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ABSTRACT

DEOXYRIBONUCLEIC ACID-DEPENDENT RIBONUCLEIC
ACID POLYMERASE OF PSEUDOMONAS PUTIDA:
PURIFICATION AND CHARACTERIZATION

By

James Carl Johnson

The objectives of this study were to obtain homo-

geneous DNA-dependent RNA polymerase from Pseudomonas

putida, to determine the size and structure of the eﬁzyme,
and to study properties of the enzyme-mediated synthesis
of RNA.

Two forms of RNA polymerase (nucleoside triphos-
phate RNA nucleotidyltransferase, EC 2.7.7.6) from P,
putida were resolved by chromatography on phosphocellulose
and subsequently purified to greater than 98 per cent of
homogeneity. As determined by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, the polypeptide sub-
unit structures of the two forms of the enzyme were GZBB‘O
and aZBB'. The molecular weights of polypeptides a, B, B°',
and ¢ were 44,000, 155,000, 165,000, and 98,000, respec-
tively. The sedimentation coefficients of a288'0 and
a,B8' as determined by sucrose gradient centrifugation in

0.40 M potassium acetate were 13 S and 12 S, respectively,
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but in 0.05 M potassium acetate, the sedimentation coef-
ficients of the aggregate forms of azes'o and aZBB' were

19 S and 25 S. Similar results were obtained by analytical
ultracentrifugation. Polyacrylamide gel electrophoresis

of a268'0 or of aZSB' resulted in several bands of protein.
Each protein band was enzymatically active in the unprimed
synthesis of poly A-.poly U, thereby suggesting that the
multiple bands represented aggregate forms of the enzyme.
35S—labeled P. putida RNA polymerase a288'c was
purified from labeled cells which had been grown on a
minimal growth medium containing 35S—labeled sulfate. As
shown by sodium dodecyl sulfate-polyacrylamide gel electro-

35

phoresis the S-labeled-enzyme was at least 98 per cent

homogeneous. The specific radioactivity of the enzyme was

7 cpm per mg of protein. Analysis of 358 cuntent

of each polypeptide subunit showed that the amount of 35S

2.3 x 10

of 8', B, and o relative to a was 3.6 to 3.6 to 2.2 to 1.0,
respectively. The amount of B' plus B in the Initial
Zxtract was 1.2 per cent of the total protein as determined
by sodium dodecyl sulfate polyacrylamide gel electrophor-
esis. From the amount of R' plus B relative to the total
Protein and the formula weight of a268'0, it was calculated
that there were approximately 5,000 molecules of aZBB'c
per P. putida cell.

The reaction catalyzed by RNA polymerase was fol-
lowed by measuring the incorporation of 3H labeled-

ribonucleoside monophosphates into RNA or by measuring the
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formation of inorganic pyrophosphate. An enzymic method
for the determination of inorganic pyrophosphate was
developed. Inorganic pyrophosphate was quantitatively
determined from the amount of NADPH formed via the action
of UDP-glucose pyrophosphorylase, phosphoglucomutase, and
glucose-6-phosphate dehydrogenase. The method for the
determination of inorganic pyrophosphate was used for the
assay of RNA polymerase by coupling the generation of
inorganic pyrophosphate by RNA polymerase with NADPH
formation. A mole of inorganic pyrophosphate released by
RNA polymerase resulted in the reduction of a mole of
NADP+. By means of the radioactive assay of RNA polymer-
ase or the assay for inorganic pyrophosphate, it was

shown that uZBB'o was 4- to 5-fold more active in tran-
scribing native bacteriophage gh-1 DNA than was a k8.
With denatured DNA or poly d(A-T) as template, a,BB' was
twice as active as aZBB'o. The rate of the DNA-directed
polymerization reactions catalyzed by a288'0 in the
presence of pancreatic ribonuclease was increased 10 per

cent, whereas that rate catalyzed by a288' was increased

80 to 110 per cent.
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GENERAL INTRODUCTION

The model for gene expression, developed nearly
fifteen years ago, states that genetic information encoded
in DNA in the form of deoxyribonucleotide sequences is
transcribed into ribonucleotide sequences of RNA. Trans-
scription is the process involving base pairing, whereby
the genetic information contained in DNA is used to order
a complementary sequence of bases in an RNA chain. Several
species of RNA molecules which are transcribed from a DNA
template have been described. These species include
messenger RNA, ribosomal RNA, and transfer RNA. Each of
these species of RNA is specifically involved in the
synthesis of polypeptides. Ribosomal RNA is the structural
nucleic acid component of ribosomes. Transfer RNA is the
species of RNA that is able to accept and covalently com-
bine with an amino acid and to hydrogen bond with a
messenger RNA nucleotide triplet. Only messenger RNA,
however, carries the information which specifies the
Primary structure of polypeptides. Translation of the
information encoded in messenger RNA to form the primary
Structure of polypeptides is the second step in gene

expression.



Transcription of DNA is the essential first step
in gene function. Considering the importance of gene
function in biology, one would like to know the details of
control and mechanism of processes required for transcrip-
tion. One approach to the study of transcription has been
to search for the activities which are required for
in vitro synthesis of RNA from DNA templates in cell-free
extracts. This approach was adopted by several laborator-
ies nearly ten years ago and led to the discovery of an
activity which catalyzed the synthesis of RNA from a DNA
template.

The enzyme that catalyzes transcription of DNA is
RNA polymerase. It was first isolated from bacterial
-xtracts but has recently been isolated from extracts of
a variety of prokaryotic and eukaryotic cells. Genetic
experiments have been used to demonstrate that the RNA
polymerase prepared from bacteria is the major, if not
the only, enzymatic activity responsible for the synthesis
vf messenger, ribosomal, and transfer RNA. Recently, an
effort has been directed toward the determination of the
subunit polypeptide structure of the purified enzyme.
This approach has led to the discovery of protein factors
which have the property of influencing the enzyme-mediated
reaction in vitro. Until now these studies have been
generally restricted to the RNA polymerase obtained from

the extensively studied bacterium, Escherchia coli. mwo

varieties of RNA polymerase have been prepared from E. coli
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These varieties differed in structure by a single polypep-
tide chain, which was called sigma. Sigma was found to
cause the RNA polymerase molecule to initiate synthesis at

correct sites on the DNA templates used for in vitro
synthesis of RNA.

When work was begun for this thesis, only a partial
purification of the enzyme from E. coli had been reported.
It was decided that a second example of RNA polymerase
from bacterial sources should be provided for study.

Pseudomonas putida was utilized as the bacteria from which

RNA polymerase was purified because the bacteria was being
used in related studies of RNA structure and methylation.
In addition, a bacteriophage which was specific for
P. putida was isolated. It was of interest to determine
whether the host RNA polymerase would transcribe the bac-
teriophage DNA. The procedure described herein for the
purification of RNA polymerase resulted in two forms of
the enzyme which were nearly homogeneous. One of the
forms contained 100 per cent of the amount of sigma capable
of being associated with the enzyme. The other form of
RNA polymerase was completely devoid of sigma.

