poly (dA;dT), but by comparison has
very low activity on intact DNA molecules like T7 or T4 DNA.
Ostimulates RNA production by core enzyme manyfold with thesec
phage DNA's and also dimparts specificity on the transcription
process. 1In the presence of ¢, RNA chains are initiated at
specific locations, promoter sites, on the DNA template
(Bautz et al., 1969; Hall et al., 1969; Summers & Siegel,

1969).

1A2.2 Molecular Weights of RNA Polymerase Subunits

The ﬁolecular weights of the subunits, as determined
by polyacrylamide gel electrophoresis in the presence of
sodium dodecyl sulphate, are quoted by Burgess (1971) and
Chamberlin (1970) as W, 150~165 000; B, 145-155 000 ;

o, 85.90 000; a4 , 39-41 000, The values for the mol.
wt.'s of o , B, and ﬁ‘, mast be viewed as being the least
certain since the method used in their determination is least

accurate for high mol.wt.'s.



1In this laboratory, lower mol.wt.'s foro , P, andp

(145 000 for the average of P and ﬁ’; 78 000 for o ) have
been measured using the gel electrophoresis technique
(Lochhead, 1972) and, indeed, lower mol.wt.'s (130~137 00O0)
were obtained for B and B‘by sedimentation equilibrium

(Burgess, 1969b).

1LAZ .3 Molecular weight of RNA polymerase

Taking the mol.wt.'s for the subunits quoted albove,
core enzyme would have a mol.wt. of about 400 000 and enzyme
of structlure azﬁﬁd , a mol.wt. of about 490 000. Most
estimates frowm sedimentation equilibrium experiments have,
however, been somewhat lower (Richardson, 1966a; Maitra &
Hurwitz, 1967 ; Xing & Nicholson, 1971 ; Priess & Zillig,
1966 ; Berg & Chamberlin, 1970). These figures are for the
monomer form of the enzywe which can, in fact, aggre;rate at
low ionic strength (Richardson, 1966a ; Stevens et al.,

1966 ; Berg & Chamberlin, 1970).

1A2.4 Individual roles of the subunits of RNA polvwmerase

Attempts to ascribe functions to the main subunits of
RNA polymerase have not been ehtirely successful. o appears
to be clearly impliéated in the initiation of RNA synthesis
at specific sites on the DNA template (Section 1A6). Studies
of RNA polymerase isolated from mutants resistant to the drugs
rifampicin and streptolydigin have shown the P subunit to be
modified. These drugs inhibit dnitiation and elongation of

RNA chains respectively, suggesting that ﬁ may be the catalvytic

subunit (2illig et al., 1970 ; Ieil & Zillig, 1970).



poly- : :
peptide mol.wt. source . reference
- 120~ Burgess et al., (1969
130 000 E. coli Davison et al.,{1970
w 10 000 E. coli Burgess et al.,(1969)
Berg & Chamberlin, {1970)
I 60 000
| E. coli Zillig et al.,(1970a)
v 15 000
e . 58 000 E. coli Lochhead, (1972)
” 65~ Davison, cited in
: 70 000 E. coli ‘Paetkau & Coy, (1972)
2 65~ . Stonington &
70 000 ‘BE. coli Pettijohn, (1971)
v 65_ .
ATPase 70 000 E. coli Paetkau & Coy,(1972)
2 62 000 E. coli Hirschbein et al.,(1969)
| 65- A, vine- Krakow & von der
£ 70 000 landii Helm, (1970)

Table 1.1 Some polypeptide species observed in RNA polymerase

preparations




Investigations of the binding of subunits to DNA have indicated
that Slis responsible for the binding of the enzyme to the
templéfe (Sethi, cited in Burgess, 1971). So far, it has not
been possible to allocate a function to a and it is fair to

say that much remains to be Jearned of the 1roles of the subunits

of RNA polymerase in general,

1A2.5 Other components of RNA polymerase preparations

The subunits a,ﬁ,ﬁt and g appear to be clearly estab-
lished as components of RNA polymerase. However, various
laboratories have detected other polypeptide species when
relatively pure RNA polymerase preparations were analysed by
polyacrylamide gel electrophoresis (Table 1.1)0 These
components are generally less consistent in their stoichiometry,
certainly thana,  , and ﬂ, and little progress has bcen made
in deciding whether they are true parts of the transcription
machinery. Lacking any knowledge of possible functions, it is
difficult to devise experiments that differentiate between
co~purifying contaminants and true auleiéry factors to the
basic RNA polymerase enzyme. Any system as complex as that
required for transcription will be subject to this general
problem of definition of compoéition.

Besides the polypeptides mentioned above, whose detectien
was the result of structural analysis of enzyme preparations,
certain enwzyme activities have been observed in purified
RNA polymerase : RNase, DNase, polynucleotide phosphoryvlase,
polynuclecotide kinase (Burgess, 1971) and polvA polymerase
(Terzi et al., 1970). Such activities are usually considered
as impurities . This is perhaps correct but their lack of
implication in RNA polymerase functicon should not be taken f{or
granted, since the definition of the complete RNA synthesizing

apparatus is not totally resolved at this time,



1A3. DNA TEMPLATE

RNA polymerase from F.coli is active in trauscribing a
number of DNA's (for example, Hurwitz et al., 1962). The ratc
and specificity of transcription depends upon the templatc and

the enzyme composition (eg. o} content).

1A3.1 DNA structure

The DNA molecule is thought to have a double helical
structure, with hydrogen bonding between complementary bases
on opposite strands of the DNA molecule (Watson & Crick, 1953),
At neutral pH in sclution, the individual chains o1 the DN
would be forced apart by electrostatlic repulsion, were the
negative charges of the ijionised phosphate groups not neutra-
lized. Thus, double helical DNA in solution has an assoc-
iated counterion and although variou§ ions can act in this
capacity the effectiveness varies from ion to ion (vomllippel
& Scleich, 1969). Monovalent cations such as Na+ or K+ are

o
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much less effective than divalent ones 1like Co™ , Mn~ , Ni )
Zn2+ or Mg2+. Mg2+ is bound almost stoichiometrically by DNA

(Dove & Davidson, 1962).

Many physical properties of DNA are sensitive both to
ionic strength and go the nature of the ions present (Dove &
Davidson, 1962 ; Marmur & Doty, 1962 ; Ts'o et al., 1963 ;
WValker, 1964 ; von Hippel & Schleich, 1969 ; Vang, 1969).
The Tm, for example, is very sensitive to ionic conditions
(Dove & Davidson, 1962 ; Marmur & Dbty, 1962). In a general
way, then, it is reasonable to suppose that any effect on
DNA properties might also influence transcription by RNA
poclymerase. In particular, the postulate that local

unwinding of DNA occurs during the course of RNA polymerase

action (Fuchs et al., 1967) implies an important influence
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Different regions of the DNA may have different melting
properties, responding differently to ionic conditions. This
might ﬁave special relevance at the initiation of RNA

synthesis.

1A3.2 Poly(dA-dT)

Poly(dA-dT) is an effective template for RNA polywmerase
(for example, llurwitz et al., 1962). Although X-ray
diffraction studies have shown that the helical structure of
poly(dA~dT) resembles that of natural DNA's (Davies & Baldwin,
1963), the poly(dA-dT) structure has some features not assoc-
iated with natural DNA's. In solution, double helical stfucturs
is observed but only at high polymer concentration does this
arise from the participation of two separate poly(dAudT)
chains. Ordinarily, . the double helix is due to the Tormation
of a hairpin helix, i.e. a single strand folding back, and hase
pairing with itselfl (Schachman et al., 1960 ;3 Inman & Baldwin,
1962b). A further unusual property of pély(dAde) is its
tendency to branching (Inman & Baldwin, 1962a). This phen-
omenon is sensitive to ionic strength, more branching
occurriﬁg at high ionic strengfh. Transcription of
poly(dA—dT) by RNA ﬁolymerase must be viewed in the light of
the differences between the structﬁre of s.ynthetic poly(dA-dT)
and that of natural DNA's, although a DNA reéembling

poly(dA-dT) has been isolated from Crabs (Laskowski, 1972).

1 A4 SUBSTRATES

The complete complement of substrates for RNA polymerase
comprises the four ribonucleoside triphosphates, ATV, CIP, GTP
and UTDP. The base moieties, adenine, cytosine, guanine and

uracil are capable oflactam-lactim and/or enaminhe-ketimine



tautomerism, Also, The purine and pyrimidine rings exhiovit

the following ionizations;

base position pK
adénine NH; h,2
cytosine ' NH; h.s
guanine NH; 3.2
N-1,C-6 0OIi 9.5

ﬁracil N-1 2.5

reference: Mahler & Cordes, 1967

In addition, ionizations of the triphosphate group occur with

pK's of about 1.0 and 6.0 (Mahler & Cordes, 1967).

A property of these nuclecotides is their ability to form
complexes with metal ions., Complexes with a number of

) 24 2 2
divalent cations, Mg2+, Mn2+, Ca Coz+, r? , and Ba * have

&

been reported (Walaas, 1958 ; Nanninga, 1961 ; Burton, 1959;
Phillips et al., 1966) as well as the weaker coumplexcs formed
with Na* and K* (Melchior, 1954 ; Smith & Alberty, 1956) .
Many enmymic reactions require the presegce of metal dons and
in those reactions involving nucleotides, a nucleoctide-metal
ion complex is, in some cases, the actual substratec.

Although complexes between a nﬁmber of different nucleotides
and metal ions have’been describcd? the couwplex MgATP has
been most fully investigated (Burton, 1959 ; Hammes et al.,

1961 ;; Coln & Ilughes, 1962 ; Phillips et Qi.; 1966 ; Norby,
1970). ATP*™ can form a 1:1 complex with Mg2* (Martell &
Schwartzenbach, 1956 ; Walaas, 1958). Evidence from infra-
red and n.m.r. spectroscopy suggests that the Mg2+ is bonded
only to the B and Y phosphate groups (Hammes et al., 1961
Cohn & Mughes, 1962 ; Brintzinger, 1963) with no bonding to

a nitrogenous group of the adenine., The f{ormation constants

24
for Mg“‘ complexes with ATP, CTP, GTP, and UTP arc similar



involvement in complex formation. However, the association of
Mg2+ with ATP probably causes an alteration in conformation of
the triphosphate group (Phillips et al., 1966) and this has
implications for the mechanism of ATP involvement in many
biological reactions.

The quantitative measurement of these binding constants
has been reported several times in the references cited abbve
and, iﬁ particular, many estimates of the formation constant
of MgATPzn have appeared. Phillips et al., (1966) present a
compilation of such estimates. The formation constant,
however, is dependent on ionic strength and temperature as well
as the presence of other ions that can enter into complex
formation (notably, Na' and K+).' Since measurements of the
formation constant have arisen from various different exper-
imental procedures and conditions, comparison of results is not
straightforward., Under a variety of conditions, values ranging
from 3000 (Smith & Alberty, 1956) to 10 000 mol-1 (0OfSullivan
& Perrin, 1961) have been quoted. .

The synthesis of RNA is sensitive to the concentration of
divaient cations (Fuchs et al., 1967 ; Bremer, 1970 ;

Richardson, 1970&) and fairly complex responses to Mg2+ and

+ . . ;
an concentration have been noted for the transcription of

synthetic templates by the RNA polymerasé from Micrococcus

luteus (Straat & Ts'o, 1969 ; Steck et al., 1968). Optimal
Mg2+ concentrations for RNA synthesis are considerably greater
tﬁan the total nucleotide concentration (Fuchs et al., 1967),
implying that all but a very small amount of nucleoside tri-
phosphates are present as Mg2+ complexes. However, there
appears to be no explicit statement in the literature that

MgNTPz' is the substrate for the RNA polymerase reaction.
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Formally, the products of RNA polymerase activity are

PPi and RNA.

1A5.1 Pyvrophosphate

Pyrophosphate undergoes four jonizations with pK's of

0.85, 1.49, 5.77 and 8,22 (Barker, 1971) and at pll 8 pyréw
3....

phosphate will be present as a mixture of HP207 and

1 - -
207! . Both of these species form complexes with Mg£+

(Lambert & Watters, 1957).

P

145.2 RNA

RNA polymerase catalyées the synthesis of RNA molecules
of high mol.wt, The essence of the reaction in vivo is that
sclected regions of the template only are transcribed. The
true product is a set of RNA molecules of defined length and
base sequence as dictated by the regulatory mechanisms of the
cell. These RNA's are, for the cell, products in the same
sense that glucose-6-phosphate, say, is the product of
hexokinase activity. In vitro, the regulatory apparatus is
usually incomplete and, in general, relatively unspecific
transcription might be anticipated. Further, the quantity
commonly determined in enzyme assays is total RNA synthesis,
which is a measure of the total number of 3'=5' phosphodiester
linkages formed, and takes no account of the size distribution
or functional activity of the RNA synthesized. In experiments
where RNA synthesis 1s so measured, one must recall the extra-
polation from the measured quantity to the products of the
enzynme in the strictly controlled environment of the cell.

More d¢tailed analysis of the product is possible, for

instance, by physical studies of its mol.wt. distributiocn or

by investigations of its base sequence. As these techniques
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analysis will, no doubt, become increasingly applicd to RRA

polynierase.

1A5.3 " RNA structure

Anticipating a brief discussion of ﬁhe thermodynamics
of RNA synthesis, it is of dinterest to consider the factors
that stabilize RNA structures in solution. AnARNA molecule
‘will in general consist of both single and double stranded
regions.

Tinoco et al., (1971) have analysed the secondary
structure of R17 viral RNA f{rom the viewpoint of the formation
base~paired double helical regions. Tor the RNA molecule,
they compute AG's of the order of -4 to =10 kecal/mol., which
works out as -0.08 to -~0.2 kcal/mol. per base. These authors
have not considered the contributions from single stranded
stacking energy or the sequence dependent stacking between
base pairs in double helical regions,

| An approach to the energy of singl; stranded stacking
can be made by considering dinucleotides since extrapolation
to higher polymers appears to be vindicated (Cantor et al.,
1966)° 'Michelson (1968) quoteé thermodynamic parameters f{or
the transition from ordered to disordered states for a variety
of dinucleotides and from these values, free energy changes at
20°C can be calculated for thle transition., This yvields free
energy changes varying from +0.18 to -0.35 kcal/mol,

For an RNA moleculé, both of the contributions above
must be included as well as the sequence dependent stacking
in order to account for stabilizations arising from the
formation of secondary structure. A complete description

would also include the effects of tertiary structure. A

value for AG of 0 to -1 kcal/mol. per base to account for
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random conformation secems rcasonable on the basis of the above
Tigures. This is of course only a gross approximation. As
with DRKA, RNA structure is sensitive to ionic conditions

(Tor example, Spirin, 1963).

1AG REGULATION OF RNA SYNTHESITIS : SELECTIVEE TRANSCRIPTIQOLN

Effective gene expression in vivo involves a high
degree of selection at the level of transcription. For
example, whilst mRNA is coded by greater than 95% of the
bacterial genome, it represents only 1-2% oi the cellular
RNA at any given time (McQuillen, 1968). An important
contribution to the understanding of the control of trana
scription in bacteria was that of Jacob & Monod (1961). In
their theory of induction and repression the concept of a
negative control element, the repressor, was introduced. In
recent yecars, a number of positive regulatory factors have
been reported (see reviews by Burgess, 1971 : Bautz, l972).
In general, the control of RNA synthesis in vivo may be
viewed as the imposition of various cellular regulatory
mechanisms on the basic catalytic activity of RNA polymerase
core engyme., Indeed, core enzyme is still some four times
Larger than the RNA polymerase coded by T7 phage which is
capable of highly specifiic transcription of T7 DWNA
(Chamberlin et al., 1970). This difference in size probably

reflects the much greater specificity of action demanded of

1A6.1 Sigma

The beést studied positive control factor is ¢ which
enables core enzyme to initiate RNA synthesis at specific
locations on an intact DNA template. Several investigations
of this effect have been reported (Bautz et al., 1569 ;

Hall et al., 1969 ; Summers & Siegel, 1969) and tlie work of



UKampto and co-~-workers has very clearly illlustrated the
ef'fect of o on the products of RNA polymerase activity
(Okamoto et al., 1970 ; Suglura et al., 1970 ; Takanami
et al., 1970). In some instances,; other control factors

complement the effect of o -i.e. O is necessary but not

always sufficient for correct initiation.
1AG.2 Psi

A protein factor designated ¢ has been described by

Travers et al. (1970) whiclhi, in the presence of 0 , stimulatos

the synthesis, by RNA polymerase, of rRNA from 0,2% of the
total product RNA to 30«40%,'when transcribing an L.coli DNA
template., The function of W is, however, not entirely cleawr,

as yet (laseltine, 1972),

1A6.3 Catabolite pene-activating protein (CAP or CRP)

Studies of the transcription of the lac operon have
demonstrated the existence of a protein called CAP or CRP
which has a specific role in this proces; (Pastan & Perfman,
1970). In vitro, RNA polymerase core enzyme will transcribe
lac specific mRNA from a DNA containing the lactose operon
only if o , CAP, and cAMP are gll present (Arditti et al.,
1970).

This appears to be a well-documented example of the

requiremerit of a positive control element in addition to o ,

in order to effect specific cistromn initiation.

LAG. U M Factor

Davison et al. (1969) have isolated a protein, M factor,

—— —

which stimulates RNA synthesis from A or T7 DNA's, even in

the presence of o© (Davison et al., 1970).



1A6.5 “Termination

Specific termination of RNA synthesis is thought to
resuiﬁ from Qarious mechanisms. Specific DNA scequences can
cause termination (Takanami gﬁjgie, 1970 ; Maitra et al., 1970
Richardson, 1970a). Roberts (1969) has isolated a protein
designated p factor which directs the specific termination
of RNA‘synthesis on a number of templates. In addition, high
salt concentration alone enhences specific termination
(Richardson, 1970b).

Non-specific termination has been observed at low ionic
strength (Fuchs et al., 1967 ; Breumer & Konrad, 1964) and wslso

when RNA polymerase is transcribing single-stranded templates

(Maitra & Hurwitz, 1967 ; Maitra & Barash, 1969).



LAY REGULATTYON OF RNA SYNTIHESIS : CONTROL BY SMALIL, NOLBCULLY

The factors described in the previlious section determine
whicﬁ sections of the genome are transcribed, in response to
the érevailing environmental conditions. The ‘environmental
conditions' are basically established by the availability cof
energy sources, carbon sources and so on, in other words, the
nutritional status of the medium supporting growth. One would
anticipate,; then, that the mechanisms regulating RNA synthesis
would be capable of sensing the levels of small molecules.,
This idea is, of course, central to the induction-repression
theory of Jacob and }Monod (1961) in which gene expression is
considered to bLe switched on cxr of{ by the presence ol certain
small molecules, A further instance is the lac operon where
cAMP is a requisite for the synthesis of lac messenger RNA.
The lac operon may indeed belong to a‘class of genes whose
expression requires not only de-repression in the Jacob-Monod
sense, but also a'go' signal from the cAMP pool. Another
small molecule effect is that of ppGpp, & nucleoside tetra-
thSPhate that accumulates in stringent ¥. coli strains on
thhe onset of amino acid starvation.(Cashel, 1969 ; Cashel,
1970). This nucleotide may préferentially inhibit rRNA
synthesis (Trqvers et al., 1970).

As with any enzyme catalyzed reaction, the substrate
concentrations will have an effect on the rate of RNA
synthesis by RNA polymerase, irrespective of which DNA regions
are being transcribed. With RNA polymerase, however, it has
been estimated that the enzyme spends most of its time
starting and stopping RNA chainl synthesis rather than in the
elongation reactions.(Chamberlin, 1970). Indeed, ¢ , by
gltering the rate of dnitiation, may not only enable specific
initiation but el fectively control the overall rate of RNA

synthesis in vivo. Also, the apparent K 's reported for both
———" . il
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initiation and elongation (for example, Anthony et al., 1960)
arc well below most estimates of in vive nucleoside triphoo-
phate concentrations (Neuhard & Munch-Peterson, 1966

Gallant & Harada, 1969), Substrate influences on the rate

of RNA synthesis in vivo have been sought. In the coursc of
various nutrient and inhibitor induced shift-downs of F. coli,
no such effects were observed (Nazar & Wong, 1972) but on
recovery from dinitrophenol inhibition or entry into phosphate
starvation substrate control was operative (Nazar et al., 1072)
The most significant effects of nucleoside triphosphates naey
be indirect, for example, via conversion to other nucleotides
such as cAMP or ppGpp but nonetheless changes in triphosphate
concentrations can altcer the rate of RNA synthesis. The

relative concentrations of ATP, CTP, GTP, and UTP may, in

fact, be the most important parameter in this respect.



1B THE KINETICS OF ENZYME CATALYZ:D REACTIONS

181 KINETICS OF SINGLE SUBSTRATE REACTTIONS.
1B1.1 Historical Background

The quantitation of the kinetics of enzyme catalyzed
reactions goes back to Henri (1901 ; 1902), Brown (1902), and
Michaelis and Menten (1913), out of whose work emerged the now
familiar hyperbolic rate equation and the concept of enzyme-
substrate complexes. A simple uni-substrate reaction was

described by the following scheme :

k:1 Xk
T + A w— KA —> K o+ P eqn. 1.1
k
12

where E is enzyme, A substrate;, I’ product and EA the enzyme-
. substrate complex, Originally, the enzyme~substrate complex
was considered to be in equilibrium with free enzyme and free
substrate. Application of the Law of Mass Action gives the

equation :

v oom e————— eqn. 1.2

where Ka is the dissociation constant for EA and equals
kZ/kl' The analysis assumes that the magnitude of k3 does

not affect the equilibrium of E, A, and BEA, The equation

may be written

1/v = 1/V (Ka/a + 1) eqn. 1.3

which enables simple graphical estimation of Ka and V by
plotting 1/v against 1/a (Lineweaver & Burk, 1934). Other
similar rearrangements of the equation are possible
(Hofstee, 1952). Eqn. 1.2 represents a hyperbola and the
scheme depicted in eqn. l.} can be characterized by two

parameters, Ka and V, which have a clear physical



interpretation. Ka is determined by the affinity of the
enzyme for the substrate and V represents the maximum velocity
o’ the reaction, which v approaches asymptotically as a tends
to infindity. The Torm of eqn. 1.2 resembles that of the
Langmuir isotherm (Langmuir, 1916) and illustrates the basic
similarity between enzymic and surface catalysis (Laidler,
1965).

An algebraically equivalent rate equation to eqn. 1.2
was derived by Briggs and Haldane (1925) without invoking the
original equilibrium assumption. Instead, they applied the
more convincing concept of a steady state in which, after a
brief initial period, d(EA)/dt was assumed equal to zero.

The rate equation so derived is

V.a

Vo= e
L
I{m + a eqn. 1.4

where the only difference from eqn. 1.2 is the replacement of
Ka by Km. Km equals (k2 + kB)/kl' Km is a function of all
the individual rate constants and, in general, does not

represent the affinity of the enzyme for the substrate. This

is an often quoted but often ignored point (Dalziel, 1962).

1B1.2 Steady state

The steady state rate equation for a single substrate
is important both in its freqhent applicability in ostensibly
more comnplex situations and because the steady state
assumption is fundamental to a large body of enzyme kinetic
theory. The justification of the steady state assumption
requires that -

(1) The time taken for the attainment of the steady state

concentration of enzyme-substrate complex is small on

the time scale of product formation.



(2) After reaching the steady state level of intermediate,
d(ra)/dt must in fact equal zero,

Laidler (1955) has investigated the conditions under which

these requirements are met, and in addition to the more

common criterion of S, > e, (where the subscript refers to

zero time), the steady state assumption is also valid for

1) e, > s,

2) I, + kg » ke,

3) kg + kg kys,

A more recent assessment of the steady state assumption
has been reported by Heineken et al. (1967) who go so far as
to say that it is 'somewhat scandalous' from a mathematician's
peint of view. This is, however, a rigorous treatment and the
application of steady state kinetics in practice has been bLoth
suooessful and useful. Nonetheless, the restrictions imposed

by the steady state assumption should not be forgotten.

1B1.53 Reversible Reaction.
kl k3
E + S = ES = E 4+ P eqn., 1.5

The above mechanism can be analysed to give a steady

state rate equation of the form

b £ f b
- |9 [ / E
v = Km. Vi.a Ym ! P | eqn. 1.6
f b b b
m’ Km + IEni a ¥ Km *P

where p is the product concentration and the superscripts
refer to the forward (f) and back (b) reaction. At t=0,
p=0 and eqn. 1.6 reduces to eqn. 1l.4. The use of initial
velocities is experimentally common as it obviates the need
among other complexities to account for the effect of the

back reaction (unless product is deliberately added to the

system for product inhibition studies). When v = 0 in
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from which it can be seen that

b f

X>. V : . . )
m w5 RGQ = Keq egqn. 1.7
Kfo Vb aeq

m

Keq is the equilibrium constant and eqn. 1.7 is the simplest
of theiso—called llaldane relationships.

Integrated kinetics have been deécribed (Foster &
Niemann 1953 ; Alberty & Koefber, 1957 3 Schwert, 1969a) but
their practical application has been rather limited (for

an example, Schwert, 1969b).

1BL.h Inhibition of ¥nzymic Reactions

Enzymic reactions can be inhibited by substrates,
products or other agents., Different types of inhibition can
be recognized and several classifications have been described.
Webb (1963) details a general reaction scheme which red%ces to
the more common inhibition types as the result of appropriate
constraints. Although this is based on an equilibriuh rather
than a steady state treatment, it provides a basis {or the

discussion of dinhibition in more ceomplex systems.

The inhibitor, I, is assumed to affcecct either substirate
binding (V:i_a the factor, a. ) or the breakdown of the enzyme-

substrate complex (via the factor, B ). The general



a. ak, o+ Bodi)

) w4 4T
a.3d -+ G(Ki.a + ha.l ¢ Ka.Ki) eqn. 1.8

1) Completely competitive inhibition, a = & and B =

No BEIA complex is formed as the inhibitor totally

prevents substrate binding.
2) Completely non-~-competitive inhibition. = 1 and PB=0

The inhibitor does not affect substrate binding but

abolishes the bréakdown to products,
3) Uncompetitive inhibition or activation.

a<1l B21 > : activation
<1 : possiﬁle inhibition

This behaviour is characterized by a set of parallellreciprocal
plots (1/v against 1/a) with different inhibitor concentrations.

Webb lists further classes of inhibition arising from
other constraints on the'values of a and B . Other schemes
for the classification of inhibition have been proposed,
notably by Cleland (Cleland, 1970) who defines the types of
inhibitors according to the effect on a double reciprocal plot.
This operational definition is useful in more conmplex cases
which do not readily conform to the general scheme of eqn. 1,8,
and differs from Webb's mainly in that Cleland's classification
does not distinguish between some of the types of categorized
by Webb., In Cleland's scheme, inhibition is broadly classed as
competitive : effect on the slope bhut not the vertical

intercept of a double reciprocal plot,

nog«competitive : effect on slope and intercept.
uncompetitive : c¢ffect on dintercept but not the slope.
Further distinction can be made by the nature of the wvariations
of slope or intercept with inhibifor concentration, for example,

S—linear, I-hyperbolic.



Inhibition by products and substrates can often bhe
described by one of the classifications above, but nmost
generally the actual effect on a model of any inhibitor

action can be derived by a steady state analysis.



182, KINBTICS OF MULTI-SUBSTRATE REACTIONS

iB2.1 Bisubstrate Reactions

Most>enzyme catalysed reactions have more than onc
substraté and in going from Sinéle to multi—-substrate rcactions,
an important complication in postulating reaction schemes is
encountered; namely, there is not unique seqguence. A priori,
it is not known in what order the substrates bind {or the
products are released), and indeed, there may be alternative
reaction pathways. The>characterization of a two substrate
reaction requires not only the measurement of kinetic para-
meters, but also the identification of the actual reaction
mechanism, FEarly contribution to the theory of bisubstrate
reactions came from Alberty (1953 ; 1958) and Dalziel (1957 ;
1958) who initially showed that all linear (i.e. no alternative
pathways) mechanisms could be described by a general equation
of the form (with the parameters in the notation of Dalziel)

a.b
¢boa.b + @

o4

a  + ¢2.b + ¢12 .

‘ Egn. 1.9
Various particular mechanisms conforming to the above general
equation can be distinguished.,

The possibility of branched or alternative reaction
mechanisms was explored by Dalziel (1958) and, for the two
substrate case in particular, a fairly exhaustive treatment
is given By Wong & Hanes (1962). Cleland (1963a, b, c) also
developed the steady state analysis of multi-substrate
reactions. The object of most steady state formulations has
been to enable the differentiation between various feasible
reaction mechanisms based on knowledge of the structure of

the relevant rate cquations. This required the derivation

of steady state rate equations for a number of different

reaction models, a task considerably simplified by the use



of the determinaont technique of King & Altman (1956).
Kistiakowsky & Shaw (1953) had ériginally used a determinant
method in the derivation of rate equations and King & Altman
developed a determinant-based schematic rule which obviated
all algebraic manipulation. Their procedure effectively

solves the set of linear simultaneous ecquations which define

59
o+
@]

the steady state for all of the ensmyme-~containing intermedi
of a given enzymic reaction. Volkenstein & Goldstein (1966)
liave worked out a method based on graph theory to solve these
same equations, again free rom algebraic juggling. These
techniques can be applied to the solution of any model in
steady state terms and much of the progress in multi-substrate
kinetics has been the rationalization of the various rate

equations so derived,

1Bz2. General Stcady state rale equation

The general steady state rate equation with respect

to a particular substrate, A, is given by VWong & Hanes (1962)

as
p a4+ p 227l L R a + p
v o= o] 1 z—1 z
q a? q az—l+ ce e e | a + q
0 1 z-1 Z
) egn. 1,10

where the terms of both the numerator and the denominator are
subject to certain 'structural rules'., Different reaction
Mechanisms differ in the value of =2z and in the composition
of the coéfficients p arnd g both as regards other substrate
concentrations and the individual rate constants involved.

The degree of the equation z is the degree with respect to

A and in general equals the number of different enzyme-
containing species to which the substrate A binds. The degree
of the mnumerator cail be less than or equal to thaf of the

denominator,

©



The complete rate equation, with all substrates
variable, can evidentiy be a complex function and its
experimental confirmation requires the study of the variation
of thé coeflficients, p and ¢, with the fixed substrates
(i.e. substrates other than 'A'). The effects of inhibitors
or activators can be incorporated by introducing putative

modifier interactions in the initial reaction model.

1B2.3 Analysis of a linear bisubstrate reaction

To illustrate the common experimental rationale, the

linear bisubstrate reaction will be considered.

ordered : E éé LA gﬁ EAB = EPQ ;ﬁ EP ;% B
L
ping-pong : E %ﬁ EA ﬁé Bt gé E'B &= EQ ﬁé DN

The two main types of bisubstrate linear reactions are shown
in the above schemes, and as mentioned in section 1B2.1 can
be described generally by eqn. 1.9. The ping-pong mechanism
is distinguished by the fact that ¢i2 = 0.

Experimentally, a is varied at a number of fixed
concentrations of b, which is designated the 'changing fixed!'
substrate in this context (Clgland, 1970). The pattern of
the double reciprocal plots of 1/a against 1/v at different
b levels, is diagnostic. With an ordered mechanism, the
double reciprocal plots meet to the left of the 1/v axis
but are pérallel with a ping-pong mechanism. For each
concentration of b, a slope and a vertical intercept is
obtained which can then bLe re-plotted against 1/b., This
procedure allows the estimation of four parameters, two
from each replot. Further specific linear bisubstrate

mechanisms, arising from cases where the individual rate

constants are constrained in a specific fashion,; can be

elucidated in a similar manner, and more complicated



reactions can be approached by extension of the same technigue,
It should be noted, however, that even in the two substrate
situaﬁion, complete resolution of the reaction is not always
possible., It is not possible, .for instance, to determine
which substrate of an ordered mechanism adds first, and this
general problem increases with more complex reactions. Indeed,
éonformity to a kinetic rate law deces not unequivocably prove
the Verécity of the reaction model from which the rate law

was derived.

1B2.4 Competitive Substrate Inhibition

E'%%MEA:‘-E‘EWQ-»E'BQ-%E

The scheme above shows the diversion of enzyme into a
fruitless complex with A, cometimes called a 'dead end!
complex, This can be recognized as competitive inhibition.