This thesis is organized into four major sections.
The first is a literature review in which much of the
information on bacterial RNA polymerase structure and
factors has been described. The second and third sections

are composed of articles describing the assay, purification
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and structure of the enzyme. These articles have been
included in the form of reprints from the journals in which
they were published. The fourth section consists of a
manuscript which is to be published. It concerns the puri-

fication and properties of 35

S-labeled RNA polymerase from
P. putida and the use of the radioactive enzyme to inves-
tigate the release of sigma factor following the initia-

tion of RNA synthesis.
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LITERATURE SURVEY

Introduction

The first reports of the detection, isolation, and
purification of a DNA-dependent RNA polymerase from bac-
terial sources occurred in the early 1960's (1,2,3,4,5).
As of now, a prodigious literature concerning bacterial
RNA polymerase has accumulated. The extent and variety of
topics treated in the literature are beyond the scope of
this survey. The following reviews and symposia should be
consulted for a comprehensive treatment of the literature
(6,7,8,9,10,11).

RNA polymerase has been purified from the following

bacterial sources: Escherchia coli (several strains)

(1,2,5,12,13,14); Azotobacter vinelandii (3,15); Micrococcus

luteus formerly Micrococcus lysodeiktus (4); Bacillus

subtilis (16); and Pseudomonas indogophera (17). The most

extensively purified enzymes, those obtained from the
various strains of E. coli and the RNA polymerase from

A. vinelandii, are homogeneous as determined from sedimen-

tation and electrophoretic studies. E. coli RNA polymerase
has been the subject of most of the kinetic and structural

studies.
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The Essential Role of RNA Polymerase in Vivo

Evidence for the role of DNA-dependent RNA polymer-
ase was provided through a study of E. coli mutants having
alterations in a structural gene(s) for RNA polymerase which
rendered the cell temperature sensitive or resistant to the
rifamycin antibiotics. A mutant of E. coli which rendered
the cell temperature sensitive (growth at 30° but not at 42°)
was unable to incorporate labeled uridine into RNA at the
non-permissive temperature (18). RNA polymerase isolated
from the mutant grown at 30° was active when tested in vitro
at 30°, but was considerably less active relative to the
wild type RNA polymerase when tested in vitro at 42°., Sub-
sequent analysis indicated that the E. coli mutant had a
structurally altered RNA polymerase molecule. The nature
of the alteration has not been determined.

Rifamycin or its derivative rifampicin when added to
a growing culture of E. coli inhibited growth (19,20,21).
Wild type E. coli cells were not able to incorporate labeled
uridine into RNA following addition of rifampicin to the
culture. It was shown that rifampicin inhibited the DNA-
directed synthesis of RNA by RNA polymerase in vitro (22,23),.
Other studies determined that rifampicin binds to RNA poly-
merase and blocks initiation of RNA synthesis (24,25). Rifam-
Picin resistant mutants of E. coli have been isolated which
synthesize an altered RNA polymerase molecule (21). Rifam-
Picin did not bind to the altered enzyme. Consequently, the

antibiotic did not inhibit RNA synthesis in vivo or in vitro.



The studies on temperature sensitive and rifamycin
resistant mutants together with the extensive biochemical
studies on the RNA polymerase lead to the conclusion that
the RNA polymerase as isolated by the various purification
procedures is the "genetic transcriptase" (26), that is,
the essential enzyme responsible for most if not all RNA

synthesis from a DNA template in the bacterial cell.

Bacterial RNA Polymerase Structure

The subunit structure of purified E. coli RNA
polymerase has been investigated. SDS or urea polyacryla-
mide gel electrophoresis of RNA polymerase which was
denatured by means of SDS or urea in the presence of
reducing agents resolved either three or four polypeptide
subunits (27,28). The RNA polymerase which had been
chromatographed on phosphocellulose contained three poly-
peptide subunits designated 8', B, and a, with molecular
weights 165,000, 155,000, and 39,000 respectively. The
RNA polymerase which was not purified by phosphocellulose
chromatography contained B', 8, a, and ¢ polypeptide sub-
units. Sigma (o) has a molecular weight of 95,000 (28).
The molar ratio of the polypeptides obtained from the
phosphocellulose purified enzyme was 18' : 1B : 2a. The
minimal polypeptide subunit formula for this enzyme was
@,B8'. The RNA polymerase which was purified by gel
filtration and sucrose or glycerol gradient centrifugation,

but not by phosphocellulose chromatography contained



', B, a, and ¢ in a molar ratio of 18' : 18 : 2a : lo.
The minimal subunit formula for this enzyme was azBB'o.
The minimal formula weights calculated for aZBB' and aZBB'o

S and 4.93 x 105 respectively. These minimal

were 3.98 x 10
formula weights correspond to the monomeric forms of the
enzyme.

In addition to the B', B, 0, and a polypeptide
subunits of azss' and a286'0, a polypeptide (omega, w) of
molecular weight 9,000 was variably associated with the
purified enzyme (13,29). It is not known whether w is a
structural component of the enzyme or whether it has any
function in RNA synthesis.

Sephadex G-200 chromatography of denatured 0288'
in the presence of SDS or urea resulted in the separation
of B plus B' from o (27). The B plus B' polypeptide sub-
units were separated on DEAE-cellulose in urea (27). The
molecular weights of the B plus B' and the o subunits
determined by SDS-polyacrylamide gel electrophoresis were
found to be the same as those determined by sedimentation
equilibrium studies with the isolated subunits.

Amino acid compositions of a and of B plus B8' as
well as the a,BB' enzyme have been performed (27). Methio-~
nine is the only N-terminal amino acid of either a, B, or
B'.

Prior to the establishment of the polypeptide sub-
unit structure of RNA polymerase, studies of the sedimen-

tation properties of the enzyme were confusing. Two,
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three, or more species of molecules were observed in sedi-
mentation velocity experiments with highly purified RNA
polymerase (30,31). A partial understanding of the effects
of ionic strength, subunit composition, preferential
hydration, and irreversible dissociation has helped to
clarify much of the confusion. Berg and Chamberlin ana-
lyzed the two species of RNA polymerase, a288' and a286'o,
by sedimentation velocity and equilibrium experiments (29).

Apoenzyme (a288') in buffers of ionic strength above 0.26

0
20 ,w

dependence of sedimentation coefficient on the protein

behaved as a single sedimenting species (S =12.6). The

concentration was slight. When apoenzyme was centrifuged
in buffers with ionic strength below 0.26, a variety of
aggregated species was observed with average sedimentation
coefficients of 44 to 48 S. Holoenzyme (a288'o) in buffers

with ionic strength of 0.12 or higher sedimented as a

0
20 ,w

in low ionic strength buffers, the holoenzyme aggregated

0
20 ,w

a full complement of 0 sedimented as a mixture of apo- and

single species with S =15.0. When GZBB'G was sedimented

to a dimer with S =23.0. RNA polymerase with less than
holoenzyme at both low and high ionic strengths. The
molecular weights determined by sedimentation velocity
analysis were in agreement with those calculated from SDS-
Polyacrylamide gel electrophoresis studies. Molecular
weight determinations of a,B88' and a,BR'c by sedimentation

equilibrium have not been definitive.
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Sedimentation of E. coli RNA polymerase in increas-
ing concentrations of urea indicated that the aZBB' form
could undergo large conformational changes or could dis-
sociate into smaller species (32). RNA polymerase dis-
sociates into its polypeptide subunits in high urea
concentrations (27,33). The 9 S species derived from RNA
polymerase in low urea concentrations may represent a
mixture of af and aB' (32). Renaturation of urea or
lithium chloride dissociated enzyme to obtain a partially
active enzyme which has the characteristics of the non-
dissociated enzyme has been described (34,35).

The polypeptide subunit structure of the A.
vinelandii and the B. subtilis RNA polymerase was found
to be similar to the E. coli polymerase. The A. vinelandii
RNA polymerase consists of an apoenzyme with polypeptide
subunit formula aZBB' and a holoenzyme a268'o (36). The
molecular weights of o, B, B', and 0 were virtually iden-
tical to those from E. coli RNA polymerase. B. subtilis
RNA polymerase, although not totally purified, contained
polypeptide subunits of molecular weight 155,000, 120,000
57,000 and 45,000 (37). Two polypeptides at molecular
weight 155,000 were resolved. The molar ratio of the
155,000 dalton material to the 45,000 dalton material was
l:1. Chromatography of the enzyme on phosphocellulose
removed the 57,000 dalton polypeptide from the enzyme and

resulted in an enzyme activity with altered template
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specificities. The 57,000 dalton polypeptide is therefore
similar to E. coli RNA polymerase ¢ factor in function but
not in size.

Infection of E. coli by T4 bacteriophage results
in modification of the host RNA polymerase subunit struc-
ture. The o polypeptide chains are modified apparently by
the addition of 5' AMP in a T4 phage-specific reaction
(38,39). This modification occurs early in infecfion.
Adenylation of RNA polymerase from E. coli by ATP with an
activity from uninfected cells has also been reported (40).
The adenylated enzyme is less active in RNA synthesis than
is the non-adenylated form. Both the B and B' polypeptides

are modified late in T, infection (39,41). The host ¢

4
subunit is replaced by a T4—specific o factor early in
infection (42,43). The T4-specific ¢ has the same molec-
ular weight as the host o, and it confers different tem-
plate specificities to the apoenzyme. Late in T4 infection
this T4-specific o may be replaced by yet a different T4-
specific o (41).

Infection of E. coli with bacteriophage T, results
in the de novo synthesis of an entirely new type of RNA
polymerase molecule (44). The T7-specific RNA polymerase
is a product of gene 1 and is distinct from the host poly-
merase in that its activity is not inhibited by rifamycin,

streptolydigin, or by antibody specific for the host

enzyme. The enzyme consists of a single polypeptide
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suwbunit of molecular weight 110,000 as determined by SDS-
polyacrylamide gel electrophoresis.

Structural alteration of B. subtilis RNA polymerase
during sporulation has been reported (37). The sporula-

tion RNA polymerase has a polypeptide of 110,000 daltons

which is not found in the enzyme from vegetative cells. The

sporulation enzyme was found to contain only one of the
155,000 dalton polypeptides found in the vegetative RNA

polymerase.

Protein Factors Affecting RNA Synthesis

A series of sequential reactions serve to describe
the steps in RNA synthesis by RNA polymerase from a DNA
template. These steps in RNA synthesis are association,
initiation, elongation, termination, and dissociation.
During association, the RNA polymerase molecule interacts
with and binds to sites on the DNA template. Initiation
occurs with the formation of the first phosphodiester bond
between the 5'-terminal and the second ribonucleotide.
Elongation follows with the sequential addition of ribo-~
nucleoside monophosphates and the release of pyrophosphate.
At termination the synthesis of RNA ceases. Dissociation
follows termination with the release of the RNA product

and the RNA polymerase from the DNA template.

Sigma
Several proteins have been discovered which have

the property of affecting one or more of the steps in RNA
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synthesis by bacterial RNA polymerase in vitro. One such

protein is the sigma (o) polypeptide subunit of E. coli

RNA polymerase (28). The E. coli sigma subunit has been
isolated from holoenzyme (aZBB'o) by chromatography on
phosphocellulose (28).

The efficiency by which a DNA template may be
transcribed by RNA polymerase is affected by the presence
or absence of 0. The efficiency by which RNA polymerase
transcribes a particular DNA template in vitro is measured
from the overall rate of RNA synthesis which reflects the
rate limiting step in either association, initiation,
elongation, termination or dissociation. The initiation
reaction may be followed by means of the exchange reaction
which occurs between inorganic pyrophosphate and the ribo-
nucleoside triphosphates involved in initiation (45).
Measurements of RNA synthesis and the pyrophosphate
exchange reaction showed that transcription from E. coli

bacteriophage T, was dependent upon the presence of sigma

4
(46). It was concluded that o was probably necessary for
the formation of the first phosphodiester bond catalyzed
by RNA polymerase.

The asymmetry of RNA synthesis from native DNA is
affected by the presence of ¢ in the reaction. RNA syn-
thesis in vivo is asymmetric and must initiate and

terminate at specific sites on the DNA template. RNA

synthesis in vitro using holoenzyme is asymmetric on
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E. coli bacteriophage T, or A DNA and only the early phage
genes are transcribed (6,47). Also, E. coli holoenzyme
catalyzes asymmetric transcription of DNA from B. subtilis
bacteriophage SP01 (48), and animal viruses SV40 and adeno-
virus (49,50). In contrast, E. coli apoenzyme catalyzes
symmetric transcription from a variety of templates (T4,

Fl, and T, bacteriophage DNA) (47,51,52). RNA synthesis

7
by apoenzyme is initiated at non-specific sites on the DNA
molecules. Therefore, it may be concluded that o affects
a specific interaction between the enzyme and functional
sites on the DNA. The nature of the functional sites
which specify holoenzyme recognition may be the same or
similar on a variety of DNA molecules from different
sources. The functional sites for holoenzyme initiation
may be equivalent to the promotor regions (53). Thus,
sigma may direct the initiation of specific RNA chains by
identifying specific DNA promotor regions to which the
enzyme may bind.

The effect of o on the binding of RNA polymerase
to DNA has been studied by a nitrocellulose filter binding
assay (54,55). It was found that o was not required for
formation of an RNA-polymerase~DNA complex. The stability
of the complex was greatly enhanced, however, by the
presence of 0. The formation of the DNA-RNA polymerase
holoenzyme complex was temperature sensitive which suggests

that a cooperative reaction was involved (39). No more
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than 7 or 8 molecules of holoenzyme could tightly bind to
T7 DNA. These data suggest that ¢ is involved in the
formation of a highly stable enzyme-promotor complex which
may entail opening of the DNA helix in localized specific
regions. |

From the above studies it may be hypothesized that

0 is required for recognition of promotor regions on DNA,
or 0 is required for tight binding of the apoenzyme to the
DNA, or both. By the first hypothesis, the specific infor-
mation for site recognition is located in the o subunit.
By the second, the site recognition information is located
in the apoenzyme. Then, sigma would act as an allosteric
effector for tight, site-specific binding. Sigma, in the
absence of apoenzyme, will not bind to DNA (55).

At some stage of RNA synthesis by E. coli and A.
vinelandii holoenzyme in vitro o is apparently released
from the enzyme (46,52,56,57). This has led to the postu-
lation of the sigma cycle by Traverse and Burgess (56).
The essential feature of the sigma cycle is that once RNA
synthesis starts, sigma is released to bind to other apo-
enzyme molecules which may subsequently bind to DNA at
specific promotor sites and initiate RNA synthesis.
Release of o has not been demonstrated in vivo and there
has been no direct demonstration of the release of ¢ from
holoenzyme in vitro until now (58 and unpublished obser-
vations). The rationale for the release of sigma from

holoenzyme during RNA synthesis remains obscure.
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The incubation of holoenzyme with a variety of
ribopolymers in the absence of nucleoside triphosphates
results in the apparent release of o (36). This suggests
that if 0 release occurs in vivo it may be mediated by
RNA. However, much of the RNA synthesized in vivo is
bound to either ribosomes in the case of messenger RNA
(57) or protein in the case of ribosomal RNA (60) prior to
release from the DNA-enzyme-RNA complex and, thus, the

RNA may be unavailable for mediation of ¢ release in vivo.