With a ping-pong bisubstrate reaction, the following eqn. 1.11

would be obtained from stecady state analysis J
v = a.b P
' eo Qﬁ.b. + ¢l.a f ¢25b + ¢E.a

Egn., 1.11
In general, this situation leads to the introduction of an
extra term in a2 into the denominator of the rate equation
for the wrinhibited reaction (Wong & aneé, 1962). If a is
the variable substrate, this type of inhibition shows as a
minimum in the plot of 1/v against 1/a, which asymptotically
approaches the vertical axis as a tends to infinity. If a is
the changing fixed substrate, the belhiaviour in response to the
variation of b is hyperbolic, but the slopes of the double

reciprocal plots inercase with inereasing a, and the plots

intersect to the right of the vertical axis.



1B3 NON-IIYPERDBOLIC KINETICS

From the general stecady state cquation (eqgn. l.lO), it
is aﬁﬁarent fhat hyperbolic kinetics (z = l) are a special
case, although, in fact, confofmity to the simple Michaelig-
Menten law is common. Deviation from this rate law may be
termed '‘non-hyperbolic' behaviour and may result Lron o
number‘of causes. The following classification is based on

that of Wong & Endrenyi (1971).

1B3.1 Inapplicability'of steady state rate equation

Interaction between enzyme molecules will cause
deviation Tfrom the steady state rate law of eqn. 1.4, for
example, 1T enzyme polymerization occurs (Frieden,1967; Nichols
et al., , 1967). Such behaviour is characterized by a non-
linear aependence of v on enzyme concentration, even when
sojp e, Other failures of the steady state equation will
occur if the assumptions of the steady state are violated,

as would result from the inapplicability of the inequalities

[
.

defined Ly Laidler (Section 1B1.2).

1B3.2 Branching {(Alternative) Reaction Pathways

For an enzyme with a single binding site for a substrate,
A, non-hyperbolic thaviour obtains if, via binding with other
substrates or modifiers, a number of different enzymenr
containing intermediates are capable of binding A. Saturation
by the other substrates or modifiers can effectively reduce
the number of intermediates that can bind with A so that the .
degree.of the dependence (z) on A may be reduced, Such a
response is diagnostic of this general mechanism, as is also
the fact that the cequation describing the binding of A to the
enzyme is of degree 1, since the enzyme has a single A binding

site.



1B3.3 Cooperative or Allesteric Behaviour

Where an enzyme has a number of substrate binding sites,
l(as,Afbr'exéﬁple, with an oligomeric enzyme), binding of
substrate at one sitelmay affect the affinity of the other
sites for substratces (for example, Koshland, 197‘0)° I there
is no interaction, no cooperativity is observced either in
binding experiments or kinetic studies. Interactions may
e on binding of substrate or the breakdown to product, as
indeed, with simple modifiers, but in this case, the gcecometric
arrangement of the sites is also important, Postulations
concerning the nature of the allosteric interactions leads to
various models of cooperative behaviour (Xoshiand et al.,

1966 ; Pauling, 1935 ; Monod et al., 1965). Allosteric
enzymes may be described by ecaqn, 1.10 in general and the
mathenatical implications of different models are seen in the
different relationships amongst the coefficients of the
polynomials.

The mest common analytical procedure for eooperative
behaviour is the Hill plot (Hill, 1952), in which log v/(V«V}
is plotted against log a. The maximum slope of the 1lIill plot
ideally'defines the number of binding sites for the substrate.
Another diagnostic plot is that of log v against log a, Lthe
maximum slope of which again is an estimate of the number of
sites. In practice, the maximum slope in both cases is an

underestimate of the true number of binding sites unless the

cooperativity is very high.

1B3.4 Substrate Involved Twice in Reaction Scquence

In a linear mechanism, where a substrate combines more
than once with different enzyme-containing species, the rate
function can be of degree more than one. The substrate

binding points in the reaction scheme must be connected by a

reversible sequence.



LB3 .4 Substrate dinhibition

Substrate inhibition is a speccial case of a branching

pathway and was described in Section 1BJ3.Z2.

The above instances of non-hyperbolic behaviour are theoretical
and in practical situations, therce may be other causes, which

although of less theoretical interest, may be important.

1B3.5 Tmpure enzyne

The presence of two enzymes catalysing the same reaction
will give, even when both conform to hyperbolic rate equations,

an overall rate law of the form

Vo= vy o+ v,
= a.Vl(I\’.2 + a) + a.v2(1{l + a)
(Kl + a) . (1{2 + a) (Cleland, 19790).
1B3.6 Inhibitors or Activators as impurities

of substrate or engzyme,

L

The presence of inhibitors or activators in either
enzyme preparations or substrate solutions may impose

deviations from an otherwise hyperbolic rate equation,

183.7 Error in Velocity Measurements

Systematic error in the determination of initial
velocities may yield an erroneous departure f{rom hyperbolic
kinetics. T'or example, if v is systematically underestimated
by an amount Ov, then for a true hyperbolic rate law, the
double reciprocal plot of 1/v against 1/a will be concave up

when ©Ov becomes a significant proportion of wv.
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The analysis of enzyme kinetic rate laws has been
facilitated in many instances by the frequent conformity of
enzymic reactions to hyperbolic rate laws, with respcct to
any particular substrate. This form of equation allows ecasy
graphical analysis as described earlier, but the evaluation
of kinetic constants in this way has been criticised
(Hearoﬁ et al., 1959 ; Cleland, 1967). Statistical procedures
have thus been devised (Wilkinson, 1961 3 Johansen & Lumry,
1961 ; Cleland, 1967) and it is now common to Tit experimental
values of v and a directly to the equation v = V.a/(Km + a)
using thé least squares method. This has the advantages of
providing better estimates of the parameters and giving an
objective analysis of experimental results.,

In this instance, statistical methods yield a reflfinement
in the estimation of kinetic parameters but in no way alter
the validity of tlie underlying kinetic analysis, The
interpretation of many enzymic reactions dinvolving hyperbolic
rate equations has been adequately founded on the judgement
of the experimentor in drawing a straight line through a sect
of data points. When the degree of the rate equation is
greater than 1 (z in eqn. 1.10), however, visual examination
of the data can give little more than qualitative assessment
of deviations from hyperboiic behaviour. If a more rigorous
analysis is desired, then more sophisticated technigues are
required and this usually involves fitting the data to higher
degree rate equations, by statistical methods. This is no
panacea since the least squares analysis of functions nonw

linear in parameters is not a trivial problem in numerical

analysis.



IB4 .1 Statistical Considerations in the

Tvaluation of Rate Rauations.

The geheral steady state rate equation is given in
eqn. 1,10 and any model equation is defined by the parameters,
p and . Statistical analysis serves two purposes. I the
appropriate rate equation is known, the defining parameters
may bLe estimated statistically. Lacking knowledge of the
rate equation, experimental data can be fitted to different
model functions, and the best fitting model selected as the
most likely. Again, this does not alone furnish positive
nroof of a mechanism, but some feasibhle reaction schemes can

be excluded with certainty.

Least Sguares Analvysis

Given a set o0of n data points (xi,yi), the problem is
to evaluate the parameters a,b,c,..... that describe the best

fit of the data to a putative model equation

Yy o= f(x H a,b,c,.o...).

The uncertainty in x is considercd negligible compared to the
uncertainty in y. The sum of the squares, 5, is defined by

s = I (- rlxy) )R

In the least squares method, the best estimates of the para-

meters a,b,c,... are those which minimise S,

If the model is linear with respect to the parameters a,b,c,..,
then this defines a set of linear simultancecous equations which

can be solved explicitly for a,b,ci.i.e.. If, as is generally

the case for eqn. 1,10, the model is non-lincar in the



parvameters,; no explicit solution is possible, and initial
estimates of the parameters must be iteratively modified
until a minimum in S is obtained. The parameter space is
effectively searched for a minimum of 8. The execution of
this operation generally requires the aid of a computer and
various numerical techniques can be employed to help and
accelerate the minimization procedure (Bevingtqm, 1969).

Toe account for the differing uncertainties in the

experimental values, Vi the statistic 'chi squared' may

X'= 3z (1) (v - £lxg) )P

. . bt
where g, is the variance of the i data value of vy.
The minimum of 3 ox chi sqguared is obviously to some extent
an indication of the goodness of fit of the data to the model

equation. Commonly, the 'reduced chi sguared? is used in this

context.

where V= degrees of freedom.
This gstatistic, in fact, is the ratio of the observed variance
with vespect to the fitted model and the mean variance in the

data, Y, SO that if Xs = 1, the model accounts for all of
the observed variance. In general, laclk of applicability of

, . 2
thie model is seen as a high value of Xv‘



1C REACTION CATAIYSED BY RNA POLYMERASK ¢

KINETYCS AND MECHANTSM

1C1i ' THERMODYNAMICS OF RMA SYNTIIESTS

Owing to the difficulty in defining the products of the
reaction catalysed by RNA polymecrase, the addition of a single

nucleotide residue to a growing RNA chain will be considered.

RNA + NTP = RNA + PP,
n-1 n .

where n and n-1 refer to the number of base residues in the
RNA chain. The free energy change associated with the forward

reaction may be ascribed to =

1) The condensation of the incoming nuclecotide, AGﬁ
P
2) The change in conformation of the product RNA, AGﬁ

AGE may be estimated by consideration of siumple phosphate
ester formation. The free energy for the hydrolysis of a

phosphodiester is about « 6.0 kcal/mol. (Mahler & Cordes,
1967). The reverse reaction, the formation of a phosphod~
iester is then endergonic to the extent of + 6.0 kcal/mol,

This, however, would represent the following cquation when

adapted to the synthesis of RNA

RNA 4+ NMP = RNA_ o+ 1,0 ; AGY = 6.0 kcal/mol.
n-1 n A

For RNA polymerase, the hyvdrolysis of the nuéleoside triphos-
phate substrate would formally favour the forward reaction.
For ATP, Alberty (1969) gives a value AG® = -8 kcal/mol. for
hydrolysis to AMP and PPi at common reaction levels of Mg2+
and pH., If the same value 1s taken for the crr, GTP and UTP,

then

RNA + NIP = RNA_ + PP, ; AGS = -2 kcal/mol.
n-1 n i 12



The contributions of secondary structurc to RNA
stability were discussed in Section 1A5.2. AGE will dnclude
such terms which may be of the order of 0 « 1 kcal/mol. In
any case, AG; is presumably negative since RNA does adopt
secondary and tertiary structures in solution. This 1is a
simple and approximate analysis but indicates that one might
exnect RNA synthesis to be exergonic by at least about
2 kcal/mol.

An additional point is that the enzyme pyrophosphorylase

will be active in vivo, catalysing

PP, + H,0 = 2P ; AG® = -6 kcal/mol.
éqn, 1.12
The value of AG® is from Alberty (1969). Coupled to the
RNA polymerase reaction and because of the high H20
concentratioﬁ, this would wmake RNA synthesis considerably

more exergonic than the estimate above.

1c2 DBINDING OR RNA POLYMFERASY TO DNA

The first event in RNA synthesis is the bindiné of RNA
polymerase to the DNA template. This process is sensitive to
ionic conditions (Richardson, 1966b). Core enzyme is capable
of randomly binding to DNA (Minkle & Chamberlin, 1970 ;

Darlix et al., 1969): At certain specific locations on the
template, however, the affinity of the enzyme for DNA is
thought to be greatly enhanced (llinkle & Chamberlin, 1970,
allowing the formation of complexes resistant to the inhibitors
rifampicin (Sippel & Hartmann, 1970 ; Bautz & Bautz, 1970) and
heparin (zZillig et al., 1970). The formation of such complexes
requires the presence of .0 and a temperature in excess of

20°% al though nucleoside triphosphates are not implicated in

the reaction (Sippel & Hartmann, 1970 ; Bautz & DBautz, 1970).



With nicked DNA's, single stranded DNA's or a DNA with single
s tranded regions such as pely(dAde), there is no requirement
for elevated temperature or ¢ factor in the formation of these
stable complexes (Chamberlin, 1970) but the complexes arc not
formed at specific template sites. local melting of DNA has
been invoked in the RNA polymerase . reaction (Fuchs et al.,
L967  Minkle & Chamberlin, 1970) and this might be dimportant
in the formation of stable enzyme-~DNA complexeé, The
influence of ions on RNA polymerase action, both at initiation
and elongation of RNA chains, may be due in part to the effect
of ions on DNA melting (Section lAj.l).

Details of the interactions involved in the bLinding of
RNA polymerase to DNA are as yet unresolved. I+ is not known,
for instance, whether o or core enzyne or both determine the
specificity of the initial binding although tlhie binding of
core enzyne appears to provide most of the binding cnergy
(zillig et al., 1970). There 1is evidence from analysis of
5'~terminal sequences of RNA products, that core enzyme

preferentially starts at pyrimidine clusters (Okamoto et al.,

1970 ; Sugiura et al., 1970).

1C3 INTITTATION OF RNA SYNTIIESIS

"Following the binding of enzyme to DNA, the next
clearly dgfined occurrence is the binding of the first
substrate molecule but there is some evidence for changes in
the properties of the enzyme-DNA complex between these two
events and this is discussed by DBurgess (1971). In a number
of studiecs, the first nucleotide of the product RNA
(i,e. at the 5‘-end) has been a purine residue (ﬂaitra &
Hurwitz, 1965 ; Maitra et al., 1967 ; Okamoto et al., 1970 ;
Sugiura et al., 1970) irrespective, in fact, of the initial

presence of o . The second substrate then binds and the



formation of the first 3'-5' phosphodiester linkage follows.
At some early stapge in the synthesis of the RNA chain, o ,
if present, is releascd (Berg et al., 1969 ; Krakow &

von der Helm, 19'70)°

Definition of Initiation

In polymerization reacions studied in chemical
laboratories, initiation is generally taken to mean the
formation of the first covalent bond between two of the
monomer reactants. In transcription, a number of events
precede this occurrence. Thus, RNA synthesis may Dbe
conmitted to starting at a particular location oin the DNA
before any covalent bonds have been formed and the selection
of the site of enzyme binding on the template may have been
irreversible. To avoid problems witlhh loose usage of the
word 'initiation', the term 'covalent initiation' is used
here to describe the actual formation of the first
phosphodiester linkage. Otherwise 'dinitiation' is used to
include all the events involved in the effective commencement
of RNA synthesis and includes both the binding of enzyme to
DNA (speciflically or nonspecifically) and the formation of

the first covalent bond.

LCh ELONCATION OF RNA CIHAINS AND MODELS

OF RNA POLYMURASE ACTION,

It has Dbeen suggested on the basis of kinetic studies
(Anthony et al., 1969), equilibrium dialysis (Wu & Goldthwait,
1969a) and fluorescence quenching (Wu & Goldthwait, l969b)
that RNA polymerase has two sites capable of binding nucleoside
triphosphates., At one site, designated the initiation site,

purine triphosphates Lind preferably, with no requircmént

for Mg2+. This binding is dnhibited by rifampicin. At the
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seccond site;, a polymncrization site, all four nucleoside
triphosphates bind with approximately caual affinities and

, . 24 .
this requires Mg . Krakow has also proposed a wmodel for the

action of the enzyme from Azotobacter vinelandii with a

poly(da-~dr) template (Krakow & TFronk, 1969 ; Krakow &
von der lelm, 1970), based on pyrophosphate exchange experinent:
that is in basic accord withh the proposals of Anthony, ¥Wu &
Goldthwait (Fig. 2). At the stage of covalent initiation,
the dnitiation site first Linds a purine triphosphate,
followed by the template directed binding of the next
nucleoside triphosphate at the adjacent polymerization ;ite°
The catalytic process involves the formation of a 3'-5!
phosphodiester linkage from the incoming nucleotide to the
3' end of the product chain (which is only one unit long
before covalent initiation). Pyrephosphate is released.
Before the formation of the next bond, the enzyme must move
with respect to the template so that the polymerization site
is vacated and is now in register with the next Lase of the
template sequence, With this migration, the J3'~terminal
residue of the product becomes located at the initiation or
productfterminus site. Elongation is the repetition of such
reactions. |

Expressed as é turnover number, the observed activity
of RNA polymerase in vitro has varied from about Zs—l
(Bremer & 'Konrad, 1964) up to about 255"1 (Richardson, 196G9),
depending on enzyme preparations and reaction conditions.
The upper value approaches estimates of tlhe rate of RNA chain
elongation, in wvivo, of approximately 55 nucleotides/s
(Bremer & Yuan, 1968).. For a polymerization reaction, however,
the quantities quoted above are not a simple measure of the
catalytic function of a single catalytic site, but are

determined by the rates of both the initiation and the



eclongation phases of RNA synthesis.

An interesting implication of this model dis that, since
Mg2+'is required for nucleotide binding to a polymerizing
enzyme, Lthe nucleotides are presumabLly in the form of their
Mgz+ complexes, On the other hand, free ATP or GTP can bind
to the initiation site in the covalent initiation step. This
might imply conflicting requirements of Mg2+ Tfer dinitiaticn
as compared fto elongationl |

The results of Ishihama & Hurwitz (1969) do not however
appear to concur centirely with the above two site model.
These workers observed the binding of nucleoside trip%ﬁsphates
at 8 or 9 sites per RNA polymerase molecule. These sfites
were identical in their binding capacity for each of/lhe
nucleotides, specificity for purines only being imparted in
the presence of DNA,. The reason for the disparity betwecen
these results and those of Anthony, Wu & Goldthwait is as yet
unclear,

Pyrophosphate can exchange into the nucleoside
triphosphate substrates (Ishihama & Murwitz, 1969 Kraﬁow
& Fronk, 1969 ; Krakow & von der llelm, 1970) indicating
reversibility of the condensation step. With a poly(dAwdT)
template, greatef exchange occurs into UTP than ATP (Krakow
& Tronk, 1969 ; So and Downey, l970). This can be explained
by the two site model on the basis that the product-terminus
or initiaticn site has a greater affinity‘for purine
triphosphates. A 3'-terminal UMP residue would take longer
to transfer from the polymerization site to the product-
terminus site, thus spending more time susceptible to
pyrophosphate attack.

Further investigations of the active site were carried
out by Ishihama & Hurwitz (1969) who made chemical moddifi-

cations of the enzyme. Reagents reacting with sulphydrvl

¢



groups prevented DNA binding, those reacting with
amino acids gencrally,inhibited a later step whilst reagents
specifically blocking histidine abolished the polymerization

reaction. but not pyrophosphate exchange.

1C5 EFFECT O JONTIC CONDITIONS ON TIIIZ RNA

POLYMIRASE RETACTION

From the previous sections it is appareﬁt that ionic
strength and the particular dlons present can affect the
properties of RNA polymerase, DNA, RNA, PPi, and the nucleoside
triphosphates. It is to bovexpected, then, that RNA synthesis
by RNA polymerase is strongly influenced by ionic conditions,
and any el fect may include contribution from the ionic
influences on the individual participants in the reaction.

Some ionic effects have been described and a Lriefl compilaticn

of these is,

l) HHigh salt inhibits initiation to a grcater extent than
polymerization (Fuchs et al., 1967) and Richardson (196Gb)
sfates that, in general, the affinity of RNA polynmerase f{or
DNA decrecases with increasing ionic strength. Optimal KC1

concentration has been quoted as 0.2 M-KCI1L (So et al., ].9(37)0

2) The enzyme associates at low ionic strength into dimers
and possibly higher polymers (Richardson, 1966a ; Stevens

et al., 1966 ; Berg & Chamberlin, 1970).

3) The time course of RNA synthesis is dependent on ionic

conditions (Fuchs et al., 1967). Lags are observed at high

. . . 2+ . 24
ionic strength and high Mg concentration. Dlevated Mg

. R+ 24 .
or the presence of Mn of Co prolongs the duration of the

linear phase of RNA synthesis with time.



4} Release o1l HRNA products Irom tTlie cenzyme is raciilitacea
at high ionic strength (Richardson, 1970b) and the dependence
of the RNA products on KClL concentration has been demonstratoed

by -Qasba & Zillig (1969) and Bremer (1970).

5) A divalent cation is a specific requirement of the cnzyme

at a concentration an order of magnitude lower than the main

- 2+ . .
salt e.g. KC1 . Mg has been most commonly used in experiments

.

(optimum at 0,012 NwMgClZ ; So et al., 1967) but the rcaction

proceeds in the presence of an+ (Furth et al., 1962 ;

[ey)

f)
Geiduscliek et al., 1961 ; TFuchs et al., 1967) or co™ ™ (lox &

Weiss, 196G4).

24
6) Mg " has differential effects on the binding of nucleovtiues

to the two putative binding sites on the enzyme (Section 1C4).



1C6Y KAINWPIOS O KNA POLYMERASBI

RNA polymerase is a large enzyme which catalyzes a
complex reaction, requiring four substrates, divalent cations
and alﬁNA template., The reaction is a condensation polymer-
ization and the precise composition of the product RNA is
highly sensitive to the reaction conditions. The enzyme
kinetic properties of RNA polymerase have not been studied as
extensively as many other aspects of the enzymels action,

Part of the reasocon is almost certainly the problem of relating

RNA synthesis to established theories of enzyvme kinetics.

1C7 .1 Effect of enzyme:template ratio on the rate of

RNA synthesis

The rate of RNA synthesis by RNA polymerase depends
on the relative concentrations of enzyme and template, as well
as the nature of the template (Hurwitz et al., 1962 ; Ishihawma
& Kameyama, 1967 ; So et al., 1967 ; Zillig et al., 1970).

The rate of RNA synthesis increases approximately hyperbolically
with DNA concentration. It has been suggested that the
absolute concentration of enzyme affects the kinetics of RNA
polymerase (Bremer, 1970 ;3 Downey & So, 1970). The latter
authors do not, however, state whether this was under
conditions of template excess (poly(dA-dT) in this case).
Depending on ionic conditions, such concentration -dependent
properties of the enzyme could arise from alterations in
the equili£rium between enzyme monomer and its aggregates.
Certainly the DNA:enzyme ratio influences the number of

RNA chains syntheéized and the average chain length (Maitra
et al., 1967 3 Downey & So, 1970). In general, many of

the factors that affect the binding of the enzyme to DNA

(Section 1C2) are likely to modify the variation of the

reaction rate with DNA concentration 3 for



instance, tThe presence iy, 10nic conditions, nature ol The

template.

1C7.2 - Kinetics of the Reaction with respecct to Substrates

The variation of RNA polymerase activity with subsitrate
coucentrations has been reported a number of times (Sce
references in Table 1,2). Comparison of the various results
is greatly complicated by the wide range of e¢xperimental
conditions used, suchh as the enzyme source, purification and
definition of subunit structure; template; donic conditions;
concentration of the fixed substrates; experimental design.

Of particular interest is the fact that, in much of the work,
enzyme cof unspecified © content was used, especially, but
not only, in the carlicr reports. o strongly affects RNA
polymerase kinetics (Sugiura et al., 1970). A number of
different values [lor Kﬂ have, thus, been quoted and both
hyperbolic and non-hyperbolic kinetics have been observed
(Table 1.2). It seems truc to say that the kinetic behaviour
of RNA polymerase has not been unequivocébly establishaed.

In many instances, a simple hyperbolic rate law appears
to have beén adequate to describe the behaviour of RNA
polymerase. The interpretatioh of the derived parameters,

Km and V is of course, uncertain but they are presunably
characteristic of the enzyme under given conditions. In
other experiments, non-hyperbolic velocity~substrate curves
were observed. With a number of synthetic single stranded
polyribonucleotide templates, Niyogi & Stevens (l965¢a,b)
reported a non-hyperbolic response to substrate concentration,
as did Straat & Ts'o (1969) with single-stranded synthetic
templates and the enzyme from M.lutcus. 1In the latter work,

corresponding double~stranded- templates gave a hyperbolic

response . For all of these synthetic templates, apparent



Km's were significantly higher than for natural DNA's.

In experiments using naturally occurring DNA's,
(T4DNA, calf thymus DNA and }.luteus DNA), Anthony et al.,
(i969) also observed non-hyperbolic kinetics under certain
conditions. lyperbolic behaviour, however, was obtained
either by pre«inltkﬂlng RNA synthesis or by maintaining a
hiigh concentration of the substrate that was 5'-terminal in
the product RNA. In general, these authors observed a
differential response of the reaction rate to purine nucleo-
tides, in particular the initiating nucleotide, as coupared
to pyrimidine nucleotides. TIn the case of an M, luteus DNA
template; for which 85% of the transcribed RNA is 5'-termina
in guanine, the Km with respect to GTP was an order of
magnitude larger than for ATP, CTP, or UTP. Anthouy et al.,
(1969) relate their findings, along with the results of
equilibrium dialysis (Wu & Goldthwait, 1969a) and fluorcscence
aquenching (Wu & Goldthwait, l969b) to the two-site model for
polymerase action already described in Section 1C4k, The
kinetics with respect to a nucleotide involved in dnitiation,
which must be a purine, are different (sigmoid, high aprarent
Km) than for a nuclcotide invo}ved only in polynerization
(hyperbolic, low apparent Km). Similar results were obtained
with poly (dA-dT).

For the poly (dA-dT) directed reaction, Downey & So
(1970) fouhd no such differential kinetics for ATP compared
with UTP, the apparent Km's being equal, even whcn only
initiation was measured, The dimer ApU appeared to allow
the chemical initiatien step to be bypassed, but no other
dinucleotide had this pronerty. The authors interpreted
their results on the basis that the formation of the first

phosphodiester linkage was rate limiting, arnd a bimolecular

reaction. Flongation was considered a uni-molecular process.



The reason for the disparity between the results of
Anthony ¢t al., (1969) and Downey & So (1970) for poly{di-dT)
direqped synthesis is not apparent. Tt may be significant thet
neither set of asuthors define the 0 content of their enwyme
preparations, which could strongly influence the observed
kinetics (Sugiura et al., 1970). Non-hyperbolic behaviocur
could he explained if the enzyme had allesteric prepertics,
Anthony et al., (1969) argue against this suggestion on
several cxperimental grounds, the most compelling being the
failure of ATP to stimulate poly C production with a polydI:
poly dC template (Anthony ct al., 1966). llowever, the possible
existence of allosteric effects in RNA pclymerase kinetics
will require more careful experimentation.

Several theoretical treatments of biopolywerizations
have appeared (Volkenstein et al., 1963A; Zimmerman & Simha,
1966 ; MacDonald ct al., 1968 ; Maniloff, 1969) but currently
experimental data for the RNA polymerase reaction is
inadeguate for the rigorous testing of what are generally
complex model equations. Most kinetic data has been analysed
by the estimation of V and apparent Km even where gtrict
adherence to hyperbolic rate law was not observed, This is
justifiable firstly as a characterization of the enzyme
preparation and also in view of the difficulty in relating
the RNA polymerase reaction to more conventional enzyue
kinetic férmulations. DBremer (1967), and Hlyman & Davidson
(1970) have guantitated RNA synthesis in terms of the sum
of the times (step times) for the addition of ecach
ribonucleotide. This effectively defines a steady state

rate equation of the form

v agcu

gcu.Kl + agu.Kz + acu.K3 + acg.Ka




This ecuation cannot, however, c¢xplain any variations from
B H b
hyperbolic behaviour when a single substrate is varied, but

may be applicable under certain conditions.



variable Tixed apparent | template refl . comments !
substrate | substrate Km f
(mM)
]
ATP 0.005 | Saimon-
uTP other 3 0.008 typhim- 1
CTP 0.012 o
GTP 0.012 DNA
ATP - 0.6 polyC ‘
UTP - 0.6 polyA hyperbolic
ATP - 0.6 polyU 2 and non-
ATP - L,o polyAU hyperbolic ;
ATP UTP 1.6 polyAU |
|
ATP - 0.5-0.7 | polyU 5 !
UTP - 0.5-0.7 | polya g
all 4 - 0.12 T4 DNA L hyperbolic
i
GTP other 3 0.15 )
ATP other 3 0.016 . |
cTP other 3 0.015 l.teu
UTP other 3 0.013 DEA ®
all 4 - 0,17
other 3 GTP 0.082
hyperbolic
5 and none
calf .
égg other 3 8'81? thymus hyperbolic
* DNA
ATP UTP 0.03% ol
UTP ATP 0.013 - (SA_gT)
both - 0.08*
CTP 0.014 .
GTP other 3 0.011 T4 DNA 6 hyperbolic
ATP - 0.7 U
ATP - 1.0 rA,.rU M. luteus
. UTP - 1.1 TA enzyme.
UTP - 1.2 rA.rU .
ATP - 0.4 ar . hyperbolic
ATP - 0.1 dA.dT e oo s
UTP - 0.9 dA yperbolic
UTP - 0.3 dA.dT
Table 1.2

Apparent Km's for RNA polymerase - part one




variable fixed apparent | template ref, comments
substrate | substrate Km
(m )
0.63 T4 DNA , , .
all 4 - 0.63 ™7 DNA 8 hyperbolic
GTP 0,03%
CTP 0.02% .
T_ -
ATP other 3 0.03% T4 DNA 9 hyperbolic
uTP 0.03*%
ATP UTP 0.025 poly Zigeigﬁllc
2y = - =
UTP ATF 0.02 (dA-dT) hyperbol ic

- poly Iinitiation
ATP uTP 0.03 (da-aT) 10 measured
both - 0.02 poly high

(dA-dT) enzyme
GTP 0.011%
ATP other 3 0.011%* T7 DNA 11 hyperbolic
CTP 0.007%
ATP O.17% ) -G
ATP 0.03% Th DNA - +a
ATP 0.06% phage fd -

A *% o yeTr-
ATP other 3 0.03‘ RF 1 DNA 12 + O hypgl
GTP O.17% Th DNA -0 bolic
GTP 0.03% i +
GTP 0.05% phage fd -C
GTP 0.03% .| RFF 1 DNA + o

all 4 - 0.07% E. coli direct
DNA 13 filtering.
0.32% acid
precipitate

Table 1.2 Apparent Km's for RNA polymerase - part two

¥ denotes values calculated from zreported data.
In ref, 7, a different notation for polynucleotides
for brevity. Enzyme from E.

is used
coli except where indicated.
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MATERIALS AND TIMSTRITMENTS

2A  MATERIALS

241 CHEMICALS

In alphabetical order

Acrylamide BDH Chemicals Ltd. (Poole), England
This chemical was recrystallized from

benzene before use,

Amido black George T. Gurr, Searle Scientific
(Naphthalene black

10 B) Services, High Wycombe, Eangland
Ammonium sulphate BDH enzyme grade (especially low in

heavy metals)

Bromophenol blue BDH pH indicator

Dithiothreitol ) Koch Light Laboratories Ltd., Colnbrook,
England .

'2,5-Diphenyloxazole Koch Light

(rro)

Ethidium bromide Calbiochem, Los Angeles, Califormia

| 90054

Hyamine hydroxide '~ Nuclear Enterprises (GB) Ltd,, Sighthill,
Edinburgh, Scotland

Mercaptoethanol Koch Light

Nucleotides

ATP, ADP, CTP, GTP,

UTP , P.L Biochemicals Inc. (Milwaukee)
2,31 AMP,
21 ,31.UMP,

PPPAP Sigma London Chemical Co. Ltd.,
Kingston-upon-Thames, England

Radioactive
nucleotides (“H and

32P) The Radiochemical Centre (Amersham),

Then ep 1 ooy w A



NNf'~-Methylene-

bisacrylamide BDH (Analar)
NNN!'N*-Tetramethylene

diamine BDH (Analar)
Phosphoenol

pyruvate Sigma London
Unisolve Koch Light

Other chemicals were BDH (Analar) grade .