Psi

A class of proteins which act as positive control
elements in transcription have been isolated. These pro-
teins which act as secondary specificity determinants have
been named psi (¥) (61). One such psi factor which is
specific for the ribosomal RNA genes (Wr) has been parti-

ally purified from E. coli (61). In the presence of Wr,
but not in its absence, E. coli RNA polymerase holoenzyme

catalyzes the synthesis of ribosomal RNA in vitro using

E. coli DNA as the template. The specificity of transcrip-

tion by apoenzyme is not affected by Wr.
¥  activity has been found to be associated with
r

purified Q8 replicase (61). The RNA replicating enzyme

purified from bacteriophage QB infected E. coli contains

a phage specific polypeptide chain of 69,000, and three

host specific polypeptides of molecular weights 33,000,
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47,000, and 74,000 (62,63). The Wr activity is associated
with the two small host specific polypeptides.

Another psi-like factor which has positive control
over the lac operon is CAP (64). CAP is a protein which
requires bound cyclic AMP for its activity. The cyclic
AMP-CAP complex is necessary for the transcription of the

B-galactosidase genes by holoenzyme in vitro (65).

Rho

RNA chain termination and release may, in part, be
mediated by a protein isolated and extensively purified
from E. coli ribosome-free extracts. This protein has
been named rho (p) (66). The protein is probably composed
of four subunits each with a molecular weight of 50,000 as
determined by SDS-polyacrylamide gel electrophoresis and
sedimentation velocity experiments. Analysis of the size
of RNA transcription products formed by E. coli holoenzyme
using A DNA as the template in the absence of added p
determined that most of the RNA products had sedimentation
coefficients which were greater than 22 S. 1In the presence
of added p, two classes of RNA having sedimentation coef-
ficients of 7 or 12 S were formed. The 7 and 12 S RNA
products made in vitro are the same size as the early A-
specific messenger RNA made in vivo. The 12 S RNA molecule
is probably the messenger RNA of the N gene of A DNA. The
Protein product of the N gene is required for transcription

of the late A genes in vitro by E. coli holoenzyme (67).
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Thus, it has been suggested that the N gene protein is an
anti-p factor, a protein which interferes with the activity
of p and permits DNA transcription into the late A genes

(67,68) .

M-factor

Psi and rho proteins were obtained from the super-
natant fraction of E. coli cells. Another protein, M-
factor, has been purified from the ribosomal fraction of
the cell (69). Like sigma, M-factor is a protein which
has a sedimentation coefficient of 4 S and increases the
rate of RNA synthesis by E. coli RNA polymerase holoenzyme
in vitro. M-factor binds to purified E. coli RNA poly-
merase holoenzyme. The available data suggest that M-
factor participates in RNA synthesis in vitro by combining
with holoenzyme and affecting an event which occurs during

or close to initiation (70).
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Inorganic pyrophosphate (PP;) is a product of many biosynthetic
processes. In biopolymer formation PP, arises (a) in protein synthesis
at the stage of amino acid activation, (b) in nucleic acid synthesis at,
the polymerization step, (c) in polysaccharide synthesis and saccharide
interconversion in the formation of the glycosyl donor, and (d) in lipid
synthesis at the stage of fatty acid activation.

The usual method of PP, analysis involves its hydrolysis to inorganic
orthophosphate (P,) followed by P, determination by the Fiske and
SubbaRow method (1). Both inorganic and organic phosphate com-
pounds interfere in this analysis.

Albrecht, Bass, Seifert, and Hansen (2) reported the purification and
erystallization of UDP-glucose pyrophosphorylase from calf liver, The
availability of this crystalline enzyme has made possible the develop-
men'. of 8 specific enzymic mcthod for the detelmmatwn of PP;. Using

ase and gl 6 hate dehydrog both of
which are commercially mmlnble, and UDP-glucose pyrophosphorylase,
PP can be quantitatively determined from the amount of NADPH
formed in the following series of reactions:

T
pyrophosphorylase
PP, + UDP-glucose ——————— UTP + glucose-1-P
phosphoglucomutase
1 1P shar g 6-P

iyitorae
glucose-6-P 4+ NADP ———————— gluconolactone-6-P + NADPH
Under suitable assay conditions, one equivalent of NADPH will be
formed per equivalent of PP.
This e, the d ination of PP, with the forma-
137
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tion of NADPH via the three enzyme-catalyzed reactions, can also be
used as an assay for enzymes which generate PP; as a reaction product.
A description of the enzymic method for the determination of PP; and
the application of the method for the assay of DNA-dependent RNA
polymerase is the subject of this report.

MATERIALS AND METHODS

NADP, UDP-glucose, glucos phosphate dehydrogenase, and the 5-
phosphate derivatives of adenosine, guanosine, uridine, and eytidine were
obtained from P-L Biochemicals, Ine. Calf thymus DNA, pancreatic
RNase (type I-A), and phosphoglucomutase were purchased from Sigma
Chemical Co. DNase I (electrophoretically purified) and inorganic
pyrophosphatase were obtained from Worthington Biochemical Corp.
[*H]-ATP and [*H]-CTP were purchased from Schwarz BioResearch,
Tne. Actinomycin and nogalamycin (3) were gifts from Merck, Sharp,
& Dohme, and The Upjohn Company, respectively

UDP-glucose pyrophosphorylase was isolated from calf liver by the
procedure of Albrecht, Bass, Seifert, and Hansen (2) and recrystallized
twice. RNA polyme was purified from Pseudomonas putida A3.12
by a procedure that will be the subject of another communication (4).
For the experiments reported here, ammonium sulfate fraction II (A.8.II)
of RNA polymerase was used. No inorganic pyrophosphatase activity
has been detected in this fraction. Using 100 ug/ml P. putida bacte-
riophage gh-1 DN. template, A.S.IT had a specific activity of 2500~
3000 mpumol TP converted into a trichloroacetic acid insoluble form per
hour per milligram protein (radioactive assay). In the spectrophotometric
assay, A.SII had a specific activity of 5000-5500 mpmoles NADPH
formed per hour per milligram protein.

P. putida bacteriophage gh-1 DNA (5, 6) was purified by the method
described by Thomas and Abelson (7). The concentrations of both gh-1
DNA and calf thymus DNA were determined from their ultraviolet ab-
sorptions using the extinction coefficient, F.40*% = 200. Calf thymus DNA
was denatured by heating at 100° for 10 min, followed by quick cooling.

For the determination of PP, by the UDP-glucose pyrophosphorylase
assay system, the reaction mixture contained, in 0.5 ml: 50 pmoles Tris
acetate buffer (pH 8.0), 1 ymole magnesium acetate, 0.2 umole NADP,
0.2 pmole UDP-glucose, excess phosphoglucomutase and glucose-6-phos-
phate dehydrogenase, from 5 to 20 mumoles PP;, and enough UDP-
glucose pyrophosphorylase so that reaction was complete in 15 to 30 min.
NADPH formation was measured at 340 mu in a Beckman
spectrophotometer equipped with a Gilford automatic sample
- and recorder (8). Calculation of the number of mpumol
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was made using the molar extinction coefficient of 6.22 X 10° (9).

reaction mixture employed for the formation of RNA com-
entary to DNA by RNA polymerase contained, in 0.5 ml: 10 pmoles
acetate buffer (pH 8.0), 1 umole magnesium acetate, 0.25 pmole
manganese acetate, 0.2 umole each of ATP, GTP, CTP, and UTP, 0.1
ymole NADP, 0.1 pmole UDP-glucose, excess phosphoglucomutase,
glucose-6-phosphate dehydrogenase, and UDP-glucose pyrophosphoryl-
ase, 65 ug gh-1 DNA, and 4 to 17 ug RNA polymerase. Before initiating
RNA synthesis with RNA polymerase, a 20 min incubation was required
{0 allow reaction of PP, contaminating the nucleoside triphosphat
NADPH formation was measured at 340 mpu in the spectrophotometric
assay. For the radioactive assay, [*H]-CTP (5% 10° cpm/umole) or
['H]-ATP (3 X 10° cpm/umole) was used. Material, insoluble in 10%
cold trich] ic acid, was collected on nitrocellul b filters
and assayed for radioactivity in a liquid scintillation spectrometer.

The reaction mixture for polyriboadenylate (poly A) synthesis by
RNA polymerase contained, in 0.5 ml: 10 pmoles Tris acetate (pH 8.0),
1 pmole magnesium acetate, 0.25 umole manganese acetate, 0.2 pmole
ATP, 0.1 ymole NADP, 0.1 umole UDP-glucose, excess phosphoglu-
comutase, gl 6-phosph lehydrogenase, and UDP-glucose pyro-
phosphorylase, 50 ug heat-denatured calf thymus DNA, and 70 ug RNA
polymerase. For the radioactive assay, ["H]-ATP (1 X 107 cpm/umole)
was used.

RESULTS

Determination of Inorganic Pyrophosphate by the Pyrophosph ylase
Assay System. The results presented in Table 1 demonstrate the equiv-
alence between PP, added to the pyrophosphorylase assay system and
NADPH formed. For the three experiments reported, using from 5 to
20 mumoles of PP, per assay mixture, an equivalent amount of NADPH
Was formed. An equivalence between PP, and NADPH was also found
when P, 5-mono-, di-, or triphosphate derivatives of adenosine or
uridine, a mixture of the four nucleoside triphosphates, RNA polymerase,

TABLE 1
Determination of Inorganic Pyrophosphate by Pyrophosphorylase Assay System
PP added, mumoles NADPH formed, mumoles

Expt. 1 Expt. IT Expt. 111 Expt. [ Expt. IT Expt. 11T
5.0 5.2 5.6 4.9 5.0 5.3
10.0 10.0 10.0 10.1 10.0 10.4
15.0 15.0 15.1 14.8 15.2 16.0
20.0 20.0 20.2 19.5 21.1 20.0
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TABLE 2
Effect of Various Agents on Determination of Inorganic Pyrophosphate

Adc pyrophosphorylase NADPH,
assay 'm ‘mumoles.
15 mumoles PPy 15.0-15.5

+150 mumoles Py 15.5

+15,000 mumoles P; 148
15.0

16.2

15.9

145

15.3

14.5

14.6

16.1

16.1

or denatured calf thymus DNA were added to the assay mixture (Table
2). In other experiments, it was shown that actinomycin or nogalamyein
do not interfere in PP, determination.

Spectrophotometric Assay for RNA Polymerase. The requirements for
the reduction of NADP by the pyrophosphorylase assay system con-
comitant with the generation of PP; by RNA polymerase were deter-
mined. The results are given in Tables 3 and 4. If RNA polymerase, gh-1
DNA, the four nucleoside triphosphates, the purine nucleoside triphos-
phates, or the pyrimidine nucleoside triphosphates were omitted from the
reaction mixture, no NADPH was formed (Table 3). As shown in
Table 4, when DNase, inorganic pyrophosphatase, actinomyein or
nogalamyein was added to the reaction mixture, little or no NADPH was
formed. However, when RNase was added to the reaction mixture, the
formation of NADPH was stimulated. The stimulatory effect of RNase
on PP, formation by RNA polymerase has been reported by Krakow
(10) and Maitra and Hurwitz (11).

In Figure 1 the relationship between the rate of NADPH formation

Components of
reaction mixture

Complete
—RNA polymerase
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TABLE 4
i Effect of Various Agents on NADPH Formation
Concomitant with Synthesis of RNA

Componante of NADPH,
‘mixture ‘mumoles/min /ml

+12 units/ml inorganic pyrophosphatase
+4 ug/ml actinomyein
+5 ug/ml nogalamycin

and the amount of added RNA polymerase is given. Under the assay
conditions employed, the relationship was linear to the formation of 2
mpmoles NADPH /min/ml.

The total amount of RNA synthesized is proportional to the amount
e (¥ of RNA polymerase used (12, 13). Likewise, the total amount of
s NADPH formed was proportional to the amount of RNA polymerase
4 added to the assay system. For example, when 8.5, 17, 25.5, and 34 pg/ml
RNA polymerase were used, 19, 34, 50, and 64 mpmoles/ml NADPH
e Vere formed, respectively.

ol The kinetics of NADPH formation as measured in the spectrophoto-
metric assay and RNA synthesis as measured by the conversion of [*H]-
e m and [*H]-ATP into a trichloroacetic acid insoluble form are given
in Figure 2. Following a short lag, the rate of NADPH formation was

cocorom

#
i;:, 24 mumoles/min/ml. The rates of incorporation of CMP and AMP were
- 1.1 and 0.6 mumoles/min/ml, respectively. At the plateau, approximately
DW" 60 mumoles/ml of NADPH was present, and 16 and 9 mpmoles/m] of
por CMP and AMP had been incorporated into RNA.
o ¥ )
i €0
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Fia. 1. Proportionality between rate of NADPH formation and amount of RNA
Polymerase.
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For comparison of the results of the two assay procedures, it should be
pointed out that the spectrophotometric assay measures the formation
of NADPH as a consequence of the production of PP, by RNA polymer-
ase. PP, generated by RNA polymerase concomitant with the
corporation of each of the four nucleotides into the intrachain phospho-
diester link of RNA. No distinction is made between the synthesis of

ichloroacetic acid soluble or insoluble polyribonucleotides. The radio-
active assay measures the incorporation of one of the four nucleotides
into polynucleotides which are insoluble in trichloroacetic acid. Syn-
thesis of oligo- or polynucleotides which are soluble in trichloroacetic
acid is not detected.

-
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Fio. 2. Time course of NADPH formation and CMP and AMP incorporation
into RNA.

The base composition of the RNA product has not been determined
and is not necessarily identical to that of gh-1 DNA (mole % G 4+C =
57.0) which served as template (5). However, if it is assumed that the
base composition of RNA is the same as the gh-1 DNA template, the
total nucleotides incorporated into the TCA insoluble RNA product may
be calculated from the amount of CMP and AMP incorporated. This
amounts to 56 mpmoles/ml from the CMP data and 41 mumoles/ml
from the AMP data. The former estimate is in good agreement; the latter
is somewhat lower than the amount of NADPH found in the spectropho-
tometric assay. However, the fact that the estimate of the total
nucleotides incorporated into RNA is different when calculated from the
CMP data and AMP data indicates that the assumption use in ﬁ,ﬂ
calculation, i.e., that the base compositions of the product and t ¢
are identical, is not valid.