2A2 CHROMATOGRAPHIC MATERTALS

Biogel A1.5M and A5M Bio Rad, Richmond, California

DEAE~cellulose
DE 52 (Cat.No.24521) VWhatman Biochemicals Ltd., Maidstone,

Kent, England
DEAE-Sephade x A25 Pharmacia Fine Chemicals,; Uppsala,
Sweden

Dowex AG 50W-X2
Hydrogen form Bio Rad

e

- Phosphocellulose
(P11; Cat.No.21112) VWhatman

2A3 BIOLOGICAL MATERIALS (INCLUDING SYNTHETIC

POLYNUCLEOTIDES) -

BSA Armour Pharmaceutical Co. Ltd.,

Eastbourne, Essex, England

DNA's
1) Calf thymus
DNA Schwartz/Mann, Orangeburg, N.Y. 10962
2) T7 DNA was a gift from D.J.Jolly
3) Poly(da-dT) Miles Laboratories Inc., Research

Products Div., Elkhart,; Indiana 46514
or Biopolymers Laboratory, General

Biochemicals, Chagrin ¥alls, Ohio 44022

DNase (electrophor-
etically pure) Sigma ILondon



E, coli

Oligoadenylates

Polynucleotide

phosphorylase

(!‘i}.e COli and .I\Ea
luteus

Pyruvate kinase

Yeast tRNA

2AL OTHER MATERTALS

Dialysis tubing
(visking)

Filters

I)Membrane filters
(0.45p pore size)

2)G1ass filters

E. coli MRE 600 were obtained from the
Microbiclogical Research Establishment,
Porton, Salisbury, England. The cells,
grown in continuous culture at 37OC
under conditions of carbon limitation;
were harvested as described by Elsworth
et al. (1968) and washed with a buffer

e

of 0,01 MmMg(CHBCO 0.01 M-tris~HCL,

2)2i
PH 7.4. Cells were stored at _TOOCO

Miles Laboratories

P.1L Biochemicals

Sigma London

BDH

A

The Scientific Instrument Centre Ltd.,

1, Leeke St., London

Before uée, tubing was boiled successw

ively in 50 g/1 Na2003 (twice)9 0,05 M=

EDTA, pH 7 and distilled water.

Sartorius Membran filter GmbH,
Gottingen, Germany

Whatman GF/C



2B INSTRUMENTS

2B1  SPECTROPHOTOFLUORIMETER

All fluorescence measurements were made on an Aminco-

Bowman Spectrophotofluorimeter (American Instrument Co. Inc.,
Silver Spring, Maryland ; Cat. No. 4-8106B). During the course
of this work, the original Photomultiplier Microphotomelter was
replaced by a solid-state version, with blank sﬁbtract facilit~
ies (Cat. No. 10-280). The fluorimeter was coupled to an X-Y
recorder in order to recdrd spectra (Advance Electronics,
model HR-96). The fluorimeter is a single beam instrument,
and usually absolute measurements were not made. The instrum-
ent was used mostly to measure RNA concentration,; and to
quantitate this determination, a standard RNA sample was used
for reference.

Various components of the spectrophotofluorimeter have
been changed during this work and there have also been adjust-

ments to the settings of the instrument, particularly the siit.

'
°

arrangements.
1) Xenon lamps ¢ lamp 1
lamp 2 These were both sténdard Xenon
laﬁps as supplied by Aminco.
2) Photomultiplier tﬁbes H
tube 1 IP 28
tube 2 R136 both sﬁpﬁlied by Aminco.
3) Sl1lit arrangements V
The various slits, situated around the cell comparte
ment of the fluorimeter, are shown in Fig. 2.1 . A further
slit, &lit 7, is located just in front of the photomultiplier
tube,
The photomultiplier tube was always operated at a voltage

of 700 v,



Cell holder

Cell
compartment
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exciting l? 23
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Fig. 2.1 Location of slits in Aminco-~-Bowman Spectro-
photofluorimeter ’

2B2 OTHER TNSTRUMENTS

Other instruments are described at various points in

the text, with the exception of the following :

e

1) pH was measured on a Beckman Zeromatic pH meter.

2) wu.v. and visible light absorption was measured on a
Cary 15 recording specfrophotometer.

3) A PDP 8L (Digital Equipment Co. Ltd.) was used for

numerous calculations that are not described in detail.



Molar Extinction Wavelength
Nucleotide Coefficient (nm)

(litrecm01"1.cm“1)

ATP 15400 259

CTP 9000 271

GTP 13700 252

UTP 10000 262

ADP 15000 259

Table 3.1 Extinction coefficients of some

nucleotides.

Reference ¢ P.,L. Biochemicals Inc.

(Milwaukee) Reference Catalog 102 (1970).

3

Nucleic e(P)

Acid (litre.mol-1.cm_1) Reference
T7 DNA 6550 Crothers & Zimm (1965)
Calf
Thymus 6600 Mahler & Cordes (1967)
DNA
Poly(da~atT)| 6650 Inman & Baldwin (1964)

Table 3.2 Exctinction coefficients (at 260 nm) of

some nucleic acids,




SECTION 3

MEASUREMENTS AND ANALYSES

3A PROTEIN DETERMINATTION

Protein concentrations were routinely estimated by the
method of Lowry et al. (1951)P using three times recrystallized
bovine serum albumin as standard. On some occasions, the
concentration of purified RNA polymerase solutions waé deter-
mined by measuring the u.v. absorption at 280 nm. A specific

extinction coefficient at 280 nm of 6.5 was used (Richardson,

1966b).

3B NUCLEOTIDE DETERMINATIONS

The concentration of nuclcotide solutions was calculated
from u.v. absorption. The molar extinction coefficients of

Table 3.1 were used.

3C DNA DETERMINATION

DNA concentrations were invariably measured from u.v.
absorption at 260 nm. The extinction coefficients of Table

3.2 were used.

3D - RNA DETERMINATION

The measurement of RNA concentration is the basis of
the assay for RNA polymerase activity described later in
Section 5., The concentration of veast tRNA, which was used
as a reference standard, was determined by u.v. absorption,
as described by Fleck & Munro (1962). A suitable dilution of
the standardl RNA was incubated at 37°C in 0.3 M=-NaOH until

the absorption at 260 nn was constant (approx. 5 h). The



molar extinction coeoefficient with respect to phosphorus was

taken as €{(P) = 9700 Lomol™ '.em™! at 260 nm.

3B MAGNESTUM DETERMINATION

The method foTMg2+ determination was derived from that
described by Schachter (1959)° The change in fluorescence of
B8-hydroxyquinoline is measured when it forms a complex with
Mg2+ ions (Burton, 1959)n The 8nhydroxyquinoliﬁe reagent was
2.5 g/l S-ﬂydroxyquinoline and 800 ml/l ethanol, buffered by
0,01 M=tris-HC1l, pH 7.9. Samples to be estimated were diluted
1:500 with 8-~hydroxyquinoline reagent and the fluorescent
intensity was measured on an Aminco-Bowman spectrophotofluor.-
imeter. The excitation wavelength was 415 nm and the emission
wavelength 520 nm. MgCl

MgSOh and Mg(CH COO)2 were used as

2’ 3
reference standards. There was a linear relationship between
fluorescent intensity and final Mg2+ concentration (i.e. after
dilution with 8-hydroxyquinoline reagent) up to a Mg2+

concentration of approx. 0.04 mM. The Mg2+ concentration in

RNA polymerase assay solutions was estimated by reference to

a standard curve.



3 SODTUM DODECYL SULPHATE~POLYACRYLAMIDDI GEL

ELECTROPHORESIS

* The method was based on that described by Shapiro et

al. (1967).

mcren e

3ri PREPARATION OF GELS

Polyacrylamide gels were prepared from the following
solutions.

Solution A was buffered by 1.5 M-tris (adjusted to pH 8.9

with 1 M«HCl) and contained 2,3 ml/l NNN'N'-tetra-
methylene diamine.,

Solution B contained 200 g/l acrylamide and 6 g/1

NN'emethylenebisacrylamide, made up to volume with
0.1 M-~sodium phosphate buffer, pH 7.1, which was also
1 g/l with respect to sodium dodecyl sulphate.

Solution C contained 1.4 g/l ammonium persulphate,

made up to volume with 0,1 Mesodium phosphate buflffer,

PH 7.1, which was also 1 g/l with respect to sodium

r
°

dodecyl sulphate.
Solutions A and B were stored in the dark at 4°C and were
renewed every 4% weeks., Solution C was prepared freshly before
each experiment.

The final tgel' solution was prepared immediately before
use and consisted of Soluton A (1 volume), Solution B (1 volume)
and Solution C (2 volumes). This gave a gél-S% (w/v) with
respect to acrylamide. The gels were formed in clean, constant
bore glass tubes of internal diameter 5 mm and length 100 mm.,
With the gel {tube sealed at the bottom and in a vertical
position, 1.5 ml of tgel solution' were added to each tube
and overlaid with about 0.2 ml of distilled water,

Polymerization of the 'gel solution' cccurred in 30-45 min



although in the most recent experiments, this time was
decreased to 15 min by increasing the ammonium persulphate
in Solution C to 2 g/ln The distilled water was removed
from theltop of the gel just before the application of the

sample.

3F2 PREPARATION OF SAMPLES

-Protein samples were incubated for approx. 3 h at 3700
in 0,01 M~sodium phosphate buffer, pH 7.1, which contained
also 10 g/1 mercaptoethancl. The samples were then dialysed
for about 16 h at room temperature against 500 ml of 0.01 M-
sodium phosphate buffer, pH 7.1, containing 1 g/l sodium
dodecyl sulphate and 1 g/i mercaptoethanol.

A solution of Bromophenol blue and glycerol was prepared
by mixing glycerol and a saturated aq. Bromophenol blue
solution in the propertions 9:1 by vol, The Bromophenol blue
solution was added to the dialysed protein samples (Bromophenol
blue-sample, 1:3 by vol.) before application to the gel.

The volume of the sample applied to éhe gel depended on
protein conceniration and was preferably from 5-100ul,; although
up to 200 pl volumes have been successfully run on occasion.
The amount of protein applied &epended on the experimental
aim. For good resolution, 10~20 Ug were optimal but when
for example looking for trace components in enzyme preparat-

ions, more protein was applied.

3F3 ELECTROPHORESIS

The electrode buffer was 0.1 M-~sodium phosphate with
1 g/1 sodium dodecyl sulphate. Electrophoresis was carried
out at 8 mA per tube, with the positive electrode in the
lower compartment and was continued until the Bromoplienol blue

was about 5 mm from the bottom of the tube.



3P4 PTXING AND STAINING

After removal from the glass tubes, the gels were
fixed for approx. 16 h with 200 g/l sulphosalicylic acid
solution: The gels were then stained for about 3 h in an
Amido black solution (10 g/1 Amido black, 70 ml/1 glacial
acetic acid) from which the insoluble material had been re-
moved by filtration through fiiter paper. Destaining was
carried out by dimmersion in 70 ml/l acetic acid sclutien and

took about 112 h.

3F5 ANALYSIS OF GELS

Gels were successfully sfored, in 70 ml/1 acetic acid,
in sealed test tubes for a period of mdn'thse In most expers
iments, the final gels were photographed, to provide =a
permanent recoxrd, soon after being destained. In some cases
the photographic method of Oliver & Chalkley (1971).was used.

The main reason for polyacrylamide gel celectrophoretic
analysis in this study was to assess the subunit composition
of RNA polymerase preparations and to moﬁitor the presence
of trace protein components in these preparations. Since
thea , B, and Blchains of the RNA polymerase were commouly
present in the samples for anaiysis, the stained bands
corresponding to these polypeptides cculd be used as reference
points for visual comparison of different gels. The
reproduciblity ofAthe method meant that this procedure could
be used for visual assignment of other protein components
which were present. However, by utilising the mathematical
relationship between mol.wt. and electrophoretic mobility
(Sshapiro et al., 1967 ; Shapiro & Maizel, 1969 ; Weber &

Osborn, 1969), more precise information could be obtained,



Electrophoretic mobility is delfined as

distance of protein migration

nobility =
s distance of marker dye migration

In the fixing and staining procedure, Bromophenol blue
diffuses oul of the gel. However, before this, the proteimn
bands cannot e seen so that the marker dye and the stained
protein bands are never visible simultaneocusly. It is usual
then té measure the migration of the dye before fixing and
staining, and the migration of the protein bands after de-
staining. A correction must then be applied for the change
in total length of the gel that occurs in the acidic cond-
itions used for staining and destaining. Then,

distance of protein migration

mobility =
length after destaining

length before staining
¥

distance of dye migration

d, .1
i 1
S i ‘ :
2

It was found (Shapiro et al., 1967 ; Weber & Osborn, 1969)
for a certain mol.wt, range, that the mol.wt., M, is related
to mobility, r, by the relationship

M = a.10_br eqn, 3.1

where a and b are constants which depend on a number of
factors of which ﬁhe gel composition is i@portant. With a
given gel composition, there is a linear relationship between
log M and r» over the mol.wt. range for which eqn. 3.1 is
applicable., Thus, the mol.wt.'s of unknown polypeptides may
be determined either by means of a standard curve or by
reference to standards run at the same time as the unknowns.

Both procedures, however, depend on the availability of



reference proteins of known mol.wt,

Egn. 3.1 is applicable only over a certain mol.wt. range
and becomes concave up at high mol.wt. The linearity of the
plot of iog M against mobility is extended to higher mol.wt.'s
as the acrylamide countent of the gel is decreased. However,
the estimation of high mol.wt.'s (greater than say 100 000)
is fraught with more uncertainty than lower ones for several
reasonso There are few.reference polyvpeptides of mol.wt.
greater than about 80 000 and also the linearity of the log M
against r plot is more uncertain at high mol.wt. Further,
the logarithmic relationship of egn. 3.1 means that, at low
mobility, a small uncertainty in the mobility yields an
aﬁplified uncertainty in the mol.wt. obtained from egqn. 3.1 .
These problems should be considered for any analysis using
the relationship of egn. 3.1 &

If one gel contains a number of polypeptides, then the

migration of the marker dye is the same for each polypeptide.

Since r = di/s9 then egn. 3.1 becomes
M = a.10"9P/s
- '
= a.10"9°P eqn. 3.2

where a and b'! are constants.

Thus, for a single gel, the mol.wt. of each polypeptide
component can be reiated to its migration distance, di ’
rather than its mobility, Ty e The comstant b', which re-
places b in egqn. 3.1, refers to a'particular gel and will,

in general, vary from gel to gel. The constant a on the
octher hand should be independent of marker dye migration.

If two or more of the polypeptide bands on the gel have
known mol.wt,, then the mol.wt.'s of any others can be estim-

ated using eqn. 3.2 .



Thus, by taking values for the mol.wt.'s of the major

components of RNA polymerase preparations ( w, B,a,0, and

8 ; .see Section 1A2.2), the mol.wt.'s of any other poly~-
peptide épecies present can be interpolated as described above,
The migration distance, di s, of polypeptide bands after SDS-
polyacrylamide gel electrophoresis was measured from photo-
graphs of the original gels using vernier callipers. Iven
with this relatively simple means of measurement, graphs of
log M against di for B ,Ql,a, o, and @ were consistently
linear (Fig. 3.1). As discussed in Section 6C, trace bands
in enzyme preparations were only observed at certain recurring
mol.wt.'s. Also, the constant a of egn. 3.2 was essentially
invariant for a number of different gels run under similar
experimental conditions ( a = 341 000 ; S.E.M. = 17 300 for
10 different gels) and this gives us confidence in the use of
egn. 3.2 .

The values of mol.wt.,'s derived from the aboye treatment
depend entirely upon the values of mol,wt.'s adopted for the
reference polypeptides. There is some variation in the pub-
lished values of the mol.wt.'s of RNA polymerase subunits
(Section 1A2.2). The wvalues previously found in this labor-
atory were therefore used (Lochhead, 1972) as being consistent
with the bacterial.source and isolation procedure used in this

work.

3G ANALYSIS OF NUCLEOTIDES BY PAPER CHROMATOGRAPHY

The method for the chromatographic separation of ribow
nuicleotides was a modifiﬁation of that described by Krebs &
Hems (1953). The solvent for chromatography had the following
composition : isobutyric acid (100 vol.), distilled water

(55.8 vol.), concentrated NH. solution (4.2 vel.) and 0.1 M-

3
EDTA (1.6 vol.). The solvent had a pH value of 4.6 .



Samples were applied to Whatman No. 3 paper and then sub-
jected to descending chromatography with the solvent for 18 h
at room temperature. The position of u.v. absorbing material
was obse;ved by spraying the chromatogram with a solution of
fluorescein (20 mg/l fluorescein in methanol) after which

nucleotides could be seen as dark spots under u.v. illumination.



Fig. 3.1 Relationship between mol.wt. of RNA polymerase

subunits and their distance of migration after -

SDSepolvacrylamide gel electrophoresis.

The RNA polymerase samplé was prepared by the
routine purification procedure (Section 4A) and the electro-
phoresis was carried out as described in Section 3F. The
mol.wt. axis of the graph is logarithmic so that the linear
plot indicates the applicability of eqn. 3.2 . The values
for the mol.wt.'s of the subunits were from Lochhead (1972)

and ﬁw represents the average of the mol.wt.'s of [ and ﬂ .
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SECTION 4

PURIFICATION PROCEDURES

La PURIFICATION OF RNA POLYMERASE

The procedure for the purification of RNA polymerase from
E. coli was based on that of Burgess (1969a), with two agarose
gel filtration steps replacing the final glycerol gradient
centrifugations, The other difference from the Burgess method
was the means used to disrupt the cells at the start of the

purification. The following description is of the laboratory's

routine enzyme isolation procedure (Lochhead, 1972)

hat BUFFER SOLUTIONS

The designation of the various buffers is that employed
by Burgess (1969&) and the solutions were prepared from the
following stocks.

1) 1 M-tris-HC1, pH 7.9 at 25°C
2) 1 M-tris-HC1, pH 7.5 at 4°C
3) 0.1 M-EDTA, pH 7.0 ‘
by 1 M-MgCl,
5) 0.1 M-dithiothreitol
These stock solutions were used to prepare the following
buffers.
Buffer A : 0,01 M-tris-HC1 pH 7.9 ; 0.01 MuMgCI2 ; 0.1 mM-
EDTA ; O.1 mM-dithiothreitol and 50 ml/1 glycerol.
Buffer C : 0,05 Mmtris-HC1l, pPH 7.9 ; O.1 mM-EDTA ; O.1 mM-
dithiothreitol and 50 ml/l1 glycerol.

Buffer G : 0,05 M-trisg-HC1, pH 7.5 ; 0.01 M-MgCl? 3 0.1 mM-

EDTA ; 0.2 M-KCl and 50 ml/1 glycerol.
Buffers with added KCl are described as, for example, A + 1.0
M-KCl1., This means 1 mol of KC1 made up to 1 litre with buffer

A.



haz CELI, DISRUPTION

Frozen E. coli MRE 600 were suspended in 300 ml of
Buffer G in an Automix blender. The cells were disrupted by
shaking fhe bacterial suspension with glass beads (diameter
0.1 mm) for 2 min at 80 Hz in a vibrational homogeniser (Zillig
& Holzel, 1958)., Bacterial suspension (90 ml) was mixed
with cold, acid-washed glass beads (135 ml) in the 200 ml
stainléss steel vessel of the homogeniser and the. shaking was
done at 4°C. The combined homogenates were diluted with 300
ml of Buffer G. To this, 2.5 mg of DNase in Buffer G were
added and the homogenate left at L°¢ for 30 min, with occasion-
al stirring. %he glass beads were then removed by filtering
the homogenate through glass wool with gentle suction. The
beads were re~extracted several times with Buffer G. Excessive

foaming was avoided and the combined filtrates were fraction 1

(about 1 litre).

Las ULTRACENTRIFUGATTION

Fraction 1 was centrifuged at 78 000 g in a Spinco 30
rotor for 4 h to remove cell debris and ribosomes in one step.

The supernatant, about 800 ml, was fraction 2.

Lk AMMONTIUM SULPHATE TRACTIONATION

Ammonium sulphate (23.1 g per 160 ml) was added very
slowly, with stirring, to fraction 2 to give a 33% saturated
solution. The pH was prevented from dropping below 7 by the
addition of 1 M-NaOH if necessary. After being stirred for
30 min, the solution was centrifuged in an MSE 6L centrifuge
in 750 ml polypropylene béttles at 5200 g for 45 min at 4°cC.
The precipitate was discarded. Further ammonium sulphate
(10.75 g per 100 ml) was added, as above,to give a 50%

saturated solution, which was centrifuged under the conditions



described above., The precipitate, which contained the RNA
polymerase was suspended in 260 ml of Buffer A, 42% (w/v) in
ammonium sulphate, stirred for 30 min and centrifuged under

the abové conditions for 70 min. The resulting pellet contain-
ed the enzvme and was dissolved in Buffer A, More Buffer A
was added until the specific conductivity of the solution was
about 9.6 tho.cm"1, as measured by a Radiometer conductivity

meter (type CDM 2e), to give fractiocn 3 (about 500 ml).

LA © DEAE-CELLULOSE CHROMATOGRAPHY

Fraction 3 was applied to a DEAE-cellulose column
(2.5 by 20 cm) which had been equilibrated with Buffer A,
The column was eluted stepwise, first with 600 ml of Buffer A
and then with about 300 ml of Buffer A + 0,13 M-KC1 (Fig. 4,1)n
The fraction containing the RNA polymerase was finally eluted

with Buffer C + 0.23 M-KCl, This was fraction 4.

La6 LOW SALT AGAROSE GEL FILTRATION CHROMATOGRAPHY

The protein of fraction 4 was precipitated by the
addition of 1.5 volumes of Buffer C saturated with ammonium
sulphate, and the suspension centrifuged at 5200 g in the MSE
6L centrifuge for 70 min. The. precipitate was taken up in
20 ml of Buffer C and dialysed for 5 h against Buffer C. This
protein solution was applied to a column of Biogel A5M
(5 by 95 cm) which had been equilibrated with Buffer C; The
column wa; eluted with Buffer C at a flow rate of 60 ml/h
(Fig. h.2). The fractions containing the enzyme activity were

pooled to give fraction 5.



Loy HIGH SALT AGAROSE GEL FILTRATION CHROMATOGRAPHY

The protein in fraction 5 was precipitated and collected
in the same way as fraction 4, The pellet after centrifug-
ation wag dissolved in 4 ml of Buffer A + 1,0 M-KClL and
applied to a column of Biogel A1.5M (2.5 by 95 cm) which had
been equilibrated with Buffer A + 1.0 M-KCl. The column was
eluted with this same buffer at a flow rate of 2h m1/h (Fig. 4.3)
and the tubes containing the enzyme activity pooled to give

fraction 6.

a8 ' STORAGE OF ENZYME AND GENERAL COMMENTS

Fraction 6 was usually concentrated by ammonium
sulphate precipitation in the same way as that described for
fractions 4 and 5. Centrifugation was at 11 000 g for 40 min
in an MSE 18 centrifuge. The enzyme was stored in a buffer

containing 0,01 M-tris-HCl, pH 7.2 ; 0.01 M-MgCl 0,1 M-KC1

-

o
0.1 mM-dithiothreitol ; 0.1 mM-EDTA and 500 ml/1 glycerol at
a concentration of protein preferably greater than 5 mg/ml;
At « 20 0C, the- enzyme remained active for a period of ‘
months.,

In_the preceding preparative procedure, all ﬁanipulations
were carried out at 4°C where temperature is unspecified.

In routine purifications, the reproducibility of the method

meant that few enzyme assays were required.



4B PURIFICATION OF RNA POLYMERASE CORE ENZYME

RNA polymerase core enzyme was prepafed from o and §
containing enzyme by chromatography on phosphocellulose
(Bautz g_g al., 1970).

The phosphocellulose was prepared as follows. After being
stirred for 30 min in approx. 5 wvolumes of 0.5 M-NaQH, ths
phosphocellulose was washed with distilled water until the pH
of theAwashings was 8., The phosphocellulose was then suspend-
ed in about 5 volumes of 0.5 M-HCl, stirred for 30 min and
rinsed with distilled water until the pH of the'washings was
6. About 4 four volumes of 0,05 M-tris-HCl, pH 7.9, were -added
to the washed phosphocellulose and the slurry stirred for 15
min after which the pH of the slurry was adjusied to pH 7.9
by the addition of 6 M~KOH.

Thé treated phosphocellulose was poured to form a column
of dimensions 2.5 cm by 20 cm,'which was equilibrated with
Buffer C + 0.05 M=-KC1l until the pH and conductivity of the
effluent from the column was identical with that of Buffer C
+ 0.05 M-KC1l, The sample to be applied to the column (about
10 mg of RNA polymerase , fraction 6 ; see Section 4A7) was
dialysed for 16 h at 4°C against Buffer C + 0.05 M-KCl. The
dialysed enzyme was applied to the column slowly, fcllowed by
Buffer C + 0,05 M-KCl. The flow rate was 36 ml/h. After the
wash-through peak of protein (peak A) had been elutéd, the
salt concéntration of the eluting buffer was increased to 0,25 M-
KCl. This buffer eluted another protein peak (peak B). The
core enzyme (peak C) was released from the ceoliumn by the
passage of Buffer C + 0.8 M-KC1 (Fig. 4.4}, 7The RNA polymerasc
core enzyme was concentrated and stored under the same cond-

itions as the routiile enzyme preparations (Section 4A8)



he GLYCEROL GRADIENT CENTRIFUGATION

Glycerol gradient centrifugation was used for investig-
ating the effect of different preparative procedures on the
composition of RNA polymerase preparations from E. coli MRE
600.

The glycerol gradients were run either at low or at high

KC1l concentration and were prepared as follows. Buffer
solutions (Buffer A for low salt or Buffer A + 1.0 M~KCl for
high salt) were made

a) 100 ml/l with respect to glycerol

B) 300 ﬁl/l with respect to glycerol

by the a&dition of glycerol. Using a simple mixing device,
linear gradients were formed from equal ;olumes of each
glycerol concentration. The gradients were collected in
cellulose nitrate test tubes that fitted the bucket of a
Spinco SW 25.2 rotor. The protein sample, which had been
dialysed for 2 h at 4°C against the appropriate buffer
(Buffer A or Buffer A 4+ 1.0 M-KCl). was layered carefully
onto the gradient. Up to 60 mg of protein were applied to
each tube. Centrifugation was at 25 000 rev./min and AOC for
either 24 h (low salt) or 36 h (high salt)., The gradients
were then analyzed by passage through the flow cell of a
Gilford spectrophotometer set to record absorption at 280 nm,

Fractions were collected manually.

4D PURIFICATION OF ATP AND UTP

ATP and UTP were purified by ion exchange chromatography,
eluting with a gradient of the volatile triethylammonium
carbonate buffer system (Brown & Reichard, 1969 ; Smith &

Khorana, 1963).



LD1 PREPARATTION OF TRIETHYLAMMONTIUM CARBONATE BUFFER

A stock solution of 1 M-triethylammonium carbonate,
pPH 7:5, was prepared. TFor 1 litre, 002 was passed through a
mixture of 500 ml of distilled water and 140 ml of freshly
redistilled triethylamine, coocled in amn ice bath. The passage
of CO2 was continued until the pH decreased to pH 7.5; a
process that took up to 6 h., The pH 7.5 solution was diluted

to 1 litre volume to give the stock buffer, from which buffers

of other concentrations were prepared by dilution.

Lpz TON EXCHANGE CHROMATOGRAPHY

Nucleoside triphosphates, purchased from P.L.
Biochemicals (Milwaukee) were applied to a column of DEAE-
Sephadex A25 which had been eqguilibrated with the appropriate
starting concentration of triethylammonium carbonate buffer.
About 0.3 g of nucleotides were applied to a column 5 cm
diameter by 20 cm. The column was elﬁted with a concentration
gradient of the buffer.

Lkp2 .1 ATP '

The elution gradient was formed by mixing 1 M-
triethylammonium carbonate buffer, pH 7.5, with 400 ml of a
0.1 M solution of the same buffer at a flow rate of 54 ml/h,
9 ml fractions were collected. ATP was observed at an elution
volume of about 700 ml and was preceded by traces of ADP and
AMP,
kpz.2 UTP

In this instance, the elution gradient was formed by
running 1t M-triethylammonium carbonate buffer pH 7.5, into
250 ml of a 0.3 M solution of the same buffer at a flow rate
34 m1/h, Fractions of 9 ml were collected. The elution volume
for UTP was about 400 ml. With this nucleotide, an appreciable

amount of UDP as well as traces c¢f UMP and two unidentified



compounds which absorbed light at 260 nm were observed.

4p2.3 Analysis of purified nucleotides

For both ATP and UTP, the pooied fractions from the
chromatoéraphic separation were freeze dried and analyzed by
paper chromatography as described in Section 3G. Undcer these
conditions, both ATP and UTP appeared as single spotls on the
paper chrﬁmatograms‘ Evidence for lack of diphosphate conte-
amination was further provided by the failuire of the purified
nucleoside triphosphates to act as substrates for putative
polynucleotide phosphorylase activity in RNA polymerase

preparations (Section 6C2)



Fig. 4.1 RNA polymerase purification : DEAE-cellulose

chromatography.

RNA polymerase, fraction 3, was applied to a
column of DEAE-cellulose. Elution was stepwise, using
Buffer A, Buffer A +0.13 M=-KCl and Buffer C + 0.23 M-KC1l
in that order. The solid line indicates the absorption
of the effluent at 280 nm , measured as it passed through
a 3 mm pathlenéth cell of an LKB Uvicord. The broken
line ;is the RNA polymerase activity measured by the standard
radiéactive assay (Section SC) with a calf thymus DNA tem-
plate (150 pg/ml). The column dimensions were 2.5 cm by
20 cm. The sample was applied to the column at 5& ml/h

and eluted at 90 ml/h. 15 ml fractions were collected.
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rig. 4.2 RNA polymerase purification : low salt agarose

gel filtration chromatography.

RNA polymerase, fraction 4, was applied to a
column of Biogel ABM. The column'was eluted, at a flow
rate of 60 mi/h, with Buffer C. The solid line dindicates
the u.v. absorption of the effluent from the column at
280 nm, measured as it passed through the 3 mm pathlength
cell of an LKB Uvicord. The broken line is the RNA poly-
merase activity measured by the standard radicactive assay
procedure (Section 5C) with a calf thymus DNA template
(150 pg/ml). The column dimensions were 5 cm by 65 cm

and the fraction size was 6 ml.
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Fig. 4.3 RNA polymerase purification : high salt agarose

gel filtration chromatography.

RNA polymerase, fraction 5, was applied to a
column of Biogel Al1.5M., The column was eluted, at a flow
rate of 24 ml/h, with Buffer A + 1.0 M-XCl. The solid
line indicates the u.v. absorption of the effluent from the
column at 280 nm, measured as it passed through the 3 mm
pathlength cell of am LKB Uvicord. The broken line is the
RNA polymerase activity measured by the standard radiocactive
assay procedure (Section 50) with a calf thymus DNA template
(150 pg/ml). The column dimensions were 2.5 cm by 95 cm and

the fraction size was 6 ml.
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Fig. 4.4 Chromatography of RNA polymerase on phospho-~

cellulose.

RNA polymerase, prepared by the routine purif-
ication procedure (Section 4A), was subjected to chromat-
ography on phosphocellulose as described in Section 4B.

The wvertftical axis of the figure is the u.v. absorption at
280 mm of the effluent from the column, measured by passage
throﬁgh a 3 mm pathlength flow cell of an ILKB Uvicord.

The eluting buffer was Buffer C , plus the KC1 concentrationl
indicated on the figure. The column dimensions were 2.5 cm
by 20 cm and the flow rate was 36 ml/h. 9 ml fractions
were collected. RNA polymerase core enzyme was coﬁtained

in peal C,
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SECTION 5

THE MEASUREMENT OF RNA POLYMERASE ACTIVITY

5A INTRODUCGTION

Several methods have been described for measuring the
activity of RNA polymerase.

5A1 INCORPORATION OF RADIOCACTIVELY LABELLED NUCLEOSTIDE

TRIPHOSPHATES TNTO RNA

This general method has been used many times in the past
to assay for RNA polymerase and has varied mainly in the means
used to separate the radioactive RNA product from the substrates.
In the earlier procedures, acid-precipitable RNA was collected,
with several washes, by centrifugation (for example, Furth et
al., 1962)., 1In later investigations, the acid-insoluble RNA
product has been trapped on membrane filters (for example,
Burgess 1969a). Sentenac et al. (1968) havé also described
a method in which the RNA is collected directly on membrane
filters without previous precipitation by acid. The allows the
retention of shorter RNA molecules which are not acid-precip-
itable.

Using radioactive nucleotides of high specific activity,
these techniques can be very sensitive measures of RNA poly-
merase activity. The main disadvantage is the tedious work

required to carry out a large number of such assays.

5A2 MEASUREMENT OF PYROPHOSPHATE

5A2.1 Enzymic pyrophosphate determination

Pyrophosphate can be determined enzymically by virtue
of its participation in the reaction catalyzed by UDP-glucose
pyrophosphorylase, A system based on this reaction has been
successfully used to measure the pyrophosphate produced in the

course of RNA synthesis by RNA polymerase (Johnson et al., 1971).