‘The spectrophotometric assay for RNA polymerase was use
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i i i with the g ion of PP; during
is of polyriboadenylate (poly A). The kinetics of NADPH
and [*H]-AMP incorporation into poly A are presented in
3. The initial rates of NADPH formation and AMP incorporation
equal. However, somewhat more NADPH was present near the end
the reaction—indicating the synthesis of some trichloroacetic acid
poly A or the incorporation of UTP, produced in the UDP-
glucose pyrophosphorylase reaction, into polymer. No NADPH was
formed when RNA polymerase was omitted from the reaction mixture or
when unheated calf thymus DNA was used in place of heat-denatured
alf thymus DNA.

s
it

el

—~ 100 NADPH
E
3 /
3 s
S so}
g el
£ =<0 ||
E //—’
= -7
g ool £
i
5
T 4o
a
1}
2 o
20 &/ NADPH (minus RNA polymerase
/ or with unheated
/ / calf thymus DNA)
/

60 120 180
TIME, in minutes

Fio. 3. Time course of NADPH formation and AMP incorporation into poly A.

DISCUSSION

The determination of PP, via the action of UDP-glucose pyrophos-
phorylase, phosphoglucomutase, and glucose-6-phosphate dehydrogenase
has proved to be accurate, sensitive, and specific. The method is limited
only by the sensitivity of the quantitative determination of NADPI
and by the specificity of the enzymes. Neither P, nor any of the organic
Phosphate compounds tested interfered with PP, determination.

enzymic method for measuring PP has been adapted for use as
an assay for RNA polymerase. Using this method, the formation of
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NADPH—as a consequence of the generation of PP, by RNA polymer-
ase—can be easily measured at a rate of 0.1-0.2 mpmole/min/ml. Fur-
thermore, the enzymic assay procedure permits a continuous monitoring
of the RNA polymerase reaction. Consequently, a study of the reaction
kinetics under a variety of conditions can be conveniently performed. In
addition to these attributes, the spectrophotometric assay has certain
advantages over the radioactive assay. The amount of NADPH formed
is a direct m re of the total nucleotides incorporated into the intra-
chain phosphodiester link of the polyribonucleotide product. In the
radioactive assay, a knowledge of the base composition of the product is
required in order to calculate the amount of polymer formed from the
incorporation of one nucleotide. Furthermore, the solubility of the
polymer produet in trichloroacetic or perchloric acid is not a factor in the
spectrophotomet s in the radioactive assay.

The enzymic mdhod for the determination of PP; should find applica-
tion for the y of many enzymes which generate PP, as a reaction
product. Some examples are DNA polymerase (14), RNA- dependent
RNA polymerase (15) polyriboadenylate polym
acyl-sRNA synthetases (17), and the fatty acid a

Although PP, is a product of many biosynthetic processes, the intra-
cellular concentration of PP, is low due, supposedly, to the action of
ubiquitous inorganic pyrophosphatases (19). The hydrolysis of PP; may
be considered to be an energetically wasteful process since the energy
of the anhydride bond is lost as heat. However, in the phosphorylation
of glucose in liver microsomes (20) and in the formation of phos-
phoenolpyruvate in the propionic acid bacteria (21) PP, serves as an
energy source. Futhermore, PP, has been implicated in photophos-
phorylation in Rhodospirillum rubrum (22) and in oxidative phos-
phorylation in Acetobacter suborydans (23) and in Escherichia coli
(24). Knowledge of the intracellular levels of PP, in a variety of orga-
nisms might provide a clue to the metabolic fate of PP,. Methods have
not been available that are sufficiently sensitive or specific for the de-
termination of PP; in biological material. The use of this present pro-
cedure, which is limited only by the sensitivity of the quantitative
determination of NADPH and by the specificity of the enzymes, could
help clarify the function of PP, in metabolism.

SUMMARY
1. An enzymic method for the determination of PP, has been devel-
oped. PP, can be quantitatively estimated from the amount of Nm
formed via the action of UDP-glucose pymphusphoryhn, 0
glucomutase, and glucose-6-phosphate dehydrogenase.
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i tha orpme phosphate compounds tested interfered in the PP,

mnhod has been used for the assay of DNA-dependent RNA

coupling the generation of PP, by RNA polymerase
NADPH formation. The RNA polymerase catalyzed syntheses of
and polyriboadenylate have been assayed by this procedure.
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SUMMARY

Two forms of RNA polymerase (nucleoside triphosphate-
RNA nucleotidyltransferase, EC 2.7.7.6) from Pseudomonas
putida were resolved by chromatography in 50% glycerol on
phosphocellulose and purified. As determined by sodium
dodecyl sulfate-polyacrylamide disc gel electrophoresis, the
subunit structures of the two forms of the enzyme were
a:33'c and a,88’. The molecular weights of a, 8, 8’, and ¢
were 44,000, 155,000, 165,000, and 98,000, respectively. The
sedimentation coefficients of «,33’c and «.33’ as determined
by sucrose gradient centrifugation in 0.40 M potassium acetate
were 13 S and 12 S, respectively, but in 0.05 M potassium ace-
tate, the sedimentation coefficients were 19 S and 25 S.
Similar results were obtained by analytical ultracentrifuga-
tion. Multiple protein bands resulted from polyacrylamide
disc gel electrophoresis of a,38’c and «»33’. Each band was
enzymatically active in the unprimed synthesis of poly A - poly
U. RNA polymerase a,38’c was 4- to 5-fold more active in
transcribing P. putida bacteriophage gh-1 DNA and coliphage
T.DNA than was a,88’. With calf thymus DNA as a tem-
Plate, the two forms were equally active in RNA synthesis.
With denatured DNA or poly d(A-T), .83’ was twice as
active as was a,88'c. The rates of the DNA-directed polym-
erization reactions catalyzed by «,33'c and a.33’ were af-
fected differently by added RNase. The initial rate of the
Teaction catalyzed by «.33’c was increased 10%, whereas
that catalyzed by a,88’ was increased 80 to 110%.

DNA-dependent RNA polymerase (ribonucleoside t.l'ithOh:-
phate-RN A nucleotidyltransferase, EC' 2.7.7.6) has been puri-
fied and characterized from a number of bacterial sources (1-6).
The enzyme from Escherichia coli has been the most extensively
Studied. It has been purified by a variety of procedures (1,
7-16), and its catalytic and physical properties have been studied
by a number of laboratories (9,10, 12, 13, 17-21).

A method utilizing phosphocellulose chromatography for the

* This work was supported in part by Grant GB-7914 from t‘h‘e
I\“!i(’ﬂ&l Science Foundation. This is Michigan Agriculture kEx-
Periment Station Article 5112.

purification of E. coli RNA polymerase has been described by
Burgess (22). The subunit structure of enzyme prepared by this
method, designated core enzyme, was a,88’ (23). Burgess,
Travers, Dunn, and Bautz (24) showed that o, a subunit which is
involved in the initiation of RNA synthesis, was separated from
the core enzyme by phosphocellulose chromatography. The
subunit structure of the holoenzyme or complete enzyme was
asBf’a. At the present time, only the subunit structure of the
E. coli enzyme has been documented in detail. Knowledge of
the structural as well as the catalytic properties of RNA polym-
erase from other sources must be acquired before a generalized
view of structure and function in the transcriptional process can
be set forth.

This report describes the purification of RNA polymerase from
Pseudomonas putida. Two forms of the enzyme have been re-
solved by phosphocellulose chromatography. Each form has
been characterized with respect to its subunit composition and
certain of its physical and catalytic properties.

EXPERIMENTAL PROCEDURE

Materials—Whatman DEAE-cellulose (DE-1) and phospho-
cellulose (P-1) were purchased from Reeve Angel, New York,
New York. UDP-glucose, NADP, glucose 6-phosphate dehy-
drogenase, dithiothreitol, and the unlabeled 5'-phosphate de-
rivatives of the ribonucleosides were obtained from P-L Bio-
chemicals. 3H-Labeled ribonucleotides were from Schwarz
BioResearch. Calf thymus DNA, herring sperm DNA, pan-
creatic RNase (type I-A), and phosphoglucomutase were from
Sigma. Pancreatic DNase I (electrophoretically purified) and
catalase were obtained from Worthington. UDP-glucose pyro-
phosphorylase was isolated from calf liver (25) and recrystal-
lized twice. RNA polymerase from E. coli K-12 was a gift from
C. Scharrenberger and E. K. F. Bautz, Rutgers University.
Poly d(A-T) was purchased from Miles Laboratories, Inc., Elk-
hart, Indiana. Actinomycin D and nogalamycin were gifts
from Merck Sharpe and Dohme and The Upjohn Company,
respectively. Rifampicin was purchased from Mann. Acryla-
mide and bis-acrylamide were from Canalco, Rockville, Mary-
land, and recrystallized according to the procedure of Loening
(26). Ethidium bromide and Coomassie brilliant blue were
obtained from Calbiochem and Colab Laboratories, Inc., Glen-
wood, Illinois, respectively. Diethyloxydiformate was pur-
chu<ed from Naftone, Ine., New York, New York. Nitrocellu-
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lose wembrane filters, type B-6, were from Schleicher and
Schuell, Inc., Keene, New Hampshire.

Growth of P. putida—P. putida (the same or similar to ATCC
12633) was grown in 100-liter volumes in a New Brunswick
Fermacell, model F-130. The growth medium contained the
following in grams per liter: yeast extract, 5; glucose, 8; NaCl, 8;
(N}];)Q}IPOJ, 6; KH,PO,, 3; :\IgSO|7HzO, 1; and FeCl;, 0.005.
The cells were grown at 33° with aeration at 8 to 10 cu ft per min
into the early stationary phase and then harvested in a Sharples
centrifuge. The 1800 to 1900 g (wet weight) of packed cells
were stored at —20°.

Preparation of DNA and RN A—P. putida bacteriophage gh-1
DNA (27, 28) and E. colt bacteriophage T« DNA were purified
by the method of Thomas and Abelson (29). Calf thymus DNA
was further purified by SDS'-phenol extraction. P. putida DNA
and E. colt *H-DNA were prepared by the procedure of Thomas,
Berns, and Kelly (30). After RNase treatment and phenol
extraction, the DNA preparation was mixed with diethyloxydi-
formate and incubated at 22° for 30 min. Following phenol
extraction, ethanol precipitation, and isopropyl alcohol fractiona-
tion, the DNA was dissolved in a buffer containing 0.01 M Tris
acetate (pH 8.0), and 0.1 M sodium acetate and dialyzed for 10
hours. Denatured DNA was prepared by heating dilute solu-
tions of DNA at 100° for 20 min, followed by quick cooling in
ice water. E. coli-soluble and ribosomal 3H-RN A were prepared
as described by Payne and Boezi (31), Native DNA and RNA
toncentrations were determined spectrophotometrically based
on the extinction coefficient Eif = 200.

Radioactive Assay of RN A Polymerase—The radioactive assay
of FNA polymerase measured the incorporation of CMP into a
form insoluble in trichloracetic acid. The reaction mixture
contained 20 mym Tris acetate (pH 8.0), 4 mM magnesium ace-
tate, | mM manganese acetate, 60 mM ammonium acetate, 0.4
my each of ATP, GTP, CTP, and UTP, and 110 ug per ml of
DNA and RNA polymerase. CTP was labeled with *H at 5 X
I epm per nmole. Incubation was at 30° for 10 min unless
otherwise indicated. After incubation, 50- to 250-ul samples
of the reaction mixtures were mixed with 100 ul of 0.1 SDS.
Cold 107 triehloracetic acid (5 ml), which had been filtered
through Celite, and 250 ug of herring sperm DNA were added.
After 15 min at 0~4°, insoluble material was collected on a nitro-
cellulose membrane filter. The filter was washed with four 5-ml
portions of cold 10¢; trichloracetic acid, dried, and then moni-
tored for radioactivity in a liquid scintillation spectrometer.
The scintillation fluid (5 ml) contained 4 g of 2,5 bis[2-(5-tert-
bllt.\‘l~benzoxazolyl)]thiophene per liter of toluene. One unit of
RNA polymerase activity was defined as that amount of enzyme
which catalyzed the incorporation of 1 nmole of CMP per hour
4t30°. The specific activity was the number of units per mg of
brotein.  Protein concentrations were determined by the method
of Lowry et al. (32) with bovine serum albumin as a standard.

Spectrophotometric Assay of RNA Polymerase—The spectro-
photometric assay of RNA polymerase as described by Johnson
f{ al. (33) coupled the formation of inorganic pyrophosphate to
NADP* reduction. In addition to the components used in the
n}dioactive assay, the reaction mixture contained 0.2 mM
NADP*, 0.2 mu UDP-glucose, and excess phosphoglucomutase,
Blucose 6-phosphate dehydrogenase, and UDP-glucose pyrophos-
phorylase. Incubation was at 30°. Calculation of the number

! The abbreviation used is: SDS, sodium dodecyl sulfate.
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of nanomoles of NADPH formed was made with the molar extine-
tion coefficient of 6.2 X 10? (34).

Assay of Other Enzyme Activities—The assay for exo- and endo-
DNase and RNase measured the solubilization of *H-DNA
and *H-soluble RNA and *H-ribosommal RNA. An additional
assay for endonuclease measured the change in sedimentation
patterns of *H-DNA in alkaline sucrose gradients. Inorganic
pyrophosphatase was determined by measuring the change in
inorganic pyrophosphate by using the coupled UDP-glucose
pyrophosphorylase assay system (33). ATP-AMP phospho-
transferase was measured by the formation of *H-ADP from 3H-
ATP and AMP. Enzymes which hydrolyze the ribonucleoside
triphosphates were measured by the formation of ribonucleoside
mono- and diphosphates which were identified by paper chroma-
tography in isobutyric acid-NH,OH-H;0 (66:1:33). ATP-RNA
adenylyltransferase was measured as described by Payne and
Boezi (31). C(atalase was determined spectrophotometrically
by measuring the disappearance of H,O0, at 240 nm. UDP-
glucose pyrophosphorylase was measured as described by Al-
brecht et al. (25).

Polyacrylamide Disc Gel Electrophoresis—Polyacrylamide gels
were prepared according to the general procedures of Davis (35)
and Ornstein (36). Clear gels were prepared from a solution
which was 3.75% in acrylamide by mixing together 1 part water,

T

gh-!
calf thymus

%5
q
5 3
M KCI 2
41 1
ol_—o
3

CMP INCORPORATION (CPM x 10°3)

ABSORBANCE AT 280 nm

50 100
FRACTION NUMBER

F1G. 1. Phosphocellulose chromatography of DEAE-cellulose
fraction. Dialyzed DEAE-cellulose fraction (960 ml) was applied
at 3 ml per min to a phosphocellulose column (5 X 40 cm) which
had been equilibrated with phosphate-glycerol buffer (0.02 m
potassium phosphate, pH 7.5, 0.005 M 2-mercaptoethanol, 0.0001 m
EDTA, and 50% glycerol (v/v)). Following application of the
enzyme fraction, the column was washed with 4 liters of the phos-
phate-glycerol buffer at a rate of 5 ml per min. A linear 4-liter
gradient from 0.0 to 0.4 M KCI in phosphate-glycerol buffer was
used to elute RNA polymerase. The column was developed at 6
ml per min and 170 fractions of 20 ml each were collected.
O-—-0, absorbance at 280 nm; A— —A, CMP incorporation with
gh-1 DNA as the template; ® —— @, CMP incorporation with calf
thymus DNA as the template; A——A, KCI concentration as
determined from conductivity measurements; B——® (in the
inset), the ratio of CMP incorporation with gh-1 DNA as the
template to that with calf thymus DNA as the template. For the
assay of RNA polymerase, 10-ul samples of the fractions were as-
sayed in 60-ul reaction mixtures according to the method described
under “Radioactive Assay of RNA Polymerase.” Fractions 93
through 115 (Phosphocellulose Fraction I) and 140 through 153
(Phosphocellulose Fraction IT) were pooled.