This gave a continuous recording assay of RNA polymerasc, The
disadvantages are, firstly, that the number of enzymes reguired
greatly complicates the reaction conditions and secondly, that
the methbd is, in practice, scarcely less tedious than those

of Section 5A1. Nevertheless, this method is of importance in
being virtually the only continuous recording one that has

been described. Attempts were made to use this method in the
presen£ study, but it would seem to require further develop-
ment.

5A2.2 Radioactive pvrophosphate determination

If nucleoside triphosphates are radicactively lab-
elled at either the f or Y phosphate, then the pyrophosphate
released after polymerization by RNA polymerase will be lab-
elled. Maitra & Hurwitz (1967) have used this tc measure RNA
polymerase activity. The radioactivity,in a reaction mixture,
that was not absorbed by activated charcoal was taken as a
measure of the pyrophosphate released by the action of RNA

polymerase. g

5A3 PYROPHOSPHATE EXCHANGE

The exchange of pyrophosphate into nucleoside tri-
phosphétes during the course of RNA polymerase action has been
studied (Maitra & Hﬁrwitz, 1967 ;3 Krakow & Fronk, 1969) and
this technique provides a useful way of studying the reaction
mechanism: As an assay for ﬁNA polymerase, however, its value
is restricted by the interpretation of the measured guantity

in terms of product formation or substrate disappearence.

5A4 FLUORIMETRIC MEASUREMENT OF RNA

The fluorimetric estimation of RNA in the presence of
ethidiun bromide has formed the basis for an assa& of unprim-
ed RNA polymerase activity (Krakow et al., 1969). This idea
was extended in this investigation to template directed

reactions and details are given later imnm this section .



KAS5 5'=TERMINAL NUCLEQTIDE MEASUREMENT

Only the 5'~terminal residue of RNA synthesized by RNA
polymerase retains its triphosphate group (Section 1A1).
Thus, if'a nucleotide substrate for the reaction is labelled
at the P or vy phosphorus, the radioactivity of the RNA product
will be a measure of the number of residues of that nucleotide
that are 5'-terminal. Maitra et al. (1967) have used this

technique, for example.

5A6 PENULTIMATE NUCLEQTIDE MEASUREMENT

Maitra et al. (1967) have also described a method for

determining the nucleotide residue next to 5'-terminal in
RNA. It is in effect a limited nearest neighbour analysis.
RNA is synthesized by RNA polymerase, and one of the substraies
is labellied at the a phosphorus. The RNA product is then
hydrolysed by alkali, so that the a<~phosphorus atom of the

penultimate residue is then attached to the 2'- or 3'-carbon
of the terminal residue. This can be detected because, alter
hydrolysis, only the 5'=terminal residue is present as the

tetraphoesphate., The fate of this labelled phosphorus is

outlined in the scheme below .

pppN1 + ppp*N2 T e sl pppNﬁp*sz...

OH :
-—ﬁ PppNip + sz daeoe



5B REACTION CONDITIONS

The following conditions will be designated 'standard

reaction, conditions?,

1) ATP,CTP,GTP and UTP . 1.5 mM
2) KC1 0.2 M
3) MgCl,, 0.02 M
4) Dithiothreitol 0.1 mM
5) EDTA 0.1 mM
6) Tris-HCl, pH 7.9 at 25°C 0.04 M

In the course of various experiments,; some of these concent-
rations have varied, but the figures above relate to the
routine assay system. Certain differencés were
1) VWith a poly (dA-dT) template, CTP and GTP were omitted.
2) With crude RNA polymerase samples (during the enzyme
purification), an ATP regenerating system was included. This
comprised phosphoenol pyruvate (0.01 M) and freshly prepared
pyrﬁvate kinase (0.02 mg/ml).

The reaction volume was normally 0,5 mi or 1 ml and the
reaction temperature was 3700. In most experiments, the react-

ion was started by the addition of enzyme.

5C MEASUREMENT OF RNA SYNTHESTIS -~ RADITOACTIVE METHOD

This method follows the principles described in Section
5A1. The -reaction, in a wvolume of 0.5 ml,‘was stepped by the
addition of 1 ml of an ice cold BSA solution (200 pg/ml) or
1 ml of ice-~cold water if the assay contained more than 200 pe
of protein. 1 ml of cold trichloracetic acid reagent { 125 g/1
trichloracetic acid 3 10 g/l sodium pyrophosphate) was then
added with mixing. The acidified reaction mixtures were left
at OOC for 15 min and then_passed through Sartorius membrane

filters (0.435Q pore size). The material trapped on the filters



was washed four times with 5 ml volumes of trichleoracetic

acid (50 g/1 trichloracetic acid 3 10 g/l sodium pyrophosphate)ﬁ
The filters were removed, dried at 6OOC, and counted in 8 ml

of tolueﬁe/E,5~diphenyloxazole scintillator (5 g/1 2,5-di~-

phenyloxazole in toluene) using a liquid scintillation counter

(Nuclear Chicago 720 series liquid scintillation system)u

The unit of enzyme activity used (EU) is defined as
follows

1 BU = 1 nmol. nucleotide incorporated/10 min

Assuming equal proportions of the four bases in the product
RNA, the rate of incorporation of any nucleotide will eqgual
a quarter of the rate of RNA synthesis, In the case of a
poly(dAudT) directed reaction, the rate of AMP or UMP incorp-
oration will be ome half of the rate of poly(A-U)} synthesis.
ATP was usually the labelled nucleotide and the 3Hni$0~
top; was preferred to 1LLC becéuse of the higher specific
radicactivities of 3Hnnucleotides that age readily available,
Radicactive nucleotides from The Radiochemical Centre
(Amersham) were not further purified but an assessment of
their radioactive purity was oﬁtained by paper chromatography
(section 3G). The radioactive purities of one batch of
3H-nucleotides was found to be : ATP 96% 3 CTP 97% ;

GTP 89% ; ‘UTP 93% .



Fig.5.1 Structure of ethidium bromide




‘5D FLUORESCENCE OF ETHIDIUM BROMIDE-NUCLEIC ACID COMPLEYES

AND THE FLUORTMETRIC DETERMINATION OF NUCLEIC ACIDS

5D1 THE FLUORESCENCE OF ETHIDIUM BROMIDE AND ITS COMPLEXES

WITH NUCLEIC ACIDS

Bthidium bromide (3,8-diamino-6-phenyl-ethylphenanthrid-
inium bromide) has the siructure shown in Fig. 5.1 . This dye
has several biological effects (Dickinson et gi;, 1953 3
Henderson, 1963 ; Elliott, 1963 3 Waring, i96h) which appear
to be the result of its property of binding to nucleic acids
(LePecq et al., 1964 ; Waring, 1965). The complex formation
between ethidium bromide and nucleic acids causes an alteration
of the physical properties of both the nucleic acid and the
dye (LePecq & Paoletti, 1967). Besides the physico-chemical
interest in this complex formation, a number of techniques
have been developed which utilise this binding phenomenon
(for example, LePecq, 1971)1

The fluorescent properties of the dye are altered in the
presence of nucleic acid with a marked iﬂcrease in the guantum
efficiency of fluorescence of the bound dye. Following the
increase in fluorescence of ethidium bromide therefore can
give aAquantitative estimation.of nucleic acids (LePecq et al.,
1964 ; LePecq & Rimaoletti. 1966). XKrakow et al. (1969)
described an RNA polymerase assay using this phenomenon to
follow unprimed(non-template directed) RNA synthesis. The
background fluorescence from a DNA template makes the detection:
of RNA synthesis more difficult. The investigations of the
fluorescence of ethidium bromide reported here were carried
out Qith a view to developing an assay for DNA-directed RNA
polymerase activity, by measuring the RNA product fluorimetric-

ally.



Were the object of this work to obtain accurate character-
ization of the fluorescence properties of ethidium browmide and
its complexes with nucleic acids, then the problems associated
with the use of a single beam spectrophotofluorimeter would
have to be overcome. With a single beam instrument, for example,
the properties of the photomultiplier tube, xencn lamp and
monochromators are functions of wavelength. In fact, the
fluoreécence of ethidium bromide was characterized only suff-
iciently that RNA concentration could be related to fluorescent
intensity. Reported spectra are uncorrected and instrumental
slit settings were wide for maximum sensitivity rather than
optimal fesolution of wavelength. Nevertheless, maxima of
excitation and emission still reflect conditions at which the

observed signal is maximum.

5D1.i Fluorescence of ethidium bromide

The excitation spectrum of ethidium bromide showed
maxima at 310 nm and 480 nm under the conditions used (Fig. 5,2)°
Emission spectra for excitation at both 310 nm and 480 nm are
shown in Fig. 5.3 and an emission maximum at 590 nm was seen
in both cases, These values for spectral parameters are in
the same region as those of LePecq et al. (1964) which were
obtained under slightly different experimental conditions
of pH, ionic strength etc. ; their figures were 590 nm for
emission maxima and 300 nm and 480 nm for excitation maxima.,
Subsequent modifications of the spectrophotofluorimeter caused

changes in the observed wavelength maxima for emission and

excitation.

5D1.2 Fluorescence of ethidium bromide in the presence

of nucleic acids

Both RNA and DNA cause qualitatively.similar effects

on the fluorescence of associated ethidium bromide. The



effect of the presence of DNA and RNA on the excitation
spectrum of ethidium bromide is seen in Figs. 5.4 and 5.5.
With‘increasing nucleic acid concentration, there was a shift
to 1onge¥ wavelengths of excitafion Tor both the 310 nm and
the 480 nm excitations, although the shift for the latter was
more pronounced., TFurther, there was a marked increase in the
fluorescent intensity as nucleic acid concentration increased.
The presence of nucleic acids alffected the emission
spectrum of ethidium bromide by causing an increase in fluor-
escent intensity without altering the wavelength of the

emission maximum.at 590 nm.

5D1.3 Quantitative relationship between ethidium bromide

fluorescence and nucleic acid concentration

The increase in ethidium bromide filuorescence with
increasing nucleic acid concentration can be described quant-
itatively and Fig. 5.6 shows the linear relationship between
fluorescent intensity and DNA concentration, in the presence
of excess ethidium bromide. Fig. 5.7 shows the fluorescént'
intensity change due to RNA, in the presence of DNA of wvarious
concentrations, and this forms the basis for the measurement
of RNA in RNA polymerase assays. The set of curves in Fig. 5.7

was used to determine a standard curve that was employed in

several experiments.

5D1.4 Effect of other factors on the fluorimetric

determination of RNA

The composition of the RNA polymerase reaction
mixture was described in Section 5B. Of the components,
the concentrations of DNA and nucleoside triphosphates seemed
to be most likely to vary in the course of subsequent exper-
iments., Thusy the dependehce of fluecrescent intensity on RNA

concentration was observed at a number of concentrations of



DNA and NTP. Each such experiment yielded a linear response
of fluorescent intensity to RNA concentration and the gradient
of these curves, d(FI)/d(RNA), is shown as a Tunction of DNA
and NTP éoncentrations in Fig. 5.8 . These results showed a
detectable influence of-Both DNA and NTP on RNA measurement
by this method.

Besides changes in the components of the RNA polymerase
reactibn mixture, all measurements of fluorescent intensity
were subject to variations in the instrumental response,
whether due to deliberate alterations to the fluorimeter or
the fluctuations normally associated with a single beam

instrument.

5D1.5 Quantitation of fluorimetric RNA measurement

The preceding experiments established that the ob-
served fluorescent intensity of the dye can be a linear
function of RNA concentration under defined conditions.

The sensitivity of the spectrophotofluorimeter has wvaried

as xenon lamps and photomultiplier tubes‘have been changed,
and also as changes to the instrumental settings have been
made. It is estimated from varjous experiments, however,
that aﬁ RNA concentration of about 1 UM RNA (with respect to
monomer) can be detected. The accuracy of the measurements
decreases when RNA is measured against a background of the
fluorescence caused by DNA. This has been one of the problems
in the practical application of this technique of RNA estim-
ation., Partial resolution of the problem was achieved by the
use of a photometer with a blank subtract facility (Aminco
solid-state, blank-subtract photomultiplier microphotometer,
Cat.No. 10-280) , thus allowing electronic subtraction of the
fluorescence caused by the presence of DNA.

A commercial preparation of tRNA was used in the preceding



experiments and has also been used as an RNA standard. The

RNA synthesized in the presence of RNA polymerase will most
likely be of a different type than yeast tRNA. Hence, it can
be arguea that this is mot a godod choice of RNA standard. The
ideal RNA standard would be the actual product of the RNA
polymerase catalyzed reaction under-investigation° This would
be difficult to obtain in quantity and besides may vary in
compositiom with reaction conditions. Yeast fRNA, then, was
selected as a readily available standard which will yield self-
consistent results and to which other RNA standards could be

referred if desired.

5D2 MEASUREMENT OF RNA SYNTRESTS - FLUORESCENCE MBETHOD

A reaction mixture of 1 ﬁl volume was incubated at 3700,
the reaction being started by the addition of RNA polymerase.
At various times, 0.1 ml aliguots were removed and mixed
thoroughly with 1.9 ml of ethidium bromide solution (5 mg/1
ethidium bromide ; 0.01 M-tris-HCl, pH 7.9 ; 0.05 M-NaCl ;
0.001 M-EDTA). The reaction ceased after mixing with ethidium
bromide reagent. The fluorescence of the ethidium Bfomide was
measured in an Aminco-Bowman spectrophotofluorimeter
(excitation at 310 nm or 480 nm ; emission at 590 nm) .

These wavelengths have varied slightly (Section 5D1.1).

In preliminary experiments, fluorescent intensity was
related t; RNA concentration by a calibration curve (Fig. 5.7).
The interference of DNA and NTP was neglected and effectively

the following equation was used,

H
1

K. ( FI_ - FI }.D eqn. 5.1
o
where
K is a constant, and the gradient of the lines in Fig.5.7.
r, is the RNA concentration at time, t.

t

FIO is the fluorescent intensity at time zero, FIt at time, €.

1



D accounts for the dilution of the aliguot of the reaction
mixture on addition to the ethidium bromide reagent.
-

However, variations in the constant K occuﬁgd for reasons
discussed in Section 5D1.4 and so, in most experiments, a
sample of a standard RNA scolution was measured under the conde-
itions of each assay. If the increase in fluorescent intensity
caused by the presence of the RNA standard is 5, and the
concenfration of the RNA standard is rs, then equn. 5.1 becomes

T = :g . ( FIthIO).D | | eqn. 5.2

S
fs was chosen to be within the linear region of the dependence
of fluorescent intensity on RNA concentration. Since norwmally
the initial rate was wanted, egn. 5.2 can be conveniently

written as

(dxy (1) . Zs . D ean. 5.3
at’ t=0 dt "t=0 8

Egn. 5.3 enables initial rates to be derived directly from

plots of fluorescent intensity against time,

5E CONTINUOUS MEASUREMENT OF RNA BY A FLUORIMETRIC METHOD

5E1 CONTINUQUS ASSAY FOR RNA POLYMERASE

If RNA is produced in the presence of ethidium bromide,
then its synthesis could be followed by measuring the increase
in the fluorescent intensity of the dye.

Fig. 5.9 shows an RNA polymerase catalyzed reaction, in
the presence of 1 pg/ml ethidium bromide. A readily detectable
increase in fluorescent intensity with time was observed.

An experiment 1acking poly(dA-dT) as template gave no such
increase. Eﬁidence that this RNA synthesis was not caused by
the presence of polynucleotide phosphorylase in the enzmyme

preparation was twofold. Firstly, the presence of 1 mM



phosphate did not inhibit the reaction, conditions which have
been shown to severely inhibit polymerization catalyzed by
polynucleotide phosphorylase (Burgess, 1969&)0 Secondly, the
ATP and UTP had been purified and contained little contam-
inating diphosphates (Sections 4D2.3 and 6c2). Also, when
ADP was the only nucleotide present; the rate of increase of
fluorescent intensity was well below that observed whemn ATP
and UTP were present (rig. 5.9).

From the above results, it is concluded that poly(dA-dT)
could direct the synthesis of poly(AnU) by RNA polymerase
in the presence of 1 pg/ml ethidium bromide. The reaction
rate in the presence of ATP and UTP at various poly(dAndT)
concentrations is shown in Fig. 5.170 and the results were as
expected on the basis of standard radiocactive assays (Fig.7.2 ).
However, the validity of assessing RNA polymerase activity
by this method is questionable, since ethidium bromide is
known'td interfere with RNA polymerase activity (Elliott, 1963

Waring, 1964).

5E2 CONTINUOQUS ASSAY FOR POLYNUCLEOTIDE POLYMERASE

The same measurement system as described in the previous
sectioﬁ can be used to observe‘polynucleotide rhosphorylase
activity, provided that ethidium bromide does not totally
inhibit the activity of this enzyme. A reaction catalyzed
by a commercial preparation of polynucleotide phosphorylase
is shown in Figd.11. This enzyme required an oligonucleotide
primer., The application of this assay method to the measure-
ment of polynucleotide phosphorylase is described in Section

6cz,



Figs 5.2 Excitation spectrum of ethidium bromide.

The excitation spectrum of ethidium bromide
(5 mg/l ethidium bromide ; 0.01 M-tris-HCl, pH 7.9 ;
0,05 M-NaCl ;3 0,001 M=EDTA) was measured with an Aminco-
Bovman spectrophotofluorimeter at room temperature (about
2000). The vertical axis of the figure is the Ffluorescent
intensity and is in arbitrary units. For an emission waves=
langth of 590 nm, excitation maxima were observed at 310 nm

and 480 nm, the 590 nm peak being caused by scattering.

Instrument details (see Section 2B1)
Xenon lamp : No.l
Photomultiplier tube : No.l 5
Slit arrangement : Slits 2,5, and 7 all 3/16 in

Other slit positions unoccupied.

Sensitivity : 4O
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Pig. 5.3 Emission spectra of ethidium bromide.

Emission spectra of ethidium bromide (5 mg/1

ethidium bromide j; 0.01 M~tris-HC1, pH 7.9 ; 0.05 M-NaCl j
0.005 MmEDTA) were recorded using an Aminco-Bowman spectro-
photofluorimeter at room temperature (about 2000). The
vertical axis is fluorescent intensity in arbitrary units.
Spectrum 1 3 Excitation at 310 nm giving emission maxima

at 590 nm, 410 nm and 310 nm, the last probably

being caused by scattering.

Spectrum 2 Excitation at 480 nm giving emission maxima

at 590 nm and 480 nm, the latter caused

presumably by scattering.

Instrument details (see Section 2B1)
Xenon lamp : No.l
Photomultiplier tube : No.1l
S1it arrangement : Slits 2,5, and 7 all 3/16 in
Other slit positions unoccupied

Sensitivity : 4O
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Fig. 5.4 Excitation spectra of ethidium bromide in the

presence of RNA,

Excitation épectra of ethidium bromide (5 mg/l
ethidium bromide ; 0.01 M=tris-ICl. pH 7.9 3 0.05 M-NaCl ;
0.001 M»EDTA) were recorded using an Aminco-Bowman spectro-=
photofluorimeter at room temperature (about 20°C) in the
presence of various concentrations of yeast TtRNA. The

emission wavelength was 590 nm and the vertical axis of the

figure is fluorescent intensity in arbitrary units. The

RNA concentrations were (with respect to monomer) : 1) 0.0 uM;

2) 10 pM 3 3) 4O pM ; 4) 80 pM

Instrument details (see Sectiom 2B1)
Xenon iamp ¢ No.i
Photomaltiplier tube : No.1
$1it arrangement : Slits 2,5, and 7 all 3/16 in
Other slit positions unoccupied

Sensitivity ¢ 40

Fig, 5.5 Excitation spectra of ethidium bromide in the

presence of DNA,

Excitation spectra of ethidiuﬁ bromide were rec-
orded in the presence of various concentrations of calf
thymus DNA, experimental details being identical with those
for Fig. 5.4 . The DNA concentrations (with respect ﬁo
mononmer) were 3 1) 0,0 uM ; 2) 5.9 pM ; 3) 11.8 pM ;

4) 23.6 pM.
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Fig. 5.6 Relationship between fluorescent intensity of

ethidium bromide and DNA concentration.

The fluorescent intensity of ethidium bromide
(5 mg/l ethidium bromide ; 0,01 M-tris-HCl, pH 7.9 ;
0.05 M-NaCl 3 0,001 M-EDTA) was measured in an Aminco-
Bowvman spectrophotofluorimeter in the presence of various
calf thymus DNA concentrations. Measurements were at room
temperature (about 2000) with excitation at 310 nm and
emission at 590 nm.
Instrument details (see Section 2B1)
Xenon lamp ¢ No. 1
Photomultiplier tube ¢ No.1
S8lit arrangement : Slits 2,5, and 7 all 3/16 in
Other slit positions unoccupied

Sensitivity : 40

Fig. 5.7 Relationship between fluorescent intensity of

ethidium bromide and RNA concentration. .

The fluorescent intensity of ethidium bromide
at various yveast tRNA concentrations was measured in the
presence of several calf thymus DNA concentrations.

Excitation was at 310 mm and emission was at 590 nm. The

DNA concentrations were 1) 0.0 pM ; 2) 1.56 pM ; 3) 3.12 pM
k) 6,24 pM 3 5) 9.36 pM.

All other details were as for TFig. 5.6 .
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Fig. 5.8a The effect of DNA concentration om the relation-

ship between the fluorescent intensity of ethidium

bromide and RNA concentration.

The change of fluorescent intensity of ethidium
bromide fluorescence (excitation at 530 nm and emission at
590 nm) with yeast tRNA concentration was measured at sev-
eral calf thymug DNA concentrations using an Aminco-Bowman
spectrophotofluorimeter. Measurements were at room -temper-
ature (about ZOOC). The error bars represent the standard
errors in the slope of each plot of fluorescent intensity
against RNA concentration. The ethidium bromide éolution
was 10 mg/l ethidium bromide ; 0.01 M-tris~HCL1, pH 7.9
0.65 M=NaCl ;3 0,001 M=-EDTA. In this experiment, the higher
wavelength excitation of ethidium bromide was used.

Instrument details (see Section 2B1)

Xenon lamp : No.2

Photomul tiplier tube : No.i u

Slit arrangement : Slit 2, 4% mm ; slit 5, 3 mm ;
slit 7, 1/16 in ; all other slit
positions were unoccupied.

Sensitivity : 100

Irig. 5.8b The effect of nucleoside triphosphate concen-

tration 'on the relationship between the fluores-

cent intensity of ethidium bromide and RNA conce

entration.

The experiment of Fig. 5.8a was repeated, with
NTP instead of DNA (NTP represents here equimolar ATP, CTP,
_GTP, and UTP). All details were as in Fig. 5.8a except that

the excitation wavelength was 310 nm.
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Fig. 5.9 Fluorimeiric detection of poly(dA-dT) directed

poly(A-U) synthesis by RNA polymerase in the

presence of ethidium bromide.

Reaction mixtures, totai volume 1 ml, were set

up in quartz fluorescence cells and contained 0.04 M-tris-
HC1, pH 7.9 3 0.1 mM-EDTA ; O.1 mM-dithiothreitol : 0,02 M~
MgCl, - ; 0.2 M-XC1 and 1 mg/l ethidium bromide. In addit-
ion, individual reactions contained

1) 0.075 wM poly(dAa-dT) ;3 1 mM ATP and UTP (purified,

Section 4D)... o-o0

2), 0,075 mM poly(dA-dT) ; 1 mM ADP ... o

3); 1 mM ATP and UTP (purified)... ¢-o ‘
Each reaction was started by the addition of 110 pg of RNA
polymerase after which the reaction was monitored by followe
ing the fluorescence of ethidium bromide (excitation at 310 nm,
emission at 615 nm) with an Aminco-~Bowman spectrophotofluor-
imeter. The reaction tock place at room temperature (about
20005. In the figure, the vertical axis is fluorescent
inteﬁsity in arbitrary units, aﬁd the arrow indicates the
addition of 1 mM phosphate,.

Tnstrument details (see Section 2B1)
Xenon lamp : No.=2

Photomultiplier tube : No.2

-

S1lit arrangement : Siit 2, 5 mm 3 slit 5, 5 mm 3

s1lit 7, 5 mm ;3 all other slit
positions were unoccupied.

ﬁensitivity : 100
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Fig. 5.10 Dependence of the rate of RNA polymerase

catalyzed poly(A-U) synthesis, in the presence

of ethidium bromide, on poly(dA-dT) concentration.

Reaction mixtures, total wvolume 1 ml, were set
up in quartz cells and contained 0.04 M-tris-HCl, pH 7.9 ;
0.1 mM-EDTA § O.1 wM~dithiothreitol 3 0,02 M-—MgCi2 : 0.2 M=
KC1 3 1 mg/l ethidium bromide ; 1 mM=ATP ; 1 mM-UTP;(both
nucleotides were purified); and various concentrations of
poly(dA-dT), The reaction was started by the addition of
110 pg of RNA polymerase, EGB s and the fluorescence of the
ethidium bromide was followed with an Aminco-~Bowman spectro-
photofluorimeter (excitation at 310 nm and emission at 615
nm). The reaction toock place at room temperature (about
20°¢).
Instrument details (see Section 2B1)
Xenon lamp : No.2
Photomultiplier tube : No.,2 .
Slit arrangement : Slits 2, 5, and 7, all 5 mm ;

All other slit positions unoccupied

i
Sensitivity : 100

Fig. 5.117 Fluorimetric detection of polynucleotide

phosphorylase activity.

Reactioﬁ conditions were as for Fig. 5.10 except
that! 1 mM ADP replaced the ATP and UTP, and that there was
no poly(dA-dT). The vertical axis is fluorescent intensity
in arbitrary units and the arrows indicate additions to the
reaction system, All other experimental conditions were as
foxr Fig. 5.104 10 pg of polynucleotide phosphorylase from
M. %E&ggg were added-initially, but the reaction only started

after 25 pg of A(pA)5 were added.
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SECTION 6

CHARACTERIZATION OF RNA POLYMERASE

Fo? the reaction catalyzed by RNA polymerase; it is
particularly important to define the enzyme used, since RNA
polymerase is a complex protein compared with most enzymes.
This section describes the characterization of RNA polymerase
preparations used in this work and includes some considerations

of the structure of the enzyme,

6A ROUTINE CHARACTERIZATION OF RNA POLYMERASE PREPARATIONS

RNA polymerase purified by the method described in
Section 4A was routinely analysed by u.v. spectroscopy, SDS-
polyacrylamide gel electrophoresis and assays for enzyme
activity.

1) Specifilc activities ranging from about 100 -~ 800 nmol,/
10 min/mg of nucleotide incorporated into RNA have been
observed with calf thymus DNA as template. The ratio of
activity with T7 DNA to that with calf thymus DNA has varied
from 1 - 5, presumably reflecting a variation in the ¢ content
of different enzyme preparations.

2) E280/E260 ratiocs (the ratio of the absorption at 280 nm
to that at 260 nm) have ranged from 1.3 to 1.7 .

3) SDS~-polyacrylamide gel electrophoresis was considered a
useful neans of analysing RNA polymerase samples, A photograph
of a typicél gel analysis is shown in Plate 1. Bands
corresponding to the B, W, and a subunits were invariably seen.
Although ¢ was always presenf, its proportion relative to the
subunits of core enzyme varied, in agreement with 1) above.

In addition to B, K ya , and 0, another polypeptide species,
designated 6, was present in gels of RNA polymerase preparations

and such enzyme will be denoted EUB'



6B THETA

The polypeptide 0 has mol.wt. of about 58 000 as deter-
mined by SDS~polyacrylamide gel electrophoresis and was
consisteﬂtly present in RNA polymerase prepared in this
laboratory by the method described in Section 4A (Lochhead,

1972). In the course of this present work, further knowledge

of B8's behaviour was sought.

6B1 PREPARATTION OF RNA POLYMERASE CONTATNING NO THETA

Enzyme that was essentially devoid of 8 was prepared
by a modification of the normal purification procedure. Instead
of the two agarose gel filtration steps described in Section
LA, glycerol gradient centrifugation was used, as had heen
given originally by Burgess (1969a) as a preparative method.
. After DEAE~cellulose chromatography, the enzvme fraction
(fraction 4) was subjected to centrifugation on a low salt 10~
30% (v/v) glycerol gradient for 24 h at 25 000 rev./min in a
Spinco SW25.2 rotor at 4°C (Section 4C), "he analysis of the
gradient is shown in Tig. 6.1. The fractions containing enzyme
activity were pooled, precipitated by the addition of 1.5
volumes of Buffer C saturated with ammonium sulphate and
centrifﬁged at 30 000 rev./min in a Spinco 30 rotor at 4°c,
The pellet was dissolved in Buffer A + 1,0 M-KCIL (fraction Sa)
and dialysed against this same buffer for 2 h. The protein
was then centrifuged in a high salt 10—30%.(v/v) glycerol
gradient in a Spinco SW25.2 rotor (Section MC). The xrotor was-
operated at 25 000 rev‘/min and QOC for 36 h. Analysis of the
gradient is shown in Fig. 6.2. Two fractions were analysed by
SDS»polyacrylamide gel electrophoresis (Plate 2)9 but the
fractions containing maximal enzyme activity were pooled and
the enzyme collected as for low salt gradients. SNG=poly-

acrylamide gel electrophoresis of the final enzyme was



compared with enzyme prepared simultaneously from the same
fraction 4 using the normal gel filtration steps (Plate 2}0
The enzyme purified wvia the glycerol gradients camn be seen to
contain dﬁly traces of 8. The immediate gonclusions from the
above experiment are 3

1) It is possible to separate 8 from RNA polymerase.

2) It is known that RNA polymerase has a mol.wt. of the
ordernr éf 450 000 in solutions of high ionic strength and vet

0 had the greater sedimentation coefficient at 1.0 M-KC1l.
Since 8 has mol.wt. of about 58 COO in the presence of SDS and
mercaptoethanol, the @-containing species in the high salt
glvcerol gradient must represent an aggregate of 58 000 mol.
wt. polypeptide.

3) Analysis of the high salt glycerol gradient showed three
incompletely resolved peaks of u.v. absorbing material and a
fourth peak of more slowly sedimenting material. Peak 1
contained 6 and peak 3, P ,B” o, anda ., Peak 2 comprised B,
Bu and 8 . This could be caused by the formation of a cgmplex
of p and B‘with one or more molecules of @ ; perhaps,ﬁgﬁn .
The presence of o cannot be totally excluded, however, since
in equimolar proportions a stains much less strongly than B .

Tﬁus, peak 2 could contain core enzyme plus 0.

6B2 SEPARATION OF THETA FROM THETA-CONTAINING RNA

POLYMERASE

The results of the previous section prompted the
following experiment. RNA polymerase, prepared in the normal
way and containing 6 , was centrifuged in a high salt glycerol
gradient as described in Section 4C. As might be predicted
from the results in Section 6B1, separation of 6 from the other
componenfs of the enzyme was achieved, although in this case

only two protein peaks were observed (Fig. 6.3), One peak



contained predominantly @ and the other ﬁ,ﬁ,a, and 0, The
intervening fractions displayed a gradation in the ratio of @
to P or H (Pilate 3). This experiment again iliustrates the
isolation of § which is in a high state of purity (fraction 12
in Plate 3). The difference in the profiles of Fig. 6.2 and
Fig. 6.3 may only be a question of resolution but could result
from the different source of the enzyme sample applied to the
grédiento In this case, the enzyme used had already been
purified by agarose gel filtration steps, and the above result
suggests that any sample of EUG can be separated into Eg and 0

by this density gradient treatment.

6B3 DEAE-CELLULOSE CHRCMATOGRAPHY

In the normal RNA polymerase preparation, elution of the
DEAL~cellulose was with stepped increases of KC1 concentration
(Section 4A5). In one instance, elution was carried out using
a gradient (0.13-0.4 M) of KC1 (Fig. 6.4). Fractions were
selected for analysis by SDS-polyacrylamide gel electrophoresis
(Plate 4). Although the enzyme is relatively impure at this
stage, certain features of the distribution of RNA polymerase
polypeptides was observed.

1) The amount of 8 increased as the KCl concentration became
greater.

2) A prominent band with similar mobility to ¢ was observed

in a gel arising from fraction 80, with concomitantly low levels
of 8, E, anda . This might indicate an alternative route for
preparing o .

RNA polymerase eluting from the DEAE~cellulose column at
different KClL concentrations had different proportions of the
components ¢ and @ . In the case of 0, whether this represented
different enzyme~f complexes at high and low salt concentration
cannot be decided at this time, but this experiment does serve

to dillustrate how the preparative procedure can influence the



final composition of the enzmyme 3 the enzyme-containing
fractions from DEAR~cellulose chromatography were pooled and
carried through the normal purification procedure. The
resulting RNA polymerase contained less than the usual prope-
ortion of 6 and also had a prominent component of mol.wt. about

52 000 (Plate 4).

6B EFFECT OF THETA ON ENZYME AVTIVITY

Enzyme preparations G3 and G3' resulted from the agarose
gel filtration procedure and the glycerol gradient method
respectively so that G3 contained a normal level of 8 whilst
G3' was defficient in 6. The activities of these two enzyme
samples were compared with a view to observing an effect
arising from the presence of 8. The results are shown in Table
6.1. The ratio of the activity of G3 to G3' was approx. 1,
with both T7 DNA and calf thymus DNA templates. Also, the
ratio of activity with T7 DNA to that with calf thymus DNA was
the same for both enzyme samples. The substitution of Mn2+
for Mg2+ in the reaction mixtures did not‘significantly alter
the results. By the admittedly coarse criterion of this

experiment, then, no difference was observed between enzyme

lacking 0 and enzyme containing § .

6B5 SUMMARY .
The polypeptide® of mol.wt. 58 000 co-purifies with RNA
polymerase‘in the purification procedure described in Section
LA, The reason for 0 co-purifying is not so clear. If 0 is
an integral part of the transcription machinery, then its role
has still to be elucidated. Glycerol gradient centrifugation
at 1,0 M-KC1l allowed the separation of 8 from RNA polymerase,
under which conditions 8 existed as a species with‘mol.wt° in

excess of 500 000, presumably an aggregate of 6 ., In both

glycerol gradient and DEAE-cellulose chromatography experiments,



fractions were obtained that contained 8 and RNA polymerase in
widely wvarying relative proportions. Whether this resulted
from effects on the stability of specific enzyme~0 complexes

or was thé reflection of @'s intrinsic properties, is not
clearly established in the preceding experiments. The specific
association of 0 with RNA polymerase cannot be ruled out at

this time.

6C OTHER COMPONENTS OF RNA POLYMERASE PREPARATIONS

Besides ﬁ,ﬁza,c, and 8, other polypeptide species have
been observed in the RNA polymerase prepared in several
laboratories (Section 1A2.5). SDS-polyacrylamide gel electro-
phoresis of wvarious RNA polymerase samples, purified in this
laboratory, also indicated the presence of several miﬁor
components, These components may be co-purifying contaminants,
but in view of the present lack of knowledge concerning the
transcripticen machinery, it is worthwhile to catalogue their
appearance in RNA polymerase samples prepared in this

laboratory.

6C1 CATALOGUE OF MINOR COMPONENTS

This section lists a number of polypeptide species
which have occurred in different enzyme preparations that
included wvarious procedural changes. These species were
characterized by the estimation of their mol.wt.'s by SDS-
polyacrylaﬁide gel electrophoresis as described in Section 3F¥5.
A compilation of these minor components is given in Table 652 .

The mol.wt.'s are based on.ﬂ,B,a,o, and 0 as markers,
taking the mol.wt.'s for these from Lochhead (1972) - see
Section 1A2.2 . These values are lower, especially for B, ﬁ,
and ¢ than these commonly quoted (Chamberlin, 1970‘; Burgess,
1971) but the choice of standard mol.wt.'s will introduce

systematic rather than random changes in derived estimates of
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mol.wt.'s.If in fact, Lochhead's values for ¢+B and a are
taken, and the data of Burgess ei al. (1969) treated as
described in Section 3F5,cthen is given a mol.wt. of 80 000
and T, 94 000. Of the components listed, x3 is most likely

T but no positive identification of any of the others has been
possible although there may be some correlation with the bands
observed in a commercial preparation of polynucleotide
phosphorylase when similarly analysed (Section 602). The
polyﬁeptide w , frequently observed in RNA polymerase (Section
1A2.5), would not have been detected by the gel electrophor-

esis system used as it would have run off the end of the gel,.

6C2 PRESENCE OF POLYNUCLEOTIDE PHOSPHORYLASE IN RNA

POLYMERASE PREPARATIONS

The presence of polvnucleotide phosphorylase activity
in RNA polymerase preparations has been noted previously
(Burgess, 1971). Using the assay system described in Section
5E2, polynucleotide phosphorylase activity has been detected
in all four enzyme preparations that were énalysed. Commercial
Nucleoside triphosphates contained enough diphosphates to
support- detectable activity, but with further purified ATP
and UTP ﬁo'activity was observed‘(Fig. 6.5). This finding,
along with the inhibition of the reaction by Pi (Fig. 6.6),
was taken as evidence that the reaction observed was the result
of polynucleotide phosphorylase activity. |

The polynucleotide phosphorylase activity of various enzyme
preparations is shown in Table 6.3 . Core enzyme was devoid
of such activity but the wash-through (peak A) from phospho-
cellulose column was particularly active, indicating that ﬁ,ﬂi
and a are not implicated im the polynucieotide phesphorylase

activity.
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Because of the above results, a commercial preparation of
polynucleotide phosphorylase from E. colil was subjected to 5SS~
polyécrylamide gel electrophoresis, both on its own and mixed
with RNA polvmerase (Plate 5)0 This sample of polynucleotide
phosphorylase gave rise to several bands on electrophoresis,
aﬁd the mol.wt.'s of some of these were estimated as in
Sectipn 3F5., Tt is not known which of these polypeptides
wvere impurities and which genuine subunits of polyrucleotide
phosphorylase,. As judged by mol.wt., some of the polypepiides
found in the polynucleotide phoshorylase preparation are
equivalent to some of the minor components of RNA polymerase
}isted in Table 6.2 (17, x4,x6 and x7). Also, a species
denoted x10 had a similar mol.wt. to ¢ . For all thése
polypeptides, this does not constitute proof of identity but

does suggest that there are polypeptides that co-purify with

both RNA polymerase and polynucleotide phosphorylase.

6D CHARACTERTIZATTION OF CORE TNZYME

Core enzyme, prepared by phosphocellulose chromatography
(Section 4B) contained only B, ﬂ, and a as assessed by SDS-
polyacrylamide gel electrophoresis. E280/E26O ratios were
greater than 1.5 and the activity of the enzyme was much lower
with T7 DNA than calf thymus DNA (Table 6.4). Activity on
the T7 DNA template was greatly increased in the presence of
the peak A (which contained ¢ ) from phosphocellulose
chromatography.

The results of SDS-polyacrylamide gel electrophoresis of
a typical core enzyme preparation are seen in Plate 6, and

enzyme of this structure will be denoted by Ec.



Fige 6.1 Glvcerol gradient centrifugation of RNA polymerase

fraction 4 at low KCl concentration

Fraction 4 enzyme of the normal preparative method
was centrifuged at 25 000 rev./min in a Spinco SW25.2 rotor
for 24 h on a 10-30% (v/v) glycerol gradient (Section 6Bt1),
The closed circles are the results assays for the incorpor-

ation of 3

H-ATP as measured by the standard assay procedure
(calf thymus DNA 150 pg/ml)—Section 5C. The continuous line
represents the u.v, absorption at 280 nm as measured by
passage of the gradient through the flow cell of a Gilford
‘spectrophotometer. The volume contained in each centrifuge
tube was 60 ml and the fractions were collected starting from

-

the bottom of the tube.
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Tig. 6.2 Glvcerol gradient centrifugation of RNA polvmerase

fraction 5a at high KCI concentration

-Fraction 5a enzmyme was centrifuged at 25 000
rev./min in a Spinco SW25.2 rotor for 36 h on a 10»30%
glycerol gradient at 1.0 M-KCl1 (Section 6B1). The histogram

3

represents the incorporation of “"H-ATP as measured by the stan-

dard assay procedure (Section 5C). The broken line is the u.v.
absorption at 280 nm as measured by the passage of the gradient
through the flow cell of a Gilford spectrophotometer. The
volume contained in the centrifuge tube was 60 ml and fraqtions
were collected starting at the bottom of the tube. SDS~poly-
acrylamide gel electrophoresis was used to analyse tubes 11

& 13, as well as the enzyme finally purified by the glycerol

gradient method (Plate 2).
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Fig. 6.3 Glveerol gradient centrifugation of RNA polymerase

EOG at high KCl concentration

RNA polymerase, fraction 6 of a normal prep-
aration, was centrifuged in a high salt (1.0 MuK01) glycerol
gradient in a Spinco SW25.2 rotor at 25 000 rev,/min for 36 h.
The profile in the figure is that of the u.v. absorption at
280 nm as measured by passage of the gradient through the flow
cell of a Gilford spectrophotometer. The volume contained in
the centrifuge tube was 60 ml.and fractions were collected
starting from the bottom of the tube. Fractions 10, 12, 14,
16, 18, and 19 were analysed by SDS-polyacrylamide gel electro-

phoresis (Plate 3)



(240040
puao sad (g
dOL
.wm_ X/ 0¢ 8

SGISWNN NOILOTYS

€9

0070

80°C



Pig. G.U DEAE = cellulose chromatography in RNA polymerase

preparation - KCL gradient elution

RNA polymerase fraction 3 (Section 4Al) was
applied to a column of DEAE~cellulose as described for the
normal enzyme purification in Section 4A5. Elution was
initially stepwise, as normal, with the successive passage
of Buffer A and Buffer A 4+ 0,13 M=KCl., Then, instcad of
eluting the column with Buffer A + 0.23 M-KCl, a KCl gradient
vas used (0.13-0.4 M-XKCl in Buffer A). Finally, the column
was éluted with Buffer A 4+ 1,0 MaKCl. Flow rate was 90 ml/h.

The figure shows only the elution profile after the start
of the KCl1l gradient.- the initial phase was as in Fig. L4.1.
The continuous line indicates the u.v. absorption %t 280 nm in
the 3 mm pathlength flow cell of an LKB Uvicord. The points
show the incorporation of 3H-ATP measured by the standard
assay procedure (Section SC) for some of the fractions.

Fractions 80, 100, and 130 were analysed by SDS-polyvacryl- .

amide gel electrophoresis (Plate 4)
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rig. 6.5 Polvnucleotide phosphorylase activity in RNA

polymerase preparations (1)

Asééys for polynucleotide phosphorylase activity in
an@rmal RNA polymerase preparation were carried out essen-
tially as described‘in Section 5E2. Standard RNA polymerase
reaction conditions were used (Section 5B) except that 1 pg/ml
ethidium bromide was also present and only two nucleotidéé,
ATP and UTP, were included (e-e : commercial preparations of
ATP and UTP, 0.75mM each ; o-~o : further purified ATP and UTP,
1 theach). The reaction, 1 ml volume in a quartz cell, was
started by the addition of 110 pg/ml EGG and the fluorescence
of the ethidium bromide followed (excitation at 310'nm and
emission at 615 nm). The reaction took place at room teﬁp-
erature (about 20°C) | ;
Instrument details (see Section 2Bi)
Xenon lamp : No, 2 -
‘Photomultiplier tube No. 2
;Slit arrangement : Siits 2, 5, and 7, all 5 ém
< ' All other slit positions unoccupied

Sensitivity : 100

Fig. 6.6 Polynucleotide phosphorvlase activity in RNA

| polymerase preparations (2)

Polynueleotide phosphorylase activity was-assayed
in a mormal RNA polymerase preparation as described in the
above legend, using standard RNA polymerase assay conditions,
except that 1 pg/ml ethidium bromide was present ahd H
e~o : the nucleotides present were ATP and UTP (commercial),

‘0.75 mM each. The adéition of 1 mM phosphate is noted.
0~0 ¢ ne nucleotides initially present and the addition of

1 mM«ADP is indicated, aftexr which the reaction started,
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110
calf
enzyme iomn 7 thymus
DNA DNA
Mg <t 733 EU/mg 187
Top
(G3) Mn>* 490 210
Mgt 600 175
Eo
S
€3) Mn=* 25 177

Table 6.1 Specific activities of RNA polymerase, EUG and

Es » in_the presence of different templates and

divalent cations

>

The.numbers in the table are the values for the specific
activities of RNA polymerase, measured by the standard
radioactive technique (Section 50), and expressed as EU/@g.
Standard reaction conditions were used (Section 5B) except
wvhere Mn2+ (4 mM) replaced Mg2+ (20 mM). The concentrations
of DNA's.and enzyme (pg/ml) were : T7 DNA and calf thymus DNA,

60 ; EOB’ 15.4 3 B 27.2. The assays were for 5 min at 370C,

c ?

and controls were run which contained no DNA,
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le 6.2 Catalopgue of polypeptides Tound in RNA polvmerase

preparations {using the SDS-polvacrylamide gel

‘electrophoresis technique)

IDENTITY MOL.WT.
A B C D E P G H T
(X1O~3)
B! 150 FH] XX | KR KRR HXR L RH R [ N | HR*
B 140 KWW [ HHH ] KRR] KR K| HHH | %N | XK ] HXX
x2 130 *
xg(T) 913 * 3% * XX ] K *
x4 80 ¥ % ¥¥| %% * *
o 78 KL WK R W REK | XK | KHR | RN
x10 78 *
x6 66 * * * * *
s 58 K| WK * ¥ * * ¥ f KK
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The

relative intensity of staining of polypeptide species

after SDS-polyacrylamide gel elctrophoresis (Section 3F)

is represented on a three point scale ; ¥¥¥, strong, ¥¥%,

moderate, and ¥ weak.

A,B
c

G,H

normal RNA polymerase preparations

enzyme prepared using glycerol gradients (Section 6B1 and

Plate 2)

e

normal enzyme preparation, except that caproic acid

was.present, during the purification procedure.

enzyme preparcd using KCl gradient elution at DEAE-~

cellulose chromatography stage (Section 6B3 and Plate k).'

fraction 16 of high salt glycerol gradient experiment

using a normal enzyme preparation (Section 682 and Plate 3)

..

Tractions of KC1l gradient DEAE-cellulose chromatography
when used in enzyme purification. G & H are fractions
100 and 130 respectively (Section 6B3 and Plate 4)

E. coli polynucleotide phosphorylase (Section 6C2 and

oo

Plate 5)
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sample activity
assayed AFrI/min/mg protein
(1) ~0.68
EGQ(Q) 0.65
(3) 1.11
By 3.18
pealk C o)
peak A R7.5
Table 6.3 Polynucleotide phosphorvlase activity in several

RNA polymerase samples

«

Polynucleotide phosphorylase activity in several RNA
polymerase preparations was measured by the method described
in Section 5E. Standard RNA polymerase reaction conditions
(Sectidn 5B) were used, except.that 1pg/ml ethidium bromide
was included and 1 mM-ADP replaced the four nucleoside
triphosphates. There was, then, no DNA present. The addition
of enzyme .samples (20~1OO pg) to the 1 ml of reaction mixture
started the reaction which was followed fluorimetrically, the
details being the same as for Fig. 6.5. The initial rate of
increase of fluorescent intensity was taken as a relative
measure of polynucleotide phosphorylase activity.

Peak A and peak C refer to protein fractiomns resulting from

phosphocellulose chromatography of RNA polymerase (Section QB).
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~ sample specific . ‘
assayed activity (BU/me)
calf
T7 DNA thymus DNA
T Ese 1588 760
2 peak C o6l 512
(E,.)
c
peak C +
3 Tpeak A 1096 -
Table 6.4 Comparison of the activities of E and EGG

Enzyme was assayed by the fluorescence technique (Section 5D2)
at standard reaction conditions (Section 5B) and at 3700 with

the following enzyme and DNA concentrations (all in Hg/ml) :

T7 DNA, 50 ; calf thymus DNA, 60 ; Egg , 41.7 ; peak c(in 2),

43,4 3 peak C (in 3), 32.5 ; peak A, 18,6 . Controls

contained no DNA,
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PHOTOGRAPHS OF SNS~POLYACRYLAMIDE GEL EILECTROPHORETIC

ANALYSES

The following Plates contain photographs of the results
of analysing various protein samples by SDS-polyacrylamide
gel electrophoresis, The details of the electrophoresis
technique are described in Section 3F, and the Tollowing

plates contain only identification and references to the text.



Plate 1
SDS-polyacrylamide gel electrophoresis

of a normal RNA polymerase preparation

11~



cyt C

11 13 -+

fractions from high salt glycerol gradient
(Fig. 6.2)

enzyme
peak

from high norma% .
salt purification
glycerol method
gradient +

Plate 2. Analysis of high salt glycerol gradient

(Section 6B1) of RNA polymerase
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fraction No

Palte 3* Analysis of high sall glycct . grad ea
fractions (Fig. 6.3)

K

——————— PP St
- — /\3

. 0 J

-— — = X7

final 80 100 130
enzyme fi‘actioii No.
Plate 4. Purification of RNA polymerase using

KOI gradient elution of DEAE-cellulose
(Section 6B3 ; Fig. 6.4). Fractions

are from DEAE-cellulose chromatography
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*1

RNA
PNPase polymerase RNA
PNEase polymerase ©

Plate 5. polynucleotide phosphorylase

(PNPase)
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Plate 6

RNA polymerase core

enzyme
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SECTION 7

THE DEPENDENCE OF RNA POLYMERASE ACTIVITY ON REACTION

CONDITTONS

TA DEPENDENCE ON ENZYME CONCENTRATTION

Fig, 7.1 illustrates the relationship between the rate
of RNA synthesis and RNA polymerase concentration. The curve
approaches a saturation level, presumably due to.saturation of
the DNA template by enzyme. In subsequent experiments, the
enzyme concentration was usually chosen to correspond to the
linear region of the curve where DNA is not limiting.

7B DEPENDENCE ON TEMPLATE TYPE AND CONCENTRATION

Under the conditions used, RNA synthesis by RNA polymerase
in the absence of DNA was very low, aﬁd enzyme assays lacking
DNA were the most commonly used control, The activity of the
enzyme with several different DNA's is shown in Table 7.1 .

The enzyme contained o, which is reflected in the high activity
with T7 DNA as compared to that with calf thymus DNA. The
effect of varying template concentration is illustrated in

Fig. 7.2 for core enzyme with poly(dAa-dT).

7C DEPENDENCE ON TONIC CONDITIONS

RNA polymerase 1s known to be influenced by ionic
conditions, as discuésed in Section 1C5. Consequently, some
investigation of ionic effects was undertaken.

7C1 MONOVALENT CATIONS

RNA polymerase showed a maximum of activity with the
variation of KCl concentration (Figs. 7.3 & 7.4) at about
0.2 M-KC1l in two experiments ;3 in one, Ed@ was used with a T7
DNA template, énd in the other, EC was used with a poly(dA»dT)
template., The two experiments also differed as to the

concentrations of MgCl enzyme and template. Thus, at 0.2 M-

2,

KCl, the ionic strength differed between the two experiments.




However, the wvalue of about 0.2 M~KCl agrees with that reported
by So et al., (1967), and was taken as 'standard'vKCl
concentration., No detailed explanation of the effects of KCL
on the reaction was sought.

7C2 DIVALENT CATTONS

The requirement of divalent cations for RNA polymerase
activity is well-known (for example, Furth et al., 1962)°

7C2.1 . Dependence of the reaction rate on MgCl

2

concentration

The effect of the wvariation of Mg012 concentration on
the initial rate of the RNA polymerase catalyzed reaction is
shown in Figs. 7.5 & 7.6, for two enzyme-template systems.

With Ebeand T7 DNA, the maximal rate was at 0,02 M~-MgClL and

2
with EC and poly(dA-dT) the maximum was at approx. 0.03 M—MgCl2n
In both cases, there was a very low rate in the absence of
MgOlZ, and the optimal Mg012 concentrations were both somewhat
higher than that reporied by So et al. (1967) who quoted

0,012 MuMgClz as optimal. 0,02 M-MgCl, was taken as !standard!

2
and used in most experiments.

The overall effect of Mg012 is probably a summation of the
effects of Mg2+ on the various reaction components. With the
poly(dA—dT)»EC system, the specific requirement is clearly
seen. Between 0 and 0.3 M-KC1l, the activity of the enwyme was
never below about 50% of the maximum (Fig. 7.3). At zero
MgCl2 concéntraticn, however, when the ionic strength was i
the above range (0.2 M-KCl), no poly(A-U) synthesis was
detected. Mg012 is not required solely for its contribution
to the ionic strength of the reaction mixture.

The concentration of Mg2+ in aésays, as detected by the
8-~hydroxyquinoline method (Section 3E), was lower than the
total Mg2+ concentration added (Table 7.2). The difference

was approximately the sum of the nuclecsside triphosphate




concentrations, indicating, as would be expected, that complexes
of Mg2+ and nucleoside triphosphates were present in the
reaction mixtures (Section 1A4). It seems unlikely, however,
that Mg2+ was required only to combine with the substrates

since the MgCl,_, concentration that gave maximum activity was

2
3 to 5 times that needed to titrate the nucleoside {riphosphates,
the formation comstants for Mg2+mnucleotide complexes being

high (éection 1A4). Turther, the Mg2+ optima for the two enzyme-
template systems differed by about 0,01 M, the higher optimum
being observed, in fact, when the total nucleotide concentration
was lower. This would not be explained if the effect of Mg2+

was only on the substrate.

7C2.2 Dependence of the time course of the reaction on

MgClé concentration

Fig, 7.7 illustrates the effect of Mg012 on lhe time

course of RNA synthesis by RNA polyvmerase with a T7 DNA

concentration prolonged the

template, Elevation of the MgC12

period of linear RNA production with time. Above 0.05 MmMgClz
there was a lag phase in the time course. Both of these
findings are in accord with the results of Fuchs et al. (1967).
The time course of the reaction is considered in more detail

in Section 8A. At 0.02 M-MgCl RNA synthesis was linear for

2
at least 10 min in a number of experiments, and this was part
of the reason for selecting 0.02 M—MgC12 as standérd.

T7C2.3 Effect of Mn2+ on _the reaction

}\'11'12‘{L is known to be able to replace Mg2+ in the RNA

polymerase reaction (Furth et al., 1962)., The effect of Mn? ¥
on the reaction was not investigated in detail but it was shown

that the enzvme purified in this laboratory could function in

the presence of Mn2+. Table 6.1 shows the activity of RNA

polymerase with an+ and Mg2+ on both T7 DNA and calf thymus

DNA templates. ILittle can be said on the basis of this




experiment concerning the effects of Mn2+ but the substitution

of Mn2+ for Mg2+ did not markedly alter the ratio of the
activities on T7 DNA and calf thymus DNA. Some investigators
include Both Mg2+ and Mn2+ in their standard assay system for
RNA polymerase (for example, Anthony et al.,1969). This can
give rise to greater RNA synthesis than in the presence of
Mg2+ alone (Fuchs et al., 1967), but thése assay conditiogs
were nét adopted on the grounds that they introduce a further
component into an already complex reaction system.

7Cc2. 4 Effect of an+ on the reaction

The effect of Zn2+ on the activity of hNA polymerase
has not rceceived a great deal of attention but Scrutton et al.,
(1971) recently described experiments that provided evidence
for the presence of Zn in RNA polymerase. This prompted the
following experiments. RNA polymerase activity was measured
in the presence of 0.5 mM-an+ (zinc acetate). The results
are in Table 7.3, from which it can be seen that this level
of Zn2+ totally inhibited the action of both Ec and Eoe on
a calf thymus template, When the Zn2+ concentration was wvaried,
the results in Fig. 7.8 were obtained. Half maximal inhibition
occurred at about 0.2 mM-Zn2+. . Added Zn2+ eithexr had a
completely inhibitory effect on the reaction or else the

concentration range studied did not extend low enough to see

any stimulation.

-
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Fig. 7.1 Variation of RNA polvmerase activity with enzvme

concentration

RNA polymerase activity was assayed by the radioactive
method (Section 5C) at standard reaction conditions (Section

SB) except that MgCl, and KC1 were'0.015 M and 0.15 M respect-

2
ively. Calf thymus DNA was present at a concentration of

60 pg/ml and RNA polymerase, Fog » was varied as indicated on

the axis of the figure. The assays were for 10min at 3700.



Fig. 7.2 Variation of RNA polvmerase E activity with
L

poly(dA—dT) concentration

The activity of RNA polymerase core enzyme was deltermined
by the radioactive technique (Section 5C) at standard reaction
conditions (Section 5B). Each assay contained 13.4 pg/ml of
Ec and the indicated concentration of poly(dA-dT). The assays

lasted 5 min and were carried out at 3700.
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Fig., 7.3 Dependence of the rate of RNA synthesis on KCIL

concentration with a T7 DNA“EGQ system

RNA polymerase activity was measured, at several KCI1
concentrations, using the fluorimetric assay described in
Section 5D2. Other reaction components were at standard conc-

entrations (Section 5B) except that MgCl, was 0.015 M.

2

Fach reaction mixture contained 20pg/ml of Egp and 50 pg/ml

of T7 DNA. The reactions took place at 37009 and controls had no DNA,
Spectrophotofluorimeter details (see Section 2B1)

Xenon lamp : No. 2

Photomultiplier tube : No., 2

Slit arrangement : Siit 2, 5 mm ; slit 5, 5 mm, slit 7, 3/16
in, all other slit positions were .
unoccupied

Sensitivity : 100
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Fig: 7.4 Dependence of the rate of RNA synthesis on KC1

Concentration with a poly(dA-dT)-core enzyme

system

RNA polymerase activity was measured, at several KC1
concentrations, using the radioactive assay described in
Section 5C. Other reaction components were at standard conc-
entrations (Section 5B). Each assay contained 6.7 pg/ml of
E, and 0.075mM(with respect to monomer) poly(dA-~dT). The
assays were of 5 min duration and were carried out at 3700.

The .observed rates were corrected for controls containing no

DNA.
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Pig. 7.5 Dependence of the rate of RNA svnthesis on MgCl

2

concentration with a T7 DNA-EOB system

RNA polymerase activity was measured, at several Mg012
concentrations, using the fluorimetric assay described in
Section 5D2. Other reaction components were at standard

concentrations (Section 5B). All other details were as in

the legend to Fig. 7.3
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Pig. 7.6 Dependence of the rate of RNA synthesiscn1MgClz

concentration with a poly(dAndT)—core enzyme

szﬁtem

RNA polymerase activity was measured, at several XKC1
concentrations, using the radiocactive assay technique described
in Section 5. Other reaction components were at standard conc-
entrations (Section 5B). IEach assay contained 6.7 pg/ml of
E, and 0.075 mM (with respect to monomer) poly(dA-dT). The
assays were of 5 min duration and were carried out at SYOC,

The observed rates were corrected for controls which contained

no DNA.



129

2000

(EU/mg)

1000

0 L i ! 1

0 0. 01 0.02 0.03 0.04 0.05
[Mec1y] @)

0.06

3t



Tig. T.7 Bffect of MgCl2 coficentration on the time course

of RNA .synthesis by RNA polyvmerase with a T7 DNA

template

The time course of RNA producﬁion by a T7 DNA - Ece system
was observed, at various MgCl2 concentrations, using the
fluorimetric assay technigque described in Section 5D2, Other
reaction components were at standard concentrations (Section 5B),
and all other experimental details were as in the legend to h

Fig. 7.3,
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%
Activity
0.6
Zinc Acetate (mf)
Trig. 7.8 Inhibition of RNA polymerase activity bv the

presence of Zn of varying concentration

The figure shows the effect of varying the concentration

of zinc acetate on the activity of RNA polymerase measured

by the radiocactive assay method (Section 5C). Esg with a

calf thymus DNA template was used, and all other details were

as in the legend to Table 7.3, éxcept that the assay duration

wvas 5 min in this case.
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W
o

DNA specific
source activity
(EU/mg)
7 1294
calf thymus L83
A 146
E. coli 196
Ascites 296
no DNA 5

Table 7.1 Activity of RNA polymerase with wvarious DNA

ﬁemglates

RNA polymerase was assayed by the fluorescence technique
(section 5D2) at standard reaction conditions (Section 5B)
and at 3700. The DNA added gave a final concentration of about

60pg/ml and the enzyme concentration was 37.5pg/ml of EGG .




—
2
L)

MgCl2 MgGl  ~ NTP observed
added 2 MegCl,

(M) (M) (M)

Q - 0.0
0.005 - 0.002
0.010 0.004 0.003
0.015 0.009 0.005
0.020 0.01L 0.01L
0.025 0.019 0.016
0.030 0.026 0.030
0.050 0.04k 0.042
0.050 0.04Y4 0.041

Table 7.2 Measurement of Mg2+ concentration in RNA

polymerase reaction mixtures

2+ . .
The Mg concentration of RNA polymerase reaction
mixtures was determined at various concentrations of the total

MgCl, added, by the method described in Section 3E. The

2
reaction samples contained standard concentrations of the other
components (Section 5B) which means a total NTP concentration

of 0.006 M, In addition, 60 pg/ml of T7 .DNA and 32 pg/ml of

RNA polymerase were present.

24

enzyme specific activity (EU/ml)
~zn** +Zn~"
Eso 204 18
B 26 10
c 3 .
Table 7.3 Inhibition of RNA polymerase by the presence coi Zn

RNA polymerase samples were assayed by the standard
radioactive method (Section BC) at standard reaction conditions
(Section SB) except that 0.5 mM-zinc acetate was present in
some cases., The concentrations of calf thymus DNA and enzyme
(all in pg/ml) were : DNA, 60 ; E_, L ;3 Fgg s 60 .

The assays were at 37°C for 10 min, and controls contained

no DNA .




SECTION 8

KINETTC EXPERIMENTS WITH RNA POIYMERASE
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8A TIME COURSE OF RNA SYNTHESIS BY RNA POLYMERASE

This section describes some investigations into the effect
of Mg012 and the reaction products on the time course of RNA
synthesié by RNA polymerase. The influence on the time course

of variations in MgCl, concentration are shown in Fig. 7.7,

2
and were twofold; Firstly, the duration of the linear phase
of RNA synthesis was prolonged with increasing Mg2+ until,
secondiy, at higher Mg2+ concentrations, a lag phase was
observed.
841 LAG PHASE

Under some reaction conditions, the onset of RNA
synthesis by RNA polymerase did not occur immediately the
reaction was started by adding enzyme j there was a lag phase
in RNA production. This phenomenon was not studied extensively,
.but was observed if a MgCl2 concentration greater than about
0.05 M-MgCl, was used (Fig. 7.7). The duration of the lag
increased with Mg012 concentration and was of the order of
1 to 10 min. In one experiment, no lag phases were faundvat

high KCl1 concentrations,

842 LINEARITY OF THE REACTION

In a typical RNA polymerase catalyzed reaction, the rate
of RNA synthesis decreases with time. With increasing MgCl2
concentrations, the reaction rate remained constant for a
longer period. Such behaviour is common for enzyme catalyzed
reactions énd may arise for several reasons, one of which being
inhibition by the products of the reaction. Table 8.1 shows
the result of adding PPi, tRNA and some oligoadenylates to
assays of RNA polymerase activity. The molarity of PPi equalled
that of the RNA (with respect to monomer), as would be the case
if both were simultaneously produced during RNA synthesis.

Under these conditions, the RNA had a much greater inhibitory

effect than PPi or the oligoadenylates., The inhibition by RNA
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may have been due to a specific interaction of tRNA with the
enzyme-template system (Richardson, 1966b ; So et al., 1967),
rather than inhibition by RNA in general. Added tRNA will,
normally; diffeyr from the product of RNA polymerase activity,
firstly as regards size and conformation and secondly, because
it is not physically attached at the polymerizing centre.
These results were, however, interpreted as implying that RNA
in genéral inhibits RNA polymerase whereas comparable concent-~
rations of PPi.or oligoadenylates do not. ApApA and ApApApA,
in fact, appeared to cause a slight increase in the rate of
RNA synthesis. Inhibition of the reaction by RNA has been
reported (So et al., 1967).

I PPi does not inhibit RNA synthesis, then the decrease
in the rate of the reaction with time might be attributed to
the RNA product, assuming that RNA polymerase did not lose
activity for any other reason. In an experiment with calf
thymus DNA as template, the initial rate of RNA synthesis was
not significantly decreased after incubating RNA polymerase
for 20 min at 3700 in.the absence of substrates. To study
inhibition by the RNA product of the reaction, RNA production
was followed and the reaction rate computed at various times
(and hence RNA concentration), This was done for several
initial substrate concentrations (Fig. 8.1). In Fig. 8.2,
the percentage inhibition is expressed as a function of RNA
concentrat;on, Above a substrate concentration of 1.5 mM
(total nucleotide concentration), the curves were nearly
coincident indicating that high levels of substrate could not
alleviate the inhibition. In general, though, a given RNA
concentration caused a greater percentage inhibition‘at lower
substrate concentration. Fig. 8.3 shows the same éata

displayed as the variatlion in reaction rate, at different RNA

concentrations, with substrate concentration. This, and the
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double veciprocal plots, indicated that the wvelocity-substrate

curves became more sigmoid as the product concentration
increased. Over the total substrate range,lthere is a complex
pattern of inhibition which does'not readily conform to any of
the more common types (Section 1B1.4). At high substrate
concentration, however, the pattern is that of non-competitive
inhibition (in Cleland's classification ; Section 1B1.4), there
being Both intercept and slope effects in this substrate range
(Fig. 8.4). At lower substrate concentrations, where the double
reciprocal plots were clearly non-linear, the inhibition was
obviously more complex (Section 1B1.4). As mentioned earlier,
Mg012 concentration influenced the character of the time course.
A similar experiment at O.O0L M—Mg012 with the time range of the
above experiment (at 0.02 M-MgClé) indicated no change in the

rate of RNA synthesis as the reaction progressed.

8B KINETIC EXPERIMENTS WITH CALF THYMUS DNA AND T7 DNA

TEMPLATES ’
8B1 INTRODUCTION

The complexity of the RNA polymerase system precludes,
at this time, investigations with the rigour normally
associated with enzyme kinetic studies. It may not be easy to
understand kinetic results within the framework of established
enzyme kinetic formulétions, in particular, steady state
kinetics, but it is of interest to see how far this is possible.
Also, characterization of RNA polymerase kinetically is of
value in itself; especially in view of the wide range of Km
values reported and the lack of definition of the enzyme
preparations used.

For the experiments described in this section, enzyme act-

ivity was measured fluorimetrically in some experiments, but




mostly the radioactive technigue was used on account of its
greater sensitivity. When'the latter method was used, the
incubation time was 5 min, and in order to relate the measured
quantitylto the initial rate of the reaction, the rate of RNA
synthesis was taken to be constant over this period. In the
experiments where the fluorimetric assay was used, this was in
fact observed to he the case.

's were

In the following experiments, apparent Km's and Vmax

calculated by computer using the statistical procedure cof
Wilkinson (Appendix 1). Where there were deviations from a
hyperbolic rate law, in which case the Wilkinson method is not
applicable, only the apparently hyperbolic regions were
analysed statistically.

Two forms of RNA pélymerase were used in these experiments.
The first, Egg, resulted from normal preparations of RNA
polymerase and contained the polypeptide 68' (Section GB). A
typical SDS-polyacrylamide gel electrophecretic analysis of
this enzyme is shown in Plate 1, although as noted in Section
6, the precise composition of the enzyme was subject to some
variation, and particularly as regardsoc . The second enzyme
form was the core enzyme, for which the gel electirophoresis

pattern is seen -in plate 6.

8B2 VARTATTION OF THE FOUR SUBSTRATE CONCENTRATIONS

For-the velocity-substrate curve shown in Fig. 8.5,
the concentrations of ATP, CTP, GTP, and UTP were equal, and
were varied together. In this experiment, Ece was used with

a T7 DNA template. At either 0.02 M or 0.04 M-MgCl the

2’
apparent Km was about 0.5 mM (with respect to the concentration
of each nucleotide). This value agrees quite well with that

of 0.63 mM found by Bremer under similar reaction conditions.

With core enzyme and calf thymus DNA, the apparent Km from a



similar experiment was O.45 mM (for each nucleotide) and the

double reciprocal plot was non-~linear (Fig, 856)

8B3 COMPARTISON OF THE KTINETICS WITH RESPECT TO PURTINE

NUCLEOTIDES AND PYRIMYIDINE NUCLEOTIDES

Anthony at al. (1969) had described a differemtial
response of the reasction velocity to the variation of nuclecot-
ides involved in initiation (5'-terminal in RNA transcripts)
compared with nucleotides that participated only in elongation
reactions., It is also known that most RNA transcripts are in
fact 5'-terminal in a purine residue. Hence, the four
nuclecotides were divided into two substrate sub-groups,
comprising the two purine nucleotides (ATP and GTP, denoted
PuTP) and the two pyrimidine nucleotides (CTP and UTP,,denoted
PyTP). A series of experiments was carried out in which either
PuTP or PyTP was fixed, while the other was varied. Aall
combinations of T7 DNA or calf thymus DNA with Egg or EC were
used. A compilation of the apparent Km's is shown in Table 8,2.
The following general points were noted.

1) In all instances, the Km with respect to PyTP (which will
be denoted Km(PyTP))was less than the corresponding value when
PuTP was variable (Km(PuTP)) (for example, Fig.8.7).
2) Hyperbolic behaviour was always observed when PyTP was
variable, but, in several experiments, the double reciprocal
plots of 1/v against 1/PuTP were concave to the 1/v axis at
low PuTP concentrationg, indicating sigmoid velocity-substrate
curves (for example, Fig. 8.7)
3) In general, the Km(PyTP)'s were less sensitive to the
nature of the enzyme and template used.

Points 1) and 2) are qualitatively in agreement with the
results of Anthony et al. (1969), although different reaction

conditions were used in their experiments. Quantitatively,




the differences between Km(PyTP) and Km(PuTP) were less
pronounced in the present experiments ; Km(PuTP)/Km(PyTP)
was of the order of 3 here whilst_Anthony et al. (1969)
reported’é value of about 10 for this ratio. Also, the
absolute values for all the Km's gquoted here are a factor of
2-4 higher than those cited by Anthony et al. (1969).

Further information can be derived from the results
summarized in Table 8.2 by comparing experiments on the basis
of tﬁe enzyme and template used.

8B3.1 Effect of calf thymus DNA concentration

Fig. 8.8 compares the double reciprocal plots for
experimenfs in which two different ratios of enzyme to'calf
thymus DNA comncentrations were used. The enzyme/template ratio
appeared to affect Km(PuTP) more than Km(PyTP). As the RNA
polymerase/DNA ratio increases, the enzyme would be able to
form complexes at progressively weaker binding sites on the
template. Thus, depending on the relative amounts of enzyme
and template, there will be a heterogeneous population of enzyme-
DNA complexes qf differing stabilities, and conceivably
differing kinetic properties.b Further, it is reasonable to
'suppose that the greatest heterogeneity in the kinetic behaviour
would be with respect to initiation rather than elongation. If
this argument is accepted, then the initiation stage had a
greater influence on Km(PuTP) than Km(PyTP), since the former

was most sensitive to the enzyme /template ratio.

8B3.2 Variations in the kinetics of different enwzyme

preparations

Two different preparations of core enzyme showed little
difference in Km(PyTP) and Km(PuTy), although the V___'s varied
(Fig. 8.9 ). Between two normal preparations of Eca,however,
greater variation in the apparent Km's was observed, especially

in Km(PuTP). Again, the Voax'S Were significantly different




(Table-SZZ). These findings preobably arose from the fact that
RNA polymerase, Ece y varied in composition, notably with
respect too , from one preparation to another. Core enzyme, on
the othef'hand, was always of better defined composition, no
other polypeptide species but B,BE and @ being observed by SDS-
polyacrylamide gel electrophoresis. The influence of O on the
observed kinetic parameters was further substantiated by the
rgsulté of the next section.

8B3.3 Effect of sigma on RNA polymerase kinetics

The influence of ¢ on the kinetic behaviour of RNA
polymeirase is clearly seen when the results of experiments using
EUQ and Ec are compared directly. With a calf thymus ﬁNA R
template, the most pronounced effect of the presence of o was
on Km(PuTP), and non-hyperbolic kinetics, with respect to PuTlP,
were observed whether ¢ was present or not (Fig. 8,10).

With T7 DNA (Fig. 8.11), however, 0 caused marked changes
in both Km(PuTP) and Km(PyTP). Again, non-hyperbolic behaviour
with variable PuTP was irrespective of the presence ofo.

Thus, whilst o decreased.Km(PuTP) with calf thymus DNA, it
increased Km(PuTP) with a T7 DNA template, With both templates,
the V depended on o,

max

The differential resporse to o for the two DNA's used is,
in general, to be expected, since 0 is strongly implicated in
the initiation process, and T7 DNA and calf thymus DNA differ
greatly in'their template properties, and; hence, their
initiation signals. Kinetically, o could be described as an
activator of the overall rate of RNA synthesis in wvitro with
respect to the core enzyme. This was further demonstrated when
the o-containing fraction from phosphocelliulose chromatography
(Section hB), peak A, was added to a reaction containing core
enzyme (peak C). The velocity-o curve was sigmecid, and

approached a saturating velocity ag ¢ increased (Fig. 8;12).




The observed maximum rate sowétimes exceeded that of the
preparation of RNA polymerase EG@ from which the ¢ and core
enzyme had been prepared. This may be explained if the original
enzyme cdhtained less than stoichiometric amount of ¢ or else

if some of the ¢ present was inactive. In order to obhiain more
detailed information about the kinetic effects of o, more
extensive experiments are required. A major problem in this
context is the fact that o is both difficult to isolate in a
pure form and is very labile when purified, With calf thymus
DNA, o0 altered the slope and intercept of plots of 1/v against
1/substrate, but with T7 DNA, there appeared to be only a

change in the position of the intercept with the 1/v axis.

This latter case could be classified as uncompetitive activation
(Section’1B1.4), but how useful or informative such a statement

is with such a complex system is less clear.

8c KINETTC EXPERTMENTS WITH A POLY(dAde) TEMPLATE

°

The results of the previous section showed that the
kinetic properties of any RNA polymerase preparation will be
strongly dependent on the proportion of o present. In general,
the exact composition of an RNA polymerase sample will be an
important determinant of its kinetic behaviour. Likewise, the
kinetic characteristics will depend on the template used, its
source, anh hence base sequence, and élso its physical state.
It has been suggested for example that the activity of core
enzyme with intact phage DNA's is sensitive to the number of
single strand nicks in the DNA (Vogt , 1969)., Some of these
difficulties in defining the RNA synthesizing system used in
experiments are avoided by using RNA polymerase core enzyme and
a poly(dA-dT) template. Tn addition, from an enmyme Kinetic

point of wview, the number of substrates is then reduced {rom




four to two. Such a system of course will be totally devoid of
control features other than any inherent in the core enzyme and
the repetitive sequence of poly(dAde). It is, however, a
useful moﬁel for studying RNA synthesis. In the following
experiments, commercial preparations of ATP and UTP were further

purified by ion exchange chromatography before use (Section MD).

8C1 PROPERTIES OF A CORE ENZYME-POLY{dA-dT) SYSTEM

The effect of KC1l and MgCl2 concentrations on the reaction
rate for a system of core enzyme and poly{(dA-dT) were described
in Section 7 and 0.2 M-KCl and 0.02 MnMg012 were talken as
standard. Synthesis of poly(AmU), measured fluorimetrically,
continued for at least 60 min, and the time course was linear
for about 10 min (Fig, 8.13). These findings werc notkaltered
by the presence of Pi’ corrobeorating the results of Section 6C2
(where core enzyme was found to be lacking in polynucleotide
phosphorylase activity. These latfter investigations of the time

course used enzyme containingg .

8cz2 VELOCITY-SUBSTRATE CURVES

Using RNA polymerase core enzyine with a poly(dA—dT)
template, the reaction rate, at. various levels of fixed substrate
concentration, was measured as the other substrate was varied.
The results are shown in Figs. 8.14-8,18. Examination of the
double reciprocal plots shows that the enzyme followed.a
hyperbolic.rate law for a portion of the substrate ranges used.
At higher substrate concentrations, however, there were
deviations from hyperbolic behaviour. With ATP as the variable
substréte, the aouble reciprocal plots became increasingly
concave down (that is, concave to the 1/UTP axis) as the
concentration of the fixed substrate, UTP, increaséd (Fig. 8.15).
¥With the results displayed for UTP as the variable substrate,

the double reciprocal plots showed less deviation from linearity,




and at low levels of ATP, the plots were concave up at high UTP
concentration (Fig. 8e17). When both ATP and UTP, at equal
concentrations, were varied together, the double reciprocal

plot was markedly concave down (Fig. 8.18).

8C2.1 Analysis of data

Because of the deviations from hyperbolic kinetics,
the data mentioned above were carefully fitted by the least
squares method to model rate equations of the form

Pa + pya p3

2 L}
q1a L q2a L e |

3

as described in Appendix 2. The goodness of fit was assessed
by the wvalue of X? « This form of equation is that of a
general steady state rate equation (Sectioﬁ 1B2 ;3 Wong &
- Hanes, 1962) and this is the reason for its selectiomn.

UTP as the changing fixed substrate ; The résults of least
squares analysis of various model equaticns for the dependence

of the reaction on ATP are shown in Table 8.3 . An equation

of the form

2
p1a + p?a
v = 5 = model 1
q1a 4 qpa o+ q3

wvas the simplest that described the data. As Jjudged by X% '
little improvement of the fit was afforded by the inclusion of
a constant term in the numerator. As the fixed substrate, UTP.
decreased in concentration the simple hyperbolic eguation
became an increasingly good fit, but was never appreciably
better than model 1. This equation also provided the best {it
to the data obtainmed when the concentrations of ATP and UTP

were equal and were varied together. The curves generated by
model 1 are shown witﬁ the data points in Fig. 8.14, and present
good descriptions of tﬁe data. It is concluded then that

nodel 1 adequately described the experimental data. It should




be stressed at this point that the selection of a putative rate
equation in this way provides no definite proof of the validity
of the . .equation. As Jjudged by X%; model 1 was merely the best
of the model equations tested. However, the equation selected
was the simplest which had the general form of a steady state
rate equation (Section 1B2) that fitted the experimental
results,

ATP aé the changing fixed substrate ; The analysis of the
goodness of fit of wvarious model equations for the dependence
of the reaction rate on UTP concentration is shown in Table
8.4 Again, model j gave the best overall description of the
data, but both the, hyperbolic model (2) and substrate inhibition
model (3) were also good fits at some ATP concentrations. The
curves derived from model 1 along with the experimental points

.are shown in Figs. 8.16 & 8.17.

8C2.2 Region of hyperbolic behaviour

As was stated previously, the enzyme obeycd a hyperbolic
rate law over a portion éf the substrate faﬁges examined and
so the data from within these ranges were treated as for a
normal two substrate enzymic reaction (Section 1B2.3). The
slopes and intercepts of the coﬁputer—drawn double reciprocal
plots were rcplotted against the changing fixed substrate
concentrations (Figs 8.19 & 8.20). With UTP as the changing
fixed substrate, the pattern was that of a twd substrate ping-
pong mechanism ; the slope against 1/UTP plot was a straight
line of zero gradient and the intercept was linearly dependent
on 1/UTP. The deviations from this patfern are seen to occur
at high UTP levels. VWith ATP as the chaenging fixed substrate,
a similar pattern was obtained except that the slope against
ATP replot showed a linear increase in slope as AT? increased,

Such behavicur would be anticipated if there was substrate




inhibition by ATF.

In summary, the behaviour of RNA polymerase core enzyme in
the experiments described above could be represented by a simple
rate equation of the following form, in the subsirate ranges,

ATP, 0.08 to O.4 mM ; UTP, 0.04 to O.L mM ;

K1au
K.,a + K. u 4+ au +4+ K a2
2 3 ia

where a and u are the concentrations (in mM) of ATP and UTP

respectively. This equation is of identical form to eqn. 1.11%.

The experimental wvalues for the constants are ;

From Fig. 8.20 From Fig. 8.19
X (EU/mg) 1565 1590
X, (mM) 0.0596 0.0604
K, (nM) 0.0k15 0.0419
X, (-) - 0.0164
8C2.3 Consideration of non-hyperbolic behaviour

The equation above cannot explain double reciprocal
plots that are concave down. It was founa,.however, that an
equation of the form of model 1 could accommnodate the data over
the entire substrate range that was examined, if the reaction
rate waé considered as a function of one substrate concentration
at a time, It is not easy to decide whether the applicabilityl.
of this model equation merely reflects that it has enough
inherent wversatility to smooth the data,.or imﬁlies a physical
significance in a rate law of this form. If the latter were
true, then the parameters pT,pz,q1,q2, and q3 should vary in
a non-random way as the fixed substrate concentration is
changed. This is illustrated in Figs. 8.21 & 8.22, where, for
the most part, the parameters varied smoothly with the fixed
substrate concentration, the exact nature of the variation

differing for each parameter. The results of this experiment




N
did not supply enough information for the unequivocal

determination of the form of the complete rate equation, that

is, the equation expressed in terms of ATP and UTP
concﬂbntfations. It is evident nonetheless that such an equation
would be complex, involving higher degree terms in both ATP =nd
UTP concentrations. Also, since there are likely to be a fairly
large number of constants, the elucidation of the complete rate
equation would require a large number of experimental data.

The above results gave an empirical description of the
dependence of the reaction on substrate concentrations. One
possible physical model to explain non-hyperbolic bechaviour
would be the existence of alternative pathways and further
experiments were carried out to explore thls possibility.

8C2.4 5'-terminal residue determination

Using basically the method of Maitra et al. (1967),

the 5'~terminal residues of poly(A—U) transcripts were deter-
mined. The results are shown in Table 8.5b, and with a core
enzyme-poly(dA~dT) system, only adenine was detected in the 5'-
terminal position. It is concluded, from these findings as
well as previous reports (Maitra & Hurwitz, 1965), that little
UTP is incorporated into the 5ffends of poly(A~U) synthesized
by RNA polymerase core enzyme under these conditions. In fact,
a similar experiment, using the method described by Downey & So
(1970), with EGB gave the same results, so that O had no influence
on the selection of the first substrate in poly(AnU) synthesis
(Table 8.5a).

The results in Table 8.5b also provide information on the
chain length of the poly(A-U) product. The wvalues reported here
for chain length are, in some instances, rather higher

than those quoted for similar experiments (Maitra et al., 1967




Downey & So, 19'70)° Nonetheless, comparison of the measured
chain lengths at various ATP to UTP ratios in the reaction
mixture indicated that the chain length was reduced by an
incfease in the concentration of either substrate. Initiation,
though, was not inhibited by elevated substrate concentrations.
It would seem, then, that the substrate inhibition by ATP mnoted
in Section 8C2.2 was at the elongation stage of poly(A~U)
synthesis and fhat UTP also exhibited substrate inhibition.

From analysis of the 5'~terminal residues of poly(A-U)
transcripts, there was no evidence for alternative reaction
pathways at the stage of the incorporation of the first nucleo-
side triphosphate. However, these same experiments showed that
substrate inhibition was at elongation rather than the initiation
stage of poly(A-U) synthesis. If substrates could bind to RNA
ﬁolymerase and inhibit chain elongation, it is reasonable to
postulate that this binding is at the active site and that there
might be an override of the template-directed selection of the
incoming nucleotide at some substrate concentrations. This
would mean, kinetically, the presence of alternative reaction

pathways at the stage of elongation.

8C2.5 Stoichiometry of base residues in poly(A-U)

synthesized by RNA polymerase

To test the above hypothesis, UTP and ATP incorporation
was measured under similar reaction conditions. These
conditions included wvarious ratios of ATP and UTP concentrations.
Velocity~substrate curves were determined for the variation of
ATP or UTP, as measured by the incorporation of either ATP or
UTP. The corresponding double reciprocal plcts are shown in
Figs. 8.23, a'& b. "It can be seen that the kinetics were
non-hyperbolic for wvariable ATP concentration, irrespective cof
whether the reaction rate was measured by ATP or UTP incorpor-

ation. The kinetics with respect to UTP were hyperbolic.
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The stoichiometry of the polyribonucleotide product,
expressed as the mole fraction of either of the nucleotide
residues {for example, A/{(A + U)) was insensitive to variations
in the composition of the substrates, in terms of the relative
proportions of ATP and UTP (Fig. 8.24)., That the value of this
mole fraction (about 0.55) was not 0,5, as might be expected,
was either due to systematic experimental error or to the
inherenﬁ stoichiometry of the poly(dAde) template, The main
conclusion, however, was that the stoichiometry of the product
poly(A»U) was independent, at the accuracy of this experiment,

of the concentrations, relative and absolute, of ATP and UTP,

8c2.6 Nearest neighbour analysis of poly(A~TU) synthesized

by RNA polymerase

Table 8.6 shows the results of{nearest neighbour
analysis of poly(AmU) synthesized by RNA polymerase core enzyme,
with a poly(dA-dT) template, under conditiomns of high and low
substrate concentrations. The dinucleotide sequences ApU and
UpA were predictably the most frequent but‘there wvas a signif-
icant proportion of UpU. Whether this deviation from a strictly
alternating sequence was imparted by the template or the action
of RNA pélymerase cannot be infefred from this experiment.
Certainly, the dinucleotide frequencies were not greatly
altered by high, compared with low, substrate levels in this
experiment, -arguing against enzyme involvement; However, if
the enzyme was responsible, then misreading of the template

occurred about 3/% of the time, with the faulty incorporation

of UTP.

8cr.7 Determination of the residue adjacent to the 5'~terminal

base of polv(AvU) synthesized by RNA polvmerase

The method is based oun that described by Maitra ct al.

(1967)—5@9 Section 5A6- and effectively the relative proportions




of pppApA and pppApU af the j'-ends of a population of poly(!mU}
molecules synthesized by RNA polymerase are measured. These
measurements, then, were made at both high and low substrate
concentrations in the RNA polymerase reaction mixture. The
experiment was conducted on the premise that an adenine residue
was 5'~terminal in the poly(A«U) transcribed from poly(dAndT).
The next residue, the penultimate one,; should have been a
uridiné if the strict alternating sequence was observed. TIn
fact, an appreciable proportion of the penultimate residues in
the population of poly(A-U) molecules was adenine (Table 8.7).
This propoertion was lower at high substrate levels, but this
experimeﬁt is insufficient to establish the dependence of the
occurrence of pppApA on substrate concentrations. As with the
experiment of the previous section, it is not possible to decide
whether the ecbserved departure from a strictly alternating
sequence was caused by the enzyme oxr the template. The finding
of pppApA is of some interest, since it may indicate the
operation of alternative reaction pathways for poly({A-U)

synthesis.




Mg. 8.1 Time course of RNA synthesis by RNA polymerase

at various substrate concentratiocns

]

Several RNA polymerase catalyzed reactions were followed
by the fluorimetric method described in Section 5D. Reaction
conditions were standard except that the NTP concentration
was varied (NTP.represents the total nucleotide concent-
ration of an equimolar mixture of ATP, CTP, GTP, and UTP).
The reaction mixtures also contained 30 pg/ml of Egzg and
75 pg/ml of T7 DNA. Details of the measurement of fluor-~
escence were as in the legend to Fig. 7.3 .

The experimental points are shown inu the figure, the curves
being the best least squares fit to a trinomial in time

" 2 3

( RNA = a, + agt o+ aytt 4 oagt

entration and t, timej a, a

where RNA represents RNA conc-

19

fitted curve, estimates of the reaction rate at any given time

etec. are constants). From the

. during the reaction can be made, .
The NTP concentrations in the various reaction mixtures were:
1) 6,0 mM, 2) 3 mM, 3) 1.5 mM, 4) 0.6 mM, 5) O.45 mM and

G) 0.15 mM.
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Fig. 8.2 Inhibition of RNA polvmerase action as a function

of the product RNA concentration

From the data displayed in Fig. 8.1, the reaction rate for
RNA synthesis was calculated at various product RNA concentrations.

The percent inhibition (vo- v /vo)wasthenlplotted as a’

rna
function of the RNA concentration. This was done for each
initial NTP conpentration:
o~0 ,6.0 mM ; e-® , 3 mM ; A-A y 1.5 mM § A-A , 0.6 mM 3
v;w ;0.5 mM v-¥ , 0.15 mM, where the concentrations

refer to NTP
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Figes 8.3 Velocitv-substrate curves and double reciprocal

plots for RNA polymerase at various product RNA

concentrations

Certain product RNA concentrations were chosen and, from
the data of PFig. 8.1, the corresponding rates of RNA synthesis
calculated for each of the reactions followed, i.e. at different
initial NTP concentrations. At a given product RNA level,
then, the reaction rate could be estimated for a range of
substrate concentrations, The substrate concentration was
calculated by subtracting the RNA concentratioﬁ from the initial
NTP concentration. Thus, velocity-substrate curves and double
reciprocal plots were drawn, as shown in the diagram. The
values of RNA concentration seleotediwere: ‘

1) 0 m, 2) 0.03 mM, 3) 0.05 mM, 4) 0,07 mM, 5) 0.09 mM

where the concentrations are with respect to monomer,
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Fig. 8.4 Slope and intercept replots Tor the data of

Fig. 8.3b

For the double reciprocal plots in Fig. 8.3b, the slopes
and dintercepts were calculated, from the region of high NTP
concentration, i.e. where the plots appeared most linear.
These slopes and 1/v intercepts were plotted against RNA
concentration, as seen in the figure. The filled circles
represent the points from thé data displayed in Fig. 8.3b.
The open circles arose from similar analyses at 6ther product
RNA concentrations but which were not plotted in Figs. 8.3a &

b for the sake of clarity.
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Fig. 8.5 Double reciprocal plot of 1/v against 1/NTP (1)

RNA polymerase activity was measured by the fluorimetric
method described in Section 5D2. Assay conditions were
standard (Section 5B) except that the substrate concentrat-

ions were varied and that the MgCl_, was 0.04 M in one exp-

2
eriment (o-o0). The concentrations of ATP, CTP, GTP and UTP
were equal and were varied together - concentration units
refer to each nucleotide. The reaction mixtures contained
30 pg/ml of Egp and 50 pg/ml of T7 DNA. Details of the

fluorescence measurements are as in the legend to Fig. T7.3.

e-« MgCl

29 0.02 M : Km = 0.52 mM ; S.E.M. = 0,05

o-0 MgCl 0.04 M

o
]

o K = 0.51 mM ; S.E.M. = 0,15

Km's were calculated by the procedure of VWilkinson (Appendm

ix 1) and the unbroken line in the figures is so computed.

rig. 8.6 Double reciprocal plot of 1/v agains% 1/NTP _(2)

Details were as for the above legend except that the
enzyme activity was determined by £he,radioactive assay
technique {Section 5C) using standard reacéion conditions
(Section 5B). The reaction mixtures contained 21.5 pg/ml

of ®_ and 70 pg/ml of calf thymus DNA and were for 5 min.

K = O.47 mM, S.E.M., = 0,08
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Trig. 8.7 ~Comparison of the response of the activity of

a calf: thvmus DNA - EC system to the variation

of either PuTP or PvyvTP

The rate of RNA synthesis by RNA polymerase was measured

by the radioactive technique (Seétion 5C) under standard
redction conditions (Secti;n 5B) except that the substrate
concentrations were varied. PuTP concentration refers to
the concentration of each nucleotide in an equimolar mixture
of ATP and GTP. PyTP is to be similarly interpreted.
The experiments were éarried out keeping either PuTP or PyTP
fixed at 0.75 mM while the other substrate group (PyTP or
PulP) was varied. The reaction mixtures contained 20 pg/ml
of EC and 70 pg/ml of calf thymus DNA, and the d?ration of
the reaction was 5 min, at 3700.

Apparent Km's were calculated by the procedure of

Wilkinson (Appendix 1) and the unbroken region of the double
i .

reciprocal plot represents the computer fitted line.
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Fig. 8.8 a & b Effect of calf thvmus DNA concentration

on the kinetic bhehaviour of RNA polymerase

All experimental details were as in the legend to Fig. 8.7,
with the following enzyme and template concentrations (éll
in pg/ml) : e-o0 j Egg 23, calf thymus DNA, Th : m-m g
Ec@ b7, calf thymus DNA, 28. PyTP was the variable substrate

in Fig. 8.8a ; PuTP was the wvariable substrate in Fig. 8.8b.
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Figs. 8.9 a & b 1/v against 1/s plots for two different

core enzyme pireparations with a calf

thymus DNA template

All experimental details were as in the legend to Fig. 8.7
with the Tollowing enzyme and template concentrations (all
in  pg/ml) o-a E0(1) 21.5 , DNA 70
w-n E_(2) 20 , DNA 70
In Fig. 8.9a, PyTP was the variable substrate s in Fig.

8.9b, PuTP was the variable substrate.
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Figs., 8.10 a & b Comparison of the kinetic behaviour of

Ec and E . with a calf thymus DNA template
J

All experimental details were as in the legend to Fig. 8.7

with the following enzyme and template concentrations (all
in pg/ml) :t o0=0 Ec 20 s DNA 70
©-o E 25.4 , DNA T4

PuTP was the variable substrate in Fig. 8.10a ; PyTP was

the variable substrate in TFig. 8.10b.
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Figs. 8.11 a & b Comparison of the kinetic behaviour of

EC and EG@ with a T7 DNA template

All experimental details were as in the legend to Fig. 8.7
with the following enzyme and tempiate concentrations (all
in  pg/ml) ¢ o-o E 20 , DNA Lo
o-e  Egg 24,6, DNA- Lo
PuTP was variable in Fig. 8.11a and PyTP was variable

in Fig. 8.11b.
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Pig. 8.12 The dependence of EC activity on sigma concen-

tration

RNA polymerase activity was measured by the fluorimetric
‘technique described in Section 552. Reaction conditions
were standard (Section 5B) with 50 pg/ml T7 DNA and 33

pg/ml of Ec' Peak A from phosphocellulose chromatography
(vhich containedo -Section 4B) was added to the reaction.
in, the concentrations indicated on the horizontal axis of
the figure. The details of the fluorescence measurements

were as in the legend to Fig. 5.6.
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Fig. 8.13 Time course of RNA synthesis bv a polv(dA-dT)-
E66§X§tem

RNA pdlyﬁerase activitywas measured by the fluorimetric
method (Section 5D2) and the course of RNA production with
time followed for an Egf - poly(dA~-dT) system. Reaction
conditions were standard (o-o), but 1 mM PPi was present in
one reaction mixture (e-o)., The assays contained also E°9 s
108 pg/ml and poly(dA-dT), 75 pM(with respect to monomer).
The details of the fluorescence measurements were as in the

legend to FTig. 6.5, the vertical axis above being fluorescent

1ﬁtensity in arbitrary units,




Pigg. 8.14 « 8,17 Velocity-substrate curves and double

reciprocal plots for a poly(dAde)mEc

system

RNA polymerase Ec activity was measured, with poly(dAde)
template, by the radioactivity method described in Secti&n 5C.
Reaétion conditions were standard (Section 5B) except that ATP
and UTP were the substrates (further purified as in Section 4D)
and were present at various concentrations. Also, Ec was present
at 13.4 pg/ml and poly{dA-dT) at 75 pM (with respect to
monomerl The assay duration was 5 min and the temperature 3700.

‘The experiméntal results, corrected for controls with no
DNA, are shown in various ways.

Fig. 8.1h4 velocity~ATP curves, at different UTP levels.

o

Fig., 8.15 : double reciprocal plots,1/ATP variable at

different UTP levels.

Fig. 8.16 : velocity-UTP curves, at different ATP levels.

L

Fig. 8.17 double reciprocal plots, 1/UTP variable at

e

different ATP levels.

The solid cﬁrves are the best leastlsquares fits to the
veldcity substrate curves (see Section 802.1) and the points
experimental results ; in Fig. 8.15, the experimental points:
are not presented,'for'the sake of clarity, but can bé

efféctively seen in Fig., 8.1k,
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Fig. 8.18 Velocitv-substrate curve and double reciprocal

plot for a polv(dAde)«EC svtem when ATP and

UTP (at equal concentrations) were varied tog-

ethegL

The figures show another representation of the results
described in Tigs. 8.14~8.17. S represents the concentration
of either ATP or UTP as both substrate levels were varied
together., The points again represent experimental wvalues
and the - -lines the best least Squares fit of a model réte

equation (see Section 8C2.1).







FPigs 8,19 °~ Slope and intercept replots for the data of

Pig. 8.17

From the region of Fig. 8.17 where the double reciprocal
plots were linear, the slopes and'1/v intercepts were plotted
against the fixed substrate concentration, ATP (for the
slopes) or 1/ATP (for the intercepts). The intercépts were
estimated by extrapolating the linear portion of the double

reciprocal plots.
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rig, 8,20 Slope and intercept replots for the data from

Tig. 8:.13

IFProm the region of Fig. 8.15 where the double reciprocal
plotes were linear, the slopes and 1/v intercepts were plotted
against the reci?roaal of the fixed substrate concentration,
UTP. The intercepts were estimated by extrapolating the

linear portion of the double reciprocal plots.
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Fig. 8.21 Variation of the parameters of model rate

equation 1 with changing fixed substrate

concentration~ data from Fig. 8.16.

The data of PFig. 8.16 were found to be fitted best by

a model rate equation of the form

2
_ p,u- + pyu .
Vo= 02 ) . MODEL 1

where u denotes UTP concentration (see Section 802.1).'

In fact; in the least squares analysis, model 1 was normalized
by setting q3 = 1, The figures show the dependence of
parameters on the changing fixed substrate concentration i.e.
ATP, Tor the figures, model equation 1 was normalized with

respect to q_. so that model T becomes

with r" = p1/Q2’ rz = p2/q29 51 = q1/q2’ and SB = q3/q2 =

1/q2 (since g was 1),
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Figs 8.22 Varviation of the parameters of model rate

equation 1 with changing fixed substrate

concentration - data from Fig. 8,14

The data of Fig. 8.14 were found to be fitted best, at
any given fixed substrate (UTP) concentration by a model
rate equation of the form

P a2 +4 a

2
ag.a a + MODEL 1
1 q2 q3

where a denotes ATP concentration (See Section 8C2.1).
In the figures, the model equation was normalized by setting

q? = 1 (see legend to Fig. 8.21 ; the constants there have

the same meaning, except that ATP was the fixed substrate

for Fig, 8.21)
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Fig. 8.23 Stoichiometry of base residues in poly(AuU)

synthesized by RNA polymerase (1)

Assays Tor RNA polymerase activity were carried out by
the standard radioactive method (Section 5C) with standard
conditions (Section 5B) except that the substrate concent-
rations, ATP and UTP, were varied. Each reaction mixture
contained 6.7 pg/ml E_ and 75 pM (with respect to monomer)
poly(dA--dT)c Two experiments were performed,

In.one, UfP was held at 0,063 mM, whilst the concent -
ration of ATP was varied., For each ATP 1eve1,’the incorp-

3 3

oration of both “H-ATP and “H-UTP was measured, and corrected

For a zero template control containing tﬁe labelled substrate.'
A similar experiment was carried out, except that ATP

wvas fixed at 0.2 wM while UTP concentration was wvaried,
In the figures, the filled circles fepresent the reaction

3

H-ATP dincorporation into polymer, and the

3

rate estimated by

open circles, the rate measured by “H-UTP incorporation.
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LO 8.24
product
A e
AU ec o o $ ef @
0.5~
% |
G.5 1.O
A
substrate A +U
Fig., 8.24 Stoichiometry of base residues in poly(A-T)

synthesized by RNA polvmerase (2)

The data of Fig. 8.23 were expressed as the mole fraction
of adenine residues in the poly(A-U) product at wvarious
values for the mele fraction of ATP in the substrate mixture
(which was ATP and UTP). These two mole fractions were

plotted against each other in the above diagram.
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specific

addition concentration activity

(BU/me)
- “ 211
tRNA 0.02 a 156
tRNA 0,1 a 108
PPi 0.02 a 229
PP 0.1 a 233
A2 5 b 196
A2 25 b 189
AB 5 b 236
A3 25 b 255
A4 5 b 222

Table 8.1 Effect of RNA, PP. and cligoadenylates on RNA

polymerase activity

The figure shows the effects of various compounds on-the
activity of RNA polymerase as measured by the radiocactive
assay method (Section 5C). The concentration units are :

a) mM and b) pg/ml . Standard reaction conditions were used
(Section SB), with calf thymus DNA, 0,12 mg/ml and EGG ’

60 pg/ml. An denotes an oligoadenylate of the form A(pA)n"1.
The assays were for 5 min at 3700 and the rates above are

corrected for a control containing no DNA.
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Table 8.2 Apparent Km's for RNA polyvmerase with a T7 DNA
‘or a calf thymus DNA template.
Template| Enzyme Km(PuTP) S.E.M, Km(PyTP) S.E.M.| Fig.
(mM) (mM)
CT E_(1) 0.27 0.12 || o0.07L 0.017 | 8.9
CT Ec(z) 0.31 0.0L 0.076 0.016 | 8.9
T7 EC(2) 0.11 0.07 0.031 0.011 | 8,11
CcT Egg(2)| 0.09 0.02 0.075 0.022 | 8.8%
cT Egg(2) | o0.17 0.08 0.083 0.019 | 8.8
CT Egg(1)| o0.11 0.02 0.052 0.012 |8.10
T7 Egp(1)| 0.36 0.10 0.11 0.014 |8.11

T7 and CT refer to T7 DNA and calf thymus DNA respectively.

% -~ these results were from the experiment when the ratio

-of enzyme to DNA was higher than usual (o»o in Fig.

8.8)

The Km’s and their standard errors were calculated using

the procedure of Wilkinson (Appendix 1).

obviously deviating from a hyperbolic model rate equation

were not included in the statistical analysis.

Data points
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Table 8.3 Least squares Tits of velocity-subslirate data

(uTp changing Tixed) to model rale cguations.

model —s.
equation L R 3 . 5

UTP ! 2

(mp) X
NP

1.2 0.751 10.739 | 26.671 1.756 l 0.715
0.8 0.675 11.018 | 12.593 0.727 0.565
0.k 1 0.487 L,o152 6.896 1.192 1.150
0.2 0.510 3.423 3.913 1.251 1.448
0.08 0.472 1.081 1,282 1.132 0.535
0.04 0.695 0.460 0.609 0.552 0.925

*¥both 0.716 10.410 |12.269 1,062 1.615

2
p,]d. + p2a + p3
eqn. H v o=

2
a  + a +
q1 q2 q3
The velocity-substrate data of Fig. 8.14 were fitted by the
least squares method in Appendix 2 to variocus mcdel rate

equations of the above form. In all cases, was set equal

q

3
to 1, and the other parameters comstrained to be greater than
zero. The Xs values for the different model equations are
shown in the table. Different models were gencerated by

setting different combinations of the constants equal to zero.

model 1 : p3 = 0

model 2 : p3 = p1 = q1 = 0, hyperbolic

model 3 : p3 = p1 = 0 , simple substrate inhibition
model 4 : P, =4, = 0

model 5 : no further constraints.

*¥ This relates to the data in Fig. 8.18 where ATP and UTP

?

at equal concentrations, were varied together.
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Table 8.4 Least squares fits of velocitv-substrate data

(ATP changing fixed) to model rate equations

model
equation L 2 3
ATP 2
(1) Xv
0.8 1.017 1.798 11.632
0.4 2.279 2.743 L,227
0.2 0,606 1.311 1.148
0.08 0.464h 0.948 0.410
0.04 0.463 0.586 0.373
> _
P,u + oy bi -+ P
1 2 3
general eqn. v o=

2
qqu + qyu qB

The velocity-substrate data of Fig. 8.16 were fitted by the
least squares method in Appendix 2 to various model rate
equations of the above form. In all cases, q3 was set equal
to 1 ,» and the other parameters constrained to be greater
than zero. The values in the table are of Xe Tor different
model equations, generated by setting different combinations

of the parameters equal to zero.

model 1 3 p3 = 0
model 2 : p3 = Py = Qg = O , hyperbelic
model 3

o]
W

|

hel

il

0, simple substrate inhibition.
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Table 8.5a Analysis of 5'!'-terminal residues of poly(A-U)

synthesized by a poly(dA—dT)—Ece system

ATP UTP PPPA pppU
(mM) (mM) (pmoles) (pmoles)
0,1% 6.2 7.3 -
O.i- 0.2% - 0]
0.1% 0.4 7.8 ' -

0.1 o.u® - 0

RNA polymerase assays were conducfed as for the standard
radioactive method (Section 5C) except that the substrate
concentrations were as in the table, and that either Y32P—ATP
orY32P-UTP were the labelled substrates (indicated by * in

32P—ATP, 197 cpm/

the table). The specific activities were
pmole and 32P—U’I‘P, 450 cpm/pmole. The other difference from
the.standard procedure was that the membrane filters, on which
the labelled poly(A-U) was trapped, were washed with 50 ml

of 5% (w/v) trichloracetic acid solution (1% (w/v) PPi).

Each reaction mixture contained 104 pg/ml Egg and 75 pM
(with respect to monomer) poly(dA-dT). The assays were for

5 min at 3700, and controls, containing only the labelled
substrate were also processed. The controls gave about 40%

of the counts observed when both substrates wefe present,

when ATP was labelled. With labelled UTP, there was no

significant difference between the assays and the controls,.



Table 8.5b Analysis of the 5'-terminal nucleotide residue

'of polv(A-U) svnthesized bv a polv(dAde)—EC
sxstem

5'—t¢rminal residues were estimated in this experiment by
the method of Maitra et al. (1967). Standard RNA polymerase
reaction conditions were used (Section 5C) except that the
substrate concentrations were as in the table., Fach reaction
mixture (1ml in volume) contained 24 pg/ml Ec and 75 M (with
respect to monomer) poly(dA-dT). For determining the amounts

3 v32

of the H'-terminal nucleotide, either Y 2P--ATP or P-UTP

was also present (150 cpm/pmole and 290 cpm/pmole respectively).
In some reaction mixtures, 3H-ATP was present, to estimate

the total poly(AnU) synthesized. Controls lacked poly(dA-dT)
and the reaction lasted for 30 min at 3700. The product
poly(A~U) was collected by centrifugation as described by
Maitra et al. (1967), except that the label was diluted with
0.2.m1 of 60 mM-ATP or UTP, and that the final precipitate

was dissolved in 5 ml of 0.2 M=-NaOH, mixed with an equal

volume of Unisolve and counted in a Nuclear Chicago liquid

scintillation spectrometer. The asterisks denote which

nucleotide had the 32P label.
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Table 8.5b Analysis of the 5'-terminal nucleotide residue of

poly(A»U) synthesized by a poly(dA-dT)»EC

system

ATP UTP PPPA pppU
(mM) (mM) (pmoles) (pmoles)
0.2% 0.2 6.9 -
0.2 0. 2% - 0
ATP*  UTP A oly(A-U) chain

pPPP poly Length
(mM) (mM) (pmoles) (nmoles)
0.0k  0.08 0.8 20 25000
0.04 0.8 2.0 19 8500
0.2 0.2 6.9 35 5060
0.4 0.08 1.5 30 20000
0.4 0.8 11.1 41 ' 3700 ’




Tables 8.6 & 8.7 Nearest neighbour arialysis and the deter-

mination of the base adjacent to the 5'-

end of poly(A-U) synthesized by RNA polvm-~ -

erase

. The results in both tables were obtained from the same
experiment. The method followed that of Maitra et al. (1967)
~see Section 5A6. Standard reaction conditions were used
(Section 5C) except that the suﬁstrate concentrations were

32

as in the tables and that either a”"P-ATP (98 cpm/pmole) or
QBZP—UTP (66 cpm/pmole) was the labelled nucleotide. The.
reaction mixture (2m1 volume) contained 24 pg/ml Ec and 5
uM (wifh respect to monomer) poly(dA-dT) and the reactions
were for 15 min at 37°C.

t After collecting the product poly(AnU) by centrifugation
and;hydrolysing with alkali, high voltage electrophoresis
was used to separate pppAp, Ap aﬁd Up (Details as in Maitra
et al. (1967) except that electrophoresis was at 3 kv for

14 h). Analysis of the transfer of the a«P of the labelled
substrate to Ap and Up gave the nearest neighbour analysis
(Table 8.6). Analysis of the transfer of the a-P of the
labelled substrate to pppAp gave estimatesAof the relative

frequency of pppApA and pppApU (Table 8.7)




Table 8.6

ATP_ uTP dinucleotide frequencies
(mM) (mM) (%)
ApA, 0.2 UpA, ho,8
0.04 0.08
ApU, L6.6 UpU, 3.4
ApA, 0.4 UpA, hg.,6
0.4 0.8
ApU, 46.8 UpU, 3.2
Table 8.7
32 .
ATP  UTP P in ADA AnU
PPpPA PPPApP PPDPAF
(mM) (mM) (pmoles) (pmoles) (pmoles)
0.04 0.08 23.0 L.9 18.1
0.4 0.8 h2.6 2.4 40,1
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SECTION 9

e

DISCUSSICHN

9A ENZYME DEFINITTION

SDS-polyacrylamide gel electrophoresis of RNA polymerase
preparations in a number of laboratories has clearly establish-
ed a , B, ﬁ, and ¢ as subunits of the enzyme. Enzyme of
composition.azﬁﬁ is capable of the basic catalytic function and
is the simplest active form of the enzyme from E. c¢oli. Much
recent investigation of RNA polymerase has been directed at
how the activity of this core enzyme is controlled. The most
studied of the known controlling elements has been the
initiation factor, ¢ ; but there remain several points %egarding

0 that are unresolved. For instance, d has a variable
stoichiometry in RNA polymerase preparétions.‘ Other factors
which modify the action of RNA polymerase core enzyme (CAP,Q!,

Py M) are even less well-characterized, It is reasonable also
to anticipate the discovery of more control elements in the
future, It is clear, though, that the system responsible for
the transcription process in vivo comprises RNA polymerase core
enzyme énd a number of functionélly related control factors.
The extent to which these factors are physically associated
with RNA polymerase remains to be determined ; certainly, ¢ has
an affinity for core enzyme.

Because the transcription machinery is, as yet, not totally
characterized, the composition of RNA polymerase preparations
should be vieﬁéd critically. The distinction between co-
purifying contaminants and weakl& associated components of the
transcription system must be made carefully, a task made
difficult when potential functions are unknown. The polypep-

tides wand T , for example, have been reported several times in
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RNA polymerase preparations but it has net yet been possible to

decide whether they are implicated in the synthesis of RNA.
Interestingly, though,; the aggregation of the enzyme appears to
be affecfed by the presence of dJ(Millette, R.L., cited in

Burgess, 1971).

9A1  THETA
The significance of the speciesf , described in Section

6B should be assessed with the above comments in mind. Although
@ has not been shown to have any effect on standard assays of
RNA polymerase activity (Section 6BL4), a clear implication in
transcription may only awaiit the performance of the appropriate
experiments, TFrom the glycerol gradient experiments described
in Sections 6B1 and 6B2, it is evident that 0 can be sefarated
. from enzyme containing a , P, ﬁ, and ¢ , at 1.0 M=KC1l, and
under these conditions, 0 appeared to be present as a species.of
high mol.wt, (greater than that of RNA polymerase). Since the
mol.wt. of 6 in the presence of SDS was 58 000 (Lochhead, 1972),
the aggregate of § presumably contains mofe than about six
monomers. In one glycerol gradient run, there was some evid-
ence for the formation of a complex between 8 and ﬁﬁ (section
6B1). Vhen RNA polymerase, at én earlier stage of purification,
was chromatographed on DEAE.cellulose, the relative proportion
of 6 to B or'f in the fractions depended on the KCl concentration
of the eluting buffer. Whether this was céuséd by a salt-
dependent association of 8 with RNA polymerase or an independent
property of € was not clear freom this experiment.

These results provided suggestive evidence for the specific
association of 86 with RNA polymerase, but, considered alone,
were not conclusive. Previous investigations of 0 in this
laboratory (Lochhead, 1972), however, gave other indicaticns of

a specific interaction of € with RNA polymerase 3
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1) Ultracentrifugation of enzyme containing about 15% (w/vw)

8 gave only one peak in Schlieren photographs during a
sedimentation run.
2) DEAEwcellulose chromatography of purified RNA polymerase
yvielded two active RNA polymerase species, containing
a) ﬁ,Bﬁa,c, and 0 ; and b) B,Bta, and o .
In summary, then, 8 is a main component of RNA polymerase
purified by the method described in Section 4B. The contention
here is that 0 is associated in some way with RNA polymerase,

and that its properties are sensitive to KCl concentration.

9A2 THE PRESENCE OF THETA IN RNA POLYMERASE PREPARATIONS

IN OTHER LABORATORIES

An obvious hypothesis regarding the origin of 6 is that
it results from the particular bacteria and methods used in
this laboratory. Whilst this is in part true, examination of
the literature shows that protein species of similar mol.wt.
to 0 are present in the RNA polymerase prepared in some other
laboratories. Also, a commercial preparation of RNA polymerase,
when analysed by SDS—polyacrylamide gel electrophoresis,
contained 6 (A.F.H.Anderson, unpublished result).

To standardize the results of various publications, gel
electrophoretic patterns were analysed as described in Section
3F5, taking Lochhead's values for the mol.wt,'s of the RNA
polymerase’ components B,ﬁ,a, and ¢. In the list below, the
values in brackets are mol.wt.'s so derived.

1) Krakow & von der Helm (1970) reported a polypeptide, € ,

in preparations of the RNA polymerase from A. vinelandii, with

a mol,wt, of about 65 000 (65 000).
2) Paetkau & Coy (1972) described a protein with ATFase
activity in preparations of RNA polymerase from L, coli with

mol.wt, of 68 000 (62 000). This protein resembled 0 in that
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it associated in a high salt glycerol gradient experiment to
form an aggregate with a mol.wt. in excess of 800 000.

3) Examination of SDS8-polyacrylamide gel electrophoresis
patterns.of Hirschbein et al. (1969) indicated the presence
of a polypeptide of similar mobility to 8, (mol.wt. about 62 000)

L) similar analysis of the results of Stomnington & Pettijohn,
(1971) also showed the presence of a polypeptide of about the
same size as 8§ , (55 OOO)o

5) Zillig et al. (1970a) reported the brealkdown of ¢ to two
polypeptide species, { and v , with mol.wt.'s of 60 00C and
15 000 respectively.

6) Burgess (1969b) described the breakdown of P and 5lto
polypeptides of mol.wt. from 60.000 to 130 000.

It seems probable that 8 is identical to some, at least,

of the polypeptides listed above.

9A3 DEPENDENCE CF THE COMPOSITION OF RNA POLYMERASE

PREPARATTONS ON THE PURIFICATTON PROCEDURE

The reason for the absence of § in many RNA polymerase
preparations is, in some cases, explicable from the results of
Section 6B. From these experiments, it is obvious that any
RNA polymerase purification using high salt glycerol gradient .
centrifugation will produce an enzyme containing very little 8 .
Also, the O content of RNA polymerase was sensitive to the
ionic conditions used at the stage of DEAE- céllulose chromat-~
ography (Section 6B3).

The 0 content, then, of RNA polymerase samples is dependent
on the method of their isolation. A similar effect has, of
course, been encountered in the case of phosphocellulose
chromatography which, if included as a preparative step, yields
enzyme Jlacking o (and,e). An analogous situation may obtain

for other components of the RNA synthesizing system. In general,
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the preparative procedure may be an important determinant of
the exact composition of this complex and, as yet, ill-defined
enzymé system. Polyacrylamide gel electrophoresis appears to
be a proﬁising means of determining the precise composition of
the fractions containing RNA polymerase (or any other enzyme)
through at least the latter stages of purificatiomn. With RNA
polymerase, in fact, this may be possible with wvery impure
sampleé of enzyme, since p and ﬁlare thought to be two ol the
largest polypeptides present in E. coli and are hence readily

identifiable,

9AL OTHER COMPONENTS OF RNA POLYMERASE PREPARATIONS

In the course of several-eﬁzyme purifications, a number
of trace components have been detected and these are compiled
in Table 6.,2. Of these, one (x1) appears to be the polypeptide

T. None of these polypeptides have been ascribed specific
functions and their appearance was variable, In fact, whether
or not they were unrelated impurities is not clear at this time.
As with o and 6, the preparative proceduré influenced the
final enzyme conposition with respect to these minor components,
A prominent band (x?) of mol.wt. 52 000, for instance, was
found only when the DEAE-cellulgse chromatography was carried
out using a KC1 gradient to elute the enzyme.

The observation of polynucleotide phosphorylase activity in
RNA polymetrase preparations (Section 6C2) prompted an attempt to
correlate this activity with one or more of the trace poly=-
peptides, This proved difficult as the commercially available
sample of polynucleotide phosphorylase from E., coli itself gave
a complex SDS-polyacrylamide gel electrophoresis pattern.
However, both RNA polymerase and polynucleotide phosphorylase
appeared to have some polypeptide spécies in conmon, as judged

by electrophoretic behaviour. This implies that certain
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-polypeptides co-purify with both RNA polymerase and

polynucleotide phosphorylase activities and this possibility

is in itself of some interest. The role of polynucleotide
'phosphorjiase in metabolism is obscure and it is not unreason-
able to suggest that it might have some functional and/or
physical relationship with RNA polymerase in the cell. This
suggestion is speculative and is evoked mainly by the conceptual
connecfion between two of the few known enzymes in the cell

involved in RNA metabolism.,.

9B EFFECT OF TONIC CONDITTONS ON RNA POLYMERASE ACTIVITY

Tonic conditions can affect RNA synthesis by RNA
polymerase in a number of ways. The properties of the enzyme,
substrates, products and template are all altered by the ionic
environment, and the dependené; of dymamic aspects of RNA
synthesis on ionic conditions presumably arises from a
combination of these individual effects. The experimental
investigation of ion effects, described in Section 7C, was
aimed mainly at characterizing the behaviour of the particular
enzyme systems used. In the course of this work, several
features of the response of RNA polymerase to dionic conditions
were observed and these agreed largely with previous findings
(Fuchs et al., 1967 ; So et al., 1967).

The two enzyme-template systems studied were RNA polymerasc
Ebe with T% DNA, and core enzyme Ec with poly(dA—dT). These
differed slightly in their response to the wvariation of KC1
concentration, core enzyme with poly(dA-dT) having a broader
peak of enzyme activity. Also, the two combinations of enzyme
and template differed as to optimal Mg012 concentrations.
The explanation of these findings is not eésy, altﬁough they

are not unexpected since the.two systems differed greatly,

especially as regards the specificity of the transcription.
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The experimental curve (broken line) for the variation

concentration is taken

2a

of RNA polymerase activity with Mg012

from Tig. 7.6. Assuming the formation constants of ATPMg

and UTPMgZ— to be equal {= 40 000 molar_1) and similarly for

the K+ complexes (formation constant 10 molar*1), the Mg2+
and NTPMg2— concentrations were computed for the experimental
conditions of Tig. 7.6 (Appendix 4), assuming no other influences

on the equilibria involved.
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The role of Mg2+ is not clear at this time. The require-

ment of Mgz+ for RNA polymerase activity is absolute, although
the MgC12 concentration will, of course, contribute to the
total iomic strength of the reaction mixture. In addition,

Mg2+

can form complexes with nucleoside triphosphates and if
the two-site model of the enzyme is correct (Section 104) also
influences the binding of the substrates to RNA polymerase.
High Mg012 concentration causes a lag in the onset of RNA
synthesis (Section 7C2.2 ; Fuchs et al., 1967) and this, as
well as similar lags induced by high ionic stremngth, have been
related to local melting of the DNA template (Fuchs et al., .
1967 ; Hinkle & Chamberlin, 1970).

" The role of the complexes formed between Mg2+ and NTPA"
has not been extensively discussed., Taking literature wvalues
for the formation constants of NTPMg~~ and NTPK-~, the

g2+ between NTPM@2+ and free ﬁg2+ -

distribution of M
is shown superimposed on the results displayed in Fig. 7.
(Fig. 9.1). The calculation is described.in Appendix 4. An
essentially constant value of NTPMgzn is attained long before
the total Mg2+ concentration corresponding to mwaximal enzyme
activity is reached. The free fMg2+ concentration varies
almost in proportion to total Mg2+. It is clear, then, that
although NTPMg2+ may indeed be the substrate for RNA polymerase,
Mg2+ affects the reaction in other ways.

The influence of other divalent cations on RNA polymerase
activity was not investigated in any detail. Mn2+ was able to

24

substitute for Mg with either EGB or Ec with either a T7 DNA

or a calf thymus DNA template (Section 6B3). zn** was
inhibitory irrespective of the presence ofc orf} . Scrutton et

al. (1971) found that RNA polymerase contained about 2 atoms of

Zn per RNA polymerase molecule., Presumably, then, RNA
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polymerase samples used in the present study already contained

a full complement of Zn, and the presence of further Zn in the

system had only an inhibitory effect on the reaction.

SC TIME COURSE OF RNA POLYMERASE CATALYZED REACTION

The results of Section 8A illustrated the inhibition of
RNA polymerase by the products of the reaction, and showed also
that PPi was much less effective than RNA in this respect.
RNA inhibition of RNA polymerase has been described previously
(Richardson, 1966b ; So et al., 1967). EQidence for the
specific inhibition by RNA, rather than PPi’ has also come from
experiments where the réaction was followed by pyrophosphate
liberation (Maitra & Hurwitz, 1967). In the presence ;f RNase,
. the release of pyrophosphate continued long after an analogous
reaction lacking RNase would have ceased. So et al. (1967)
and Fuchs et al. (1967) also found that elevated ionic strength
could alleviate the inhibition by RNA., High MgCl2 concen-
tration was found to have a similar effecf in this work (8ection
7€2.2).

A simple explanation of the inhibition by RNA would be that
the reaétion was approaching eqﬁilibrium of the products with
respect to the substrates, and that the progressive retardation
of RNA synthesis was caused by an increased rate for the back
reaction. -If the value of AG®, of about 2 kecal./mol, for the
formation of a 3'-5' phosphodiester linkage (Section 1C1) is
accepted, then for an initial NTP concentration of 6 mM,
équilibrium would represent 97% polymerization. Even allowing
for the inaccuracy of the estimate of AGO, the extent of the
reactions described in Section 8A did not approach this value,

This explanation therefore seems unlikely,.
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When the inhibition data was treated as in Section 8A, the

" pattern was complex, giving linear double reciprocal plots of
1/v against 1/NTP only at high substrate concentrations, where
the inhiﬁition was non-competitive. Also, with increasing RNA
concentration, the velocity~substrate curves became more and
more sigmoid in character, |

In general, numerous interactions between the growing RNA
chains; the RNA polymerase molecules and the DNA template are
conceivable. Also, interactions of the type RNA-protein, RNA-
DNA or DNA-protein are likely to be influenced by ionic
conditions., In terms of molecular events, the inhibition by
RNA is evidently complex and the results presented here and
e;sewhere are probably insufficient te explain the phenomenon
in detail. However, if,Aas postulated by Anthony et al. (1969),
sigmoid velocity~substrate curves result when initiation is
rate limiting, the findings quoted above (Section 8A) suggest
that RNA has the effect of inhibiting the initiation of new
RNA chains. This assumes that initiation occurred throughout
the course of tﬁe reaction, as has been reported {Maitra &
Hurwitz, 1965 ; Millette,R.L. cited in Fuchs et al.,1967).
It is of interest that the results of Section 8A also imply
that the extent to which velocity-substrate curves are sigmoid
will depend on the level of RNA contamination in the enzyme
sample used., Other explanations for imnhibition by RNA are of
course pos;ible. For example, the dissociation of RNA polym-
erase-~-RNA-DNA complexes may depend on RNA chain length, and
also ionic conditions. 1In conclusion, much is still to be
learned céncerning the time course of the RNA polymerase

reaction.



9D KINETICS OI' RNA POLYMERASE WITH T7 DNA AND CALEF THYMUS

9D1 - COMPARTSON OF RESULTS WITH THOSE O OTHER INVESTIGATTIONS

A'humber of apparent Km's were found for RNA polymerase
under various experimental conditions. Quantitatively, these
fell within the range of wvalues quoted.in the literature (Table
1.2); although the apparent Km's obtained in the present study
were mdstly at the upper end of this range. As stated
previously, comparison of the wvalues obtained . .in different
laboratories is difficult because of the many sources of

variation in the experimental conditions.

9D2 COMPARiSON OF KINETICS WITH PuTP AND PyTP VARIABLE

Most of the experiments in Section 8B were perférmed

on the premise that purine nucleotides might influence the
reaction rate differently from pyrimidine nucleotides, as had
been originally proposed by Anthony et al. (1969). This was
in fact found te be so. Firstly, the apparent Km(PuTP) was
consistently greater, by a factor of 2-4 ‘than the correspond-
ing Km(PyTP). Secondly, although the reaction rate varied
hyperbolically with PyTP, in several experiments, variation of
PuTP ga#e a sigmoid velocity—substrate curve. These results
agreed qualitatively with those of Anthony et al. (1969) who
interpreted their findings on the bésis that the first nucleo-
tide to be.incorporated into the RNA chain bound, with a high
Km, to an initiation site on the enzyme. Subsequent substrates
bound at an elongation site, which exhibited a lower apparent
Km. As evidence of this special effect of initiation on the
kinetic behaviour of the enzyme, they found :

1) A positive correlation between a substrate exhibiting non-
hypérbolic kinetics, with a relatively high Km’ and the 5'!'=

terminal residue of the RNA product.




2) Pre~initiation of RNA synthesis elliminated non-hyperbolic

behaviour and reduced the apparent Kme

Further indications that the apparent Km with respect to a
variatioﬁ'in PuTP was most sensitive to the initiatiomn phase
of the reaction was provided by the results of this investig-
ation. It was found (Section 8B) that, in several experiments,
Km(PuTP) was more subject to fluctuation than Km(PyTP). In
these ekperiments, combinations of enzyme and template were
used that undoubtedly differed widely in the nature of the imtiation
process (T? DNA with and without g : calf thymus DNA with and
withoutc)° With calf thymus DNA, different enzyme to template
ratios were also used. Thus, it seems reasonable to propose that
this variability in Km(PuTP) reflected the difference in the
initiation process. Once initiated, however, RNA synthesis
will be insensitive to the prevailing initiation conditions and
the elongation steps will be less dependent on the enzyme and
template used. This could explain the relative invariance of
Km(PyTP), although the particularly low apparent Km(PyTP) for
core enzyme with T7 DNA is not accommodated by this hypothesis.

In summary; the results reported here are consistent with
the findings of Anthony et al.(1969) and supply some further
evidence for the proposal that the different kinetic behaviour
with respect to PuTP as compared with PyTP arises from a
specific involvement of PuTP in initiation. The apparent
Km(PuTP) aﬁd Km(PyTP) must be complex parameters, composed of
many individual rate comstants for the steps in RNA synthesis,
and to relate them to the affinities of enzyme sites for
substrates is a gross simpiification, as recognized by Anthony
et al. (1969). Whilst it is reasonable to infer that initiation
had a greater effect on Km(PuTP) than Km(PyTP), thé explanation
of this phenomenon in terms of a more detailed kinetic model

must be approached with caution.




9D3 EFFECT OF STGMA ON RNA POLYMERASE KINETICS

g has commanded considerable attention in recent years
in relatioh to its role in enhancing the initiation of RNA
synthesis at specific sites on a DNA template. The experiments
described in Section 8B3 analyse the influence of ¢ by the
coarser measure of its effect on the total rate of RNA
synthesis. With either T7 DNA or calf thymus DNA, the presence
of o was shown to have a marked effect on Km(PuTP) and Km(PyTP)
as well as the rate of the reaction. In a general kinetic
sense, 0 could be described as an activator of core enzyme,

The pattern of the activation differs between these DNA's, as
might be‘expected for two DNA's from such different sources,
Some general comments about the action of ¢ can be made cn the
grounds of these experiments.

1) In its capacity as an activator of core enzyme, o modified
both apparent Km's and Vmaxts’ in a possibly complex way, but
did not alter the difference in the kinetics with respect to
PuTP as compared with PyTP. RNA polymerase binds to a DNA
template to form a number of enzyme-~template complexes whose
properties will depend on the DNA sites involved. In the
presence of ¢, according to cur;ent views, enzyme-template
complexes are more stable at certain locations on the DNA, In
kinetic experiments, the enzyme behaviouy will reflect which
set of such complexes has been established, which in turn will
be dependeﬁt on the presence and concentration of o. It appears,
then, that all enzyme-template complexes retain the property
of responding differently to variation of PuTP compared with
PyTP in kinetic experiments. |

2) As judged by measurements of total RNA synthesis, 0 acts
as an activator of core enzyme, irrespective of anf action it
may have in causing specific transcription. Indeed, although

O is certainly necessary, it may not be sufficient, for




specific initiation on an E. coli template, as is exemplified
by the requirement of further positive control factors (CAP

and perhapsﬂ)) for the transcription of certain genes. ¢ might
represenﬁ an 'enable' signal for RNA synthesis but the ultimate
'go' command may require the participation of additional control
elements. In this way, the concentration of ¢ in vivo could
regulate what proportion of cellular resources are channelled
into RNA synthesis, and this might be as important as its role
as a determinant of specificity. In fact, much of tﬁe
experimental investigation of the action of ¢ has been with
phage DNA's and the extrapolation to g¢'s role in the bacterium
must be made with caution ; phages have evolved so as best to
utilise available fesources and not to provide illuminating
examples of the action of those bacterial systems that they
take over,

3) From a practical point Qf view, it is clear from the
results in Section 8B3 that the kinetic properties of any RNA
polymerase sample will be strongly dependent on the o content.
This may partly explain the wvariation in the observed Km's for
the enzyme (Table 1.2), as was pointed out by Burgess (1971).
In few cases has the 0 content of the RNA polymerase used in

experiments been reported.

9D4 SIMPLE KINETIC ANALYSIS OF THE RNA POLYMERASE

CATALYZED REACTION

RNA polymerase was found to respond differently to the
variation of PuTP and PyTP concentrations and this difference
in behaviour was related, in a non-specific way, to a special
involvement of PuTP in the initiation reaction. A simple

model would be

Ik,

1) E ey B(i) initiation
k

2) B(i) —Zs E(i+1) elongation




E(i) represents an ‘initiated! RNA polymerase molecule (and
also the concentration of this species)., ki is a function of

PuTP concentration, and possibly 0, while ke is a function of

all four substrate concentrations. The rate of initiation is

a®()) . g

dt i eqn. 9.1
where E is the concentration of un-initiated enzyme. The rate
of RNA synthesis is then

dr

at = keE(i)

éqn. 9.2
where r is the concentration of RNA. Suppose, as an example,
that initiation occurs at a constant rate, ¢, then integrating
eqn. 9.1 gives

E(i) = ct

Substituting for E(i) in eqn. 9.2 gives

dr
at = kect
which integrates to
r o= %kect2 eqn. 9.3

if ke is time independent. A linear increase of E(i) with time
then would imply that the rate of RNA synthesis should increase
with time. Such behaviour has been observed, at high salt
concentration, low substrate concentration or low temperature,
However, under many experimental conditions, RNA synthesis is
linear with respect to time (or, in fact, slows down) so that
on the timg scale of most experiments edither
1) E(i) (the number of active polymerizing centres) does not
change with time
or
2) as E(i) increases, ke decreases and maintains dr/dt
constant,
If the former is true, initiation either reaches a constant
level (no more E(i) is formed) or else £(i) is in a steady state

(polymerizing centires are deactivated as fast as they are




fgrmed).

A simple model of the involvement of PuTP in initiation
would be to consider that any given concentration of PuTP would
sustain a certain fixed level of E(i), so that

B(i) = £(Pu) ' eqn. 9.4
Pu and Py will denote the concentrations of PuTP and PyTP
respectively, A steady state rate equatiocn for the elongation
of a single RNA chain may derived following the formulations of
Hyman & Davidson (1971). If the reaction is considered to have
only two substrates, PuTP and PyTP, the following equation is
obtained

K. Pu.Py

i

K2Pu 4+ KBPY + KAPy.Pu

eqn. 9.5
The assumption is made that the RNA product contains equimolar
amounts of PuTP and PyTP residues. Thé constants are composed
of the Km's for the formation of enzyme-substrate complexes
with both substrates (Ku and Ky),‘and the rate constants for
the breakdown of these complexes (ku and ky). The subscripts,
u and y, refer to PuTP and PyTP respectively.

K1 = kuky : K2 = kuKy H K3 = kyKu H Kh = ku + ky

Egqn.'s 9.4 and 9.5 can be substituted in egn. 9.2 to give

dr K1Py.Pu.f(Pu)

2 <
K2Pu -+ KBPy + KuPYQPu eqnu 90\)

Whatever the form of f(Pu), this rate equation is obviously a

more complex function of PuTP than PyTP, which has been found
experimentally (Sections 1C7 and 8B).

As a specific example, E(i) might be considered to result
from the equilibrium binding of PuTP to the enzyme. If the

dissociation constant for this binding 4is K, then

; _ EtPu
B(1) “ K + Pu - ’ eqn. 9.7

E' is the total enzyme concentration.
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Using this expression for E(i) instead of eqn. 9.4, the rate
equation becomes

A )

E'.L..Pu . Py

dr 1
dt i L.,Pu + L. Py + L, Py.Pu + L_P Pu2 + L Pu2
2 BY LS_Y' ( 5}"" : ) 6
where L1,L2,L3,Lh,L5,and L6 are constants. egn. 9.8

This equation is of degree 2 in PuTP bhut degree 1 in PyTP, and
so is of the correct form to describe the resulté of Section
8B. However, this sort of analysis should not be taken too
far, as it involves a number of assumptions. This specific
model would in fact describe a system where a necessary
activator must bind to an enzyme in order that the reaction
occurs « in this example, the activator is also a substrate.
This model is in some ways appropriate to RNA synthesis, since
activated (in this case, initiated) enzyme can then catalyze
the formation of many covalent bonds (elongation). The simple
treatment above is of interest in that it illustrates how a
fairly uncomplicated model of the specific involvement of PulP
in initiation can generate a rate equatioﬁ wvhich is a more

complex function of PuTP concentration than PyTP concentration.
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9F EINETICS OF RNA POLYMERASE CORE TENZYME WITH POLY(dﬁde)

o1 " GENERAL COMMENTS

In‘the-work described here, the kinetic behaviour of RNA
polymerase core enzyme with a poly(dAndT) template differed
from that directed by T7 DNA or calf thymus DNA, notably in
that sigmoid wvelocity-substrate curves were never ohserved with
poly(dA;dT). In common with calf thymus DNA or T7 DNA, however,
the kinetics deviated most from a hyperbolic rate law when a
purine nucleotide was the variable substrate. This deviation
from hyperbolic behaviour took the form of double reciprocal
plots that were concave down (that is, concave to the 1/s axis).
behaviour with a poly(dA—dT) template., This may be due to the
'higher substrate renges used in this investigation, and other
differences in reaction conditions such as ionic strength or
the presence of Mn2+.

9R2 INTERPRETATION OF KINETICS WITH POLY(dA-dT)

The kinetic experiments described in Section 8C2
indicated that the kinetics of core enzyme with a poly(dAde)
template could be divided into zones of hyperbolic and non-
hyperbolic behaviour, depending on substrate concentrations.
Where hyperbolic behaviour was observed, the results conformed
to a rate equation of the form

. K1au

v = 5 eqn. 9.9
Koa + K. u + au + Ki a

2 3 a .

This is the equation for a ping-pong mechanism in a two substrate
enzymic reaction, with competitive substrate inhibition by ATP.

It would result from the following reaction scheme @
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Defaiis of the steady state analysis of this model are given\}n
Appendix 3. This scheme includes no special initiation step and
in effect describes the addition, by a ping-pong mechanism, of
a'pApU unit to a poly(A»U) chain. In other words, the results
suggested that the synthesis of poly(A»U) was kinetically
indistinguishable {rom the synthesis of pApU where egn. 9.9 was
applicable., Certainly, the initiation of polyribonucleotide
synthesis on a poly(dA-dT) template is different than on a
natural template ; firstly, there must be less dependence on
template base sequence and secondly, stable enzyme-template
complexes are readily formed with poly(dA~dT) (Hinkle &
Chamberlin, 1970 ; Chamberlin, 1970)., The applicability of the
above reaction scheme may indicate that initiation of poly(A-U)
synthesis differs little.from the elongation steps, within the
appropriate range of substrate concentrations,.

That the above scheme is for a pingmpbng mechanism is
reasonable, since models for RNA synthesis usually imply
consecutive substrate binding and pyrophosphate release (104).
Further, the exchange(xﬁpyrophdsphate into nucleoside triphosp-
ates (Krakow & Fronk, 1969 ; So & Downey, 1970) supports a
ping-pong mechanism, N

A simple two substrate ping-pong reaction model appears to
be applicable to poly(A-U) synthesis by core enzyme, within
certain substrate ranges. From a practical point of wview, it
is evident that the apparent Km and vmax for this system will

depend on the concentration of the fixed substrate.

OE3 REGTON OF NON-~-HYPERBOLIC KINETTICS

At higher substrate cencentrations, the simple hyperbolic

rate equation was less successful in describing the experimental
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data, One feature of the kinetic behaviour described in Section
8C2 was the presence of inhibition by substrates. ATP was

shown to be inhibitory at lower concentrations than UTP
(Section'802,2), but inhibition by both ATP and UTP is impl;ed,
at higher concentrations, by the analysis of the product chain
length (Section 8C2.4). Thus, in the region of non-hyperbolic

1

kinetics, sub§trate inhibition of the reaction will be operative.
If thié inhibition is due to to the formation of a 'dead-endt!
.complex of enzyme and substrate, then a steady state rate
equation should have a quadratic term in the inhibitory
substrate in the denominator (as, in fact, in eqn. 9.9). This
alone canncot explain the deviations from hyperbolic kinetics,
alfhough it doés describe the result of varying UTP at low
ATP levels (Fig. 8.17). To account for the concave down double
reciprocal plots, particularly when ATP was variable, it was
also necessary to introduce a quadratic term in the wvariable
substrate in the numerator of the rate equation. if such a
rate equation has physical significance, then possible
explanations of its form may be sought.
1) Substrate effects onn enzyme-enzyme and enzyme-template
associations : RNA polymerase is known to form aggregates
of the monomer form (Section 142.3 ;3 Berg & Chamberlin, 1970)
and it is possible that the concentrations of ATP and UTP
might alter the equilibrium position of this aggregation. This
could in turn influence the concentration of the active enzyme
species and hen&e the reaction rate. Likewise, nucleoside
triphosphate concentrations could also affect the bhinding of
the enzyme to the template, although eﬁzyme—template complexes
are not thought to be stabilized by nucleotides in the absence
of RNA synthesis (Chamberlin, 1970). Krakow & von der Helm
(1970) do propose, however, that ATP stabilizes EC »poly(dA~dT)

complexes for the enzmyme from A. vinelandii. These possibilitics
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cannot be discounted as explanations of non-hyperbolic kinetics

on the grounds of the work described here,

2) Négative cooperativity : Rate laws of the form of model 1
in Section 8C2.1 can describe the behaviour of enzymes with
allosteric properties, and concave down double reciprocal plots
can arise 1if the enzyme exhibits negative cooperativity (for
example, Koshland, 1970). Certainly, there is eﬁidence for
more than one substrate binding site on RNA polymerasec (Wu &
Goldthwait, 1969,5 & b 3 Ishihama & Hurwitsz, 1969) but whether
these sites interact is not known at this time,. Anﬁhony et al,
(1969) concluded that sigmoid wvelocity-substrate curves
obtained when purine nucleotides were varied weré not due to
an allosteric effect, but the possibility of interactiﬁg sites

cannot be dismissed at present.

3) Alternative reaction pathways : Where a reaction mechanism
involves alternative pathways, non-~-hyperbolic kinetics can be
predicted (Wong & Hanes, 1962 ; Pettersson, 1969 ; Cleland, 1970).
Substrate inhibition has been observed for RNA polymerase in this
work and may have reflected the friutless binding of a
nucleoside triphosphate non-complementary to the template base
in register with ﬁhe_elongation site of the enzyme. Indeed, the
elongation site proposed by Goldthwéit 3354:(197O)is thought
capable of binding all four nucleoside triphosphates. It
seemed pos;ible, then, that misreadings of the template could
occur, and with poly(dA-dT), this might give rise to alternative
reaction pathways. Some experiments were carried out to test
this possibility.

The stoichiometry of the poly(A-U) synthesized by RNA
polymerase, measured by comparing UTP and ATP inco?poration,
was independent of substrate concentrations (relative and

absblute). Investigation of the poly(A-U) sequence by nearest
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neighbour analysis, however, showed a small but significant
departure from a strict alternating sequence ; there was a 3%
frequency of UpU. It is possible that this deviation was due
to RNA péiymerase action and this would mean misreading of the
template by the enzyme. In enzyme lkinetics such a model
includes alternative reaction pathways.

Since each initiated enzyme molecule proceeds to catalyze
the inéorporation of many nucleotides, any effects on the rate
or extent of initiation will have an amplified influence on
the rate of RNA synthesis. Consequently, alternative reaction
pathways were considered at the initiation stage of the reaction
by analysing the first two nucleotides at the 5'-terwminal end
of poly(AuU) products., The sequence pppApU was predominant,
but a significant proportion of pppApPA was also found. As with
nearest neighbour analysis, it was not possible to decide
whether this deviation from a strictly alternating sequencé was
caused by the template or the enzyme. However, at the stage of
initiation, either possibility represents an alternative
pathwvay for RNA synthesis. During elongation, the occurrence
of the wrong base in the template does not represent a choice
of pathways for thé polymerization.

The occurrence of pppApA can be explained on the two site
model of RNA polymerase action (Section 1C4) in several ways
(Fig. 9.2). Diagram 1 in Fig. 9.2 shows faithful initiation
at an alterning A-T site on the template.

In diagram 2, the enzyme binds to poly(dA-dT) so that the
initiation site of the enzymevis in register with an 'A!
residue of the template but the specificity of the initiation
site for ATP overrides the template signal. The elongation site
on the other hand obeys the template direction to bind ATP and
the 3'-5' phosphodiester linkage is formed between two ATP

molecules.




RMA pelymerase

Initiation site

Eiongation site

1.

Fig. 9.2 (initiation of poly (A—~U) synthesis




In diagram 3, the initiation site is adjacent to a 'I'!
residue of the template and binds ATP. In this case, the
elongation site binds the non-complementary nﬁcleotide, ATP,

Both of the two preceding suggestions assume that the
poly(dAudT) sequence at the point of enzyme binding ié
alternating. If the sequence was, in fact, a local departure
from an alternating sequence, say -~-pTpTp- , then faithful
transcfiption would yield pppApA at the 5'-terminal end of the
poly(A~U) product (diagram 4 in Fig. 9.2)

The models in diags 2 & 3 could bhe distinguished by determining

the third residue in the polyribonucleotide chain ; for diagram

2, it would be U but in diagram 3, A.

The results of the analysis of the stbichiometry and
. sequence properties of the poly(AwU) transcripts suggest that
alternative reaction pathways may be operative, particularly
at the stage of initiation. Further evidence for alternative
pathways was the observation that, for ATP as the wvariable
substrate, the kinetic behaviour became m;re hyperbolic a; the
UTP concentration was decreased. This behaviour is character-
istic of alternate pathways (Wong & Endrenyi, 1971), and
represeﬁts the diversion of the'reaction through a particular
path, of the alternatives, due to saturation of one of the
enzyme forms by the fixed substrate.

Steady- state rate equations were derivéd for various simple
models of poly(A-U) synthesis (Fig. 9.3).
It is impossible to analyse the complete synthesis of a long
poly(A~1U) chain since this involves a prohibitively large
number of reaction steps. A truncated model must be written
which takes the synthesis until, hypothetically, no further
kinetically significant enzymemcontaining species would be

N

introduced by analysing the reaction any further., This still




leaves a large number of potential mechanisms. However, into
such schemes, some of the possibilities for alternative pathways
were introduced along the lines of PFig. 9.2 and these are i
shown in.Fig. 9.3 . Rate equations of degree two in ATP or

UTP were obtained, in concurrence with the kinetic reéults of
Section 8C, but the distinction between kinetic models depends
on a detailed knowledge of the complete rate equation, expressed
for both ATP? and GTP variable, This would require not only
matching the behaviour with respect to the wvariable substrate,
but also the nature of the dependence of the equation parameters
on the fixed subétrate concentration. The form of this
dependence experimentally indicated rate equations more complex
than any of the model equations in Fig. 9.3. It is of dinterest,
theough, that the terms causing deviation from hyperbolic kinet-

2 or UTP2) generally increased with

ics (for example, in ATP
increasing fixed substrate (Fig. 8.21 & 8.22) and were least
significant at a low fixed substrate concentration. Complete
explanation of the experimental results was not possible by
any of the models analysed. Possibly, more complicated reaction
models would be needed, but, in any case, the final problem
would be to distinguish between complex rate equations of
similar general form. As such equations become more complex,
many more experimental data are required for their resolution.
Also, for 3NA polymerase catalyzed reactions, even with a simple
poly(dA-dT) template, there is evidéntly a large number of
potential reaction models. There would seem to be limits then .
as to how far steady state analysis can be developed to give
a greater understanding of the mechanism of this reaction.
However, the results do indicate that in wany ways RNA polymerase
catalysis can bedescribed by steady state rate equations.

To summarize, various éspects of the behaviour of a poly(dA«

dT) --EQ system could be explained by steady state rate eqguations
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derived for wvarious specific models. Ping-pong mechanisms
held in certain substrate ranges. Substrate inhibition was
explicable, in part, ﬁy the inclusion of a quadratic term iwn
the denoﬁinator off the rate equation. Double reciprocal plots
concave to the 1/5 axis could be accounted for by the.form of
rate equation derived for simple models involving alternative
reaction pathways. Non-hyperbolic kinetics resulting from
alternétive reaction pathways have not been well-documented to
date (Cleland, 1970) and the observation of this phenomenon
here coulﬁ arise from the fact that any effect at initiation

of poly(AmU) synthesis is amplified by the elongation reactions.

9E4 SUBSTRATE CONTROY, OFF RNA POLYMERASE ACTIVITY TN VIVOQO
The role of RNA polymerase in the bacterium appears to
be the selective transcription of the genome in response to
various control signals., To date, the concentration of the
nucleoside triphosphates, ATP, CTP, GTP, and UTP have not been
strongly implicated in this control process but the rate of
RNA synthesis in wvivo, if not its selectién, may be a function
of substrate concentrations. Estimates of nucleotide
concentrations in vivo have exceeded many observed Km's for
RNA polymerase (Section 1A7) imélying that the enzyme activity
will be relatively insensitive to substrate concentration in
vivo. However, concentrations may not reflect the effective
activities  in the environment of the baéterial cellts
transcription complex and measurements of Km in vitro may have
Jittle relation to the Km in vivo. The work described here
has shown the dependence of apparent Km's for RNA polymerase on
the fixed substrate concentrations and the presence of o, and
experimental values varied widely, depending on conditions.
Thus, the activity of RNA polymerase in the cell may well be

sensitive to substralte concentration.
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It is of interest that any multi~substrate enzymic reaction
is in some measure regulated not only by absolute substrate
concéntrations but also by the relative provortions of
different substrates . If any one substrate drops to a
relatively low level,; the reaction rate may decrease. The
ribonucleoside triphosphate pool, in terms of the relative
proporﬁions of ATP, CTP, GTP and UTP, could possibly regulate
the rate of RNA synthesis by RNA polymerase, The possibility
that this pool composition is under metabolic control is quite
strong since these four nucleotides are metabolically related
in many ways.

In conclusion, although the control of the rate of RNA
synthesils by ribonucleoside triphosphate concentrationé
cannot be overwemphasized at this time, neither should it

be dismissed as a feature of RNA polymerase control in wvivo.

-




Pigs, 9.3 Model reaction mechanisms and steady state rate

equations for polv(AwU) synthesis

I

Oniy'the algebraic form of rate equation only is given

since each constant is composed of numerous individual
rate constants. A shorthand notation is used for the reaction
Schemés, exemplified by the following :
E(i) is initiated enzyme, with the product chain length being

i. E(i) and E(i+2) are considered indistinguishable,
E(au) is enzyme which has synthesized an 'au' chain, where

a and u represent ATP and UTP.
Ea is enzyme with bound ATP

Pyrophosphate release is denoted by p = irreversible for PPj-= 0.

a) E(i) e—3EB(i)alsB(i+1)e—3B(it+1)u - B(i42)

E(i)aa

Simple ping pong mechanism, with substrate inhibition
by ATP, and nd specific consideration of the

initiation phase,

K1au
v = P)
K2a + KBu 4+ au + Kiaa
b) -
E(1
(1)u
E<—>Ea=E(i) > E(i+1)
. ‘. ;)\
E(i+1)§

Binding of ATP considered as initiation.

K. au

1

K2 + KBu + Khau + Ksa
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Fig. 9.3 continued

E(i)a

Tj?T (au)=R( g::ji \\\\ir(i*1)
(L%T)ﬁ

SFau

=
AN
N
5}
®
A

Formation of pppApU is considered as initiation,.

K1§h

2 2
KéL+ K3qu anu + K5a

Fa €—>TFaa ~2 > E(aa)
/

74

E(4i)

N

e
sgﬁAP”aﬁf—kE'auu—*ﬁF '(au)
P

No special elongation step considered.

Alternatives at initiation stage (cf, Fig. 9.2).

K azu + K,.au

vo= o Z 2
Kja + Kua + Ksau + K6a u -+ K7
Eau-E—>E(au)zE(i) é(;WE(i)a
Pe—>Pa | ; B(1) B(i+1)
R'\\SEaa____....s/.]i‘(aa):E(i) ﬁ\\T(1+1)u
p ,
initiation elongation

Separate initiation and elongation phases
considered, with alternative pathways at

initiation (diagrams 4 & 3 in Fig. 9.2 for example).

[»)
K au2 o+ Kza“u

-

2 2 2
K3a2u + xues o+ Ksau + KGau +'K7u
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Fig. 9.3 continued

Eau—~£w4>E(au)=E(i)

e

]E<~——f>Ea -

{

p P
Baa —>T(aa)4&-—>E(aa)u—>E(aau)=E(i)

initiation

| E(i)a, P
E(i)éf///? ‘ Y E(i+1)
iLE\\~E(i)ué(//;7

elongation

2 2
K1a u -+ Kzau

K azu o+ Kaag + K u2 N K6au + K u2

3 5 7

Separate initiation and elongation phases

*

considered, with alternative pathways at

initiation (diagram 2 in Pig. 9.2)
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APPENDIX 1 Analysis of engyme kinetic data by the

procedure of Wilkinson

The ﬁfocedure of Wilkinson (1961) fits measurements of
initial rate and substrate concentration directly to a
hyperholic rate law by a least squares method, This obviates
the problems associated with the fitting of data to linear
forms éf the hyperbolic rate equation (Section 1B4)., The
computer program described on the next page is a translation
of one listed by Williams (1969) into a Fortran dialect

compatible with a PDP 8L computer on which the program was run.

The input data are :
1) number of data points (twice)

2) data in the order, substrate1, velocity1, substratez,

velocit ceoeene
Y?v

=

The output is H

1) initial estimates of K and V
m max

2) refined estimates of X and V
m max

3) standard errors of K and Vm

m ax

-

The program listing and sample output are given in the following

pages.,




e

PAFTR

IPHALDCRARH RRCOrT NS

SAMPLE OUTPUT

6 6

Be138 ©V.1448
Be220 D171
Ge291 B.234
B.560 V324
De766 B3390
ledi6 8433
ESTIMATES

KM = +0.57T097TUE+D
V = +B.679856k+0

COMPUTED VALUES

Values from Wilkinson
(1961) for treatment
of the same input data.

KM = +0e594779E+0 0.595
U = +0+.689753E+0 0.690
STANDARD ERROR OF KM = +@0.637225k-1 0.064
STANDAKD ERROR OF ¢ = +0«358553k~1 0,036



L FORTRAN PROGRAM FOR THE ANALYSIS OF ENZYME KINETIC DATA

Ci
193

153

BY THE PROCEDURE OF WILKINSON

MICHAFLIS-MENTEN/WILKINSON
DIMENSION SC(203,V203-F(293:sF1C(26)
ACCERPT 15,5,PNM

ACCEPT 105NU

FORMAT (1)
ALP=BET=GANM=DELT=EP5=VS0=0.8
DO 20 I=1,NUM

ACCEPT 15,S5(C1)

ACCERPT 15,VCI>

FORMAT ()

USA=USQ+VCT ) k2
ALP=ALP+VCI Ik 3
BET=BET+V{I)**xd
GAM=GAM+ (VLI I ¥k3)/5C1)

DELT=DELT+ (VI 5k4)/5(1)

EPS=EPS+(V(IY*¥d4)/5CT Y%%x2
203 CONTINUE

THE=ALPH#EPS-GAM¥DELT
AKM=(BET*GAM~-NLP*DELT) /THE
V1=(BET*EPS-DELT*#*2)/THE

TYPE 25,AKM, Ul
FORMATCYESTIMATES s /5" KM = Y, E,/," UV = ", 5,/5/)
A=B=C=D=E=l.0

NO 30 I=1,NUM
FCId»=C(ULI:SCII»)/(SCI)+AKMD
Flld=(«Ul:SCIXdX/(C(SCI)+AKMI%*k2)
A=A+F (I Y %%2

C=C+F(II)XF1CID

D=D+VCI)*F(I)D

B=RB+(=F1CI)y%x2

E=E+UCIIXFICID

3053 CONTINUE

W
wi
.

S1=CA¥BY~(-C)*®%2
Bl=(B*D=-C*xE)/S51
B2=(A%E~C*D) /51
VO=B1%Vl
AKONM=AKM+B2/B1
TYPE 35, AK0M-VO

FORMAT("COMPUTED VALUES"s /"KM = ", Es/5" U = ",E,/)

P2=(VSQ-B1xD-B2+E) /(PNUM~-2.8)
EXOM=(SQTF(P2X/B1IxSQTF(A/S1)
EVO=V0xSQTF(P2)*+SATF(B/51)

TYPE 40, EXOM

FORMAT(/5 /5" STANDARD ERROR OF KM = ",E)
TYPE 45,EV0

FORMAT(/s"STANDARD ERROR OF V = ", E,/)
END

s - e e o R



212

APPENDIX 2. Description of computer program for non-linear

least squares analysis

The computer program was used to fit data from enzyme
kinetic experiments to model rate equations of the form

2
P X+ PyX 4 p,3
v = 5 : eqn.A2.1
qqx + g,X + q3

where p},pg,p ,q1,q2, and q3 are the parameters of the model.

3
Simpler equations could generated by setting any of the
parameters to zero. The program computed estimates of the
parameters, from the supplied data, that minimized X2 (Section
184, 1) within a given parameter space.

The computer program used was MINUIT (CERN 6600 computer
program library D506 ;3 authors, James,F. & Roos,M.) and was
"run on the ERCC 360/50 computer through the Computing Service,
Glasgow University. MINUIT minimizes a general function of
sevéral variables and calculates the true errors (the latter
facility was not used in this study). The program includes a
user written sub-routine so that the user can specify the
function to be minimized (sub-routine FCN). In this instance,
FCN reads in experimental data and calculates X2 for an
equation of the form of egn.A2.1 . X2 then is a function of
p1,p2,p3,q1,q2, and q3 and this is the function minimized by
MINUIT. Starting with initial estimates for the parameters,
refinementé are made until, within a selected parameter space,

.. 2 . . . .
a minimum of X is attained. The user written subroutine

FCN is listed overleaf.



FORTRAN SUBROUTINE I'CN

SUBROUTINE FCN(NPAR,G,F,X,IFLAG)

DIMENSION X(10),XAXIS(30),YAXIs(30),ERR(30),DIF(30),CHISQ(30),
1 FMODEL(30),TITLE(20),ERRSQ(30)

GO TO (10,20,30,20),IFLAG

10 CONTINUE
WRITE(6,48)
READ(5,3)TTTLE
READ(5, 30 )NDP,IPAR

C NDP=NUMBER OF DATA POINTS

C JPAR=NUMBER OF VARIABLES
NDEGF=NDP~TIPAR
WRITEE6,53;NDP,IPAR,NDEGF
WRITE(6,49

C READ DATA
DO 60 NN=1,NDP
READ(5,51)XAXIS(NN),YAXTIS({NN) ,ERR(NN)
WRITE26,52)XAXIS(NN),YAXIS(NN),ERR(NN)
ERRSQ(NN }=ERR(NN ) *ERR (NN )

60 CONTINUE
ISEK=0

20 F=0.0
DO 21 KK=1,NDP
A=XAXTS(KK)
F1=x§3g*A%A + X{Eg%A + XE1§
F=X(6)%A%A + X(5)¥A + X(4
FMODEL (KK )=F1/F2
DIF (KK )=FMODEL (KK )-YAXTS(KX)
CHISQ (XK )=DIF (KK)*DIF (KK)/ERRSQ(KK)
F=F + CHISQ(KK)

21 CONTINUE
IF(ISEK.EQ.0)GO TO 30

15 ISEK=1
RETURN

30 WRITE§6;5)
WRITE(6,4)TITLE
WRITE(6,6)

DO 8 JK=1,NDP
WRITE(6,9 )XAXTIS(JK),YAXIS(JK),ERR(JK),FMODEL(JK) ,DIF(JK),
1 CHISQ(JK)
8 CONTINUE
WRITE(6,13)
WRITE(6,11)(x(J),J=1,6)
VR=F/NDEGF
WRITE(6,12)F,VR,NDEGF
IF(ISEK.EQ.0)GO TO 15
RETURN

FORMAT STATEMENTS
FORMAT (20A4)
FORMAT( 1HO, 20AL)

FwLoaQ




5
6

9
11

21

FORMAT(1H1, ' SUMMARY " )

FORMAT(//1HO, ¥ X~VALUBE Y- VALUE ERROR CALC VALUE
1DIFFERENCE CHISQUARED' )

FORMAT§1HO,6(F10.2,3X))

FORMAT( 1HO, *P3="',F10.3,/1H ,*P2=',F10,.3,/1H ,'Pi1=',F10.3,/1H ,

1'Q3=',F10.3,/1H ,'Q2=',#10,3,/1H ,'Ql="',F10.3)

12 FORMAT(//1HO, 'CHISQUARED FOR FIT=',F10.3,/1H , 'VARIANCE RATIO

1=',F10.3,/1H ,'NUMBER OF DEGREES OF FREEDOM=',I5)

FORMAT(///1HO, 'VALUE OF FITTED PARAMETERS!')
FORMAT%///1HO,'INPUT DATA')

FORMAT§1HO,' X-AXTS Y~ AXTS ERROR' )
FORMAT(10I10)

FORMAT{ 10F10.0)

FORMAT( 1HO,3(F10.3,5X))
FORMAT ( 1HO, *NUMBER OF DATA POINTS=',I6,/1H ,'NUMBER OF
1PARAMETERS="',I6,/1H , 'NUMBER OF DEGREES OF FREEDOM=',I6)

END



APPENDIX 3 Derivation of steadv state rate equation

using the King-Altman method

Various model reactions were analysed by the method of
King & Altman (1956), but only a simple one is shown in

any detail because of the complicated eguations involved.

Ordered two substrate ping pong mechanism, with inhibition

by one of the substrates :

ak ] k 3 ulk . k,?
ey . \
E —=——FA g XS L ——
k2 pkAL k6 pk8
1
al 10
‘9
EtA

Steady state equation :

K1au
N =
K2a + K3u + au + Kiaa
where
K1 = k3k7e0/(kik7 + k1k5)
K, = (k2k7 + k3k7)/(k1k7 + k1k3)
K =

5 = (k3k6 + k3k7)/(k5k7 + kBks)

~.
i

(k3k6k9 + k3k7k9)/(k5k7k10 + k3k5k10)

= KB.k9/k1O

v
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APPENDIX 4. Calculation of the equilibrium between NTP,

M=t and x*

The following two equilibria are considered

NTPYT & Mgt = NTPMgR" eqn.Ab. 1
NretT 4kt = NTPK-~ : eqn.ak, 2
The total comcentrations of ATP ™, Mg*T and X¥ added to the

system are a, m, and k, respectively. The concentrations of
the complexes are c_ (ATPMgZ“) and c,_ (ATPK3“)andthe
formation constants of the complexes Km (ATPMg2‘) and Kk

(ATPKB-). These are given by

®mn
Km =
(a - °m ~ Ck)(m - cm) eqn.Ab.3
. .
Kk - Ic
(a - °m ~ ck)(k - Ck) eqn.Ak. 4

Eliminating cm between these equations gives a trinomial in

C
2 o 3 Ll-
§0 + §1Ck + §2ck + §30k = 0 egn.A4,.5
where
2
§0 = ak Kk/me

U
=
]

(aka -k - k2Kk - 2kaK - kam)/me
((Kk - Km)/Kk + (K - Km)(a + k) + kK, + me)
(Km - Kk)/Kmm

U oo
W N
1t i

Egqn.A4.5 was solved iteratively by the Newton-Raphson method

on a PDP 8L computer for c, . cm can then be calculated from

k

eqn.Al.4 . The uncomplexed ATPA~ is simply given by

(a - ¢ =~ ¢ ).
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