150
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I part Solution A (36.3 g of Tris, 0.23 ml of N N . N, V' -tetra-
nmethylethylenediamine, 48 ml of 1 x HCL and water to a total
of 100 ml), 2 parts Solution B (15.0 g of acrvlamide, 0.55 g of
bisaeryvlamide, and water to 100 mb), and 4 parts Solution €
(0.14 ¢ of ammonium persulfate and water to 100 ml).  Glass
tubes with an internal dizimeter of 5 mm were filled with the gel
Witer was lavered on top of the gel
Following polymerization,

mixture to a height of 7 em.
mixture to form a level interfuce.
the gels were brought to the temperature of electrophoresis and
then subjected to electrophoresis for 30 min at 3 ma per gel prior
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Fis. 2. DEAE-cellulose chromatography of Phosphocellulose
Fractions T (upper) and II (lower).  Dialyzed Phosphocellulose
Fraction I (510 m]) was diluted to 1020 ml with Buffer ASH-glye-
erol (0.01 M Tris-HCI, pH 8.0, 0.005 M 2-mercaptoethanol, 0.01 »
MgCls, 0.0001 M EDTA, and 507 glyceeral (v/v)). The diluted
enzyme fraction was applied at 3.3 ml per min to a DEAE-cellulose
column (2.5 X 19 em) which had been equilibrated with Buffer
ASH-glyeerol.  The column was then washed with 90 ml of Buffer
ASH-glveeral. A linear 400-ml gradient from 0.0 to 0.40 M NaCl in
Buffer ASH-glycerol was used to elute RNA polymerase. The
column wis developed at 3.3 ml per min and 125 fractions of 3 ml

each were collected (upper). O—--0O. absorbance at 2580 nm;
@@, CMP incorporation with gh-1 DNA as the template;
A A, NaCl concentration as determined from conduetivity

mensurements. For the assay of RNA polymerase, 5-ul samples
of the fractions were assayed in 60-gl reaction mixtures according
1o the method deseribed under “Radioactive Assay of RNA Polym-
erase.” Fractions 67 through 85 were pooled.  Diulyzed Phos-
phaocellulose Fraction 11 (200 ml) was diluted to 400 ml with Buffer
ASH-glyeerol and applied at 2.5 ml per min to a DEAE-cellulose
column (2.0 X 17 em).  The column was then washed with 80 ml of
Buffer ANH-glycerol. A linear 250-ml gradient from 0.0 to 0.40
NaCl in Buffer ASH-glycerol was used to elute RNA polymerase.
The column was developed at 2.7 ml per min and 130 fractions of 2
ml each were collected (lower). O -—0, absorbance at 280 um;
@ - ®, CMP incorporation with gh-1 DNA as the template;
A——A, NaCleconcentration as determined by conductivity meas-
urements.  For the assay of RNA polymerase, 10-4l samples of
the fractions were assuyed in 60-ul reaction mixtures as deseribed
under cRadioactive Assay of RNA Polymerase.”  Fractions 74
throneh 90 were pooled.
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to sample application.  Following electrophoresis, the protein
wis stained for 4 to 12 hours with 0.3 Coomassie blue in 107
trichloracetie acid containing 3¢, methanol.  Unbound staiy
wits removed by rinsing the gels with 109 trichloracetic acid.
SDR-polvacrylamide dise gel electrophoresis was performed
according to a madification of the procedure of Shapiro, Vinuela,
and Maizel (37).  Aervlamide-SDS mixtures containing 3.75¢,
acrviamide were prepared by the procedure described above with
the exception that Solution A contained 0.8 3 sodium phosphate
(pH 7.1), 08¢, SD3, and 0.23 ml of N ¥ N’ N'-tetramethyl-
ethyvlenediamine per 100 ml of solution.  For acrylamide-SDs
mixtures with 5¢; acrvlamide, Solution B3 contained 20 g of
acrylamide, 0.735 g of bisaervlamide, and water to 100 ml. For
acrvlamide-SDN mixtures with 3¢ acrylamide, Solution B con-
tained 12 g of acervlamide, 0.44 ¢ of bisacrvlamide, and water
to 100 ml.  SDS-polvaerviamide gels 7 or [1 em in height were
prepared.  Following electrophoresis, the SDR-polyvacrylanide
gels which contained 10 pg of protein or more were stained by
the procedure deseribed above,  SDS-polyacrylamide gels which
contained less protein were stained with 0.4 Coomassie blue in
10, trichloracetic actd and 200, methanol for 12 hours. De-
staining was performed by first washing the gels 6 hours i 107,
trichloracetic acid and 33¢; methanol and then rinsing the gels
in 104, trichloracetic acid until areas of the gel without protein

were colorless.
RESULTS

Purification of RN A Polymerase

The entire purification procedure was performed at 0- 47,

Inttial Extract—A block of frozen P. putida cells, 990 g (wet
weight), was cut into small pieces.  Buffer ASH (0.01 » Tris-HCl
(pH 8.0), 0.01 M MgCly, 0.0001 M EDTA, and 0.005 » 2-merexp-
toethanol) was added (990 ml) and the mixture was ~tirred until
a smooth cell suspension wax obtained. The eell suspension was
twice passed through the pressure chamber of a Manton-Gaulin
Ialy homogenizer (38) which wis maintained at 7,000 p.<i. This
process, which provided nearly complete rupture of the cells
resulted in a viscous cell extract. Pancreatic DNase T (0.5 pt
per ml) was added to the cell extract and the mixture was stirred
for 15 min.  Following centrifugation at 12,000 X g for 30 min,
the supernatant fraction was decanted and saved. The pellet
fraction was suspended in 200 ml of Buffer ASH and recentri-
fuged.  The resulting supernatant fraction was ecombined with
the supernatant fraction from the first centrifugation (initial
extract, 2,150 ml).

High Speed Supernatant Fraction—The initial extract w
centrifuged at 78,000 X g for 90 min.  The clear, straw-colored
supernatant fraction was collected by decantation. The I"’“"_‘
fraction was suspended in 200 ml of Buffer ASH and recentt
fuged.  Supernatant fractions from the first and second centnt-
ugations were combined (high speed supernatant fraction, 1M
ml).

Ammonium Sulfate (60°;) Fraction—The high speed superit
tant fraction was diluted with buffer ASH to a protein concentr
tion of 25 mg per ml.  Solid ammonium sulfate (410 g *&
added to the diluted high speed supernatant fraction (2,500 ni
to give 309 saturation. After stirring for 30 min, the e
sion was eentrifuged at 12,000 X g for 30 min. The .*lll""'“”m.II
fraction was brought to 60°; saturation with the addition of 1a
g of ammonium sulfate.  After stirring for 30 min, insoluble
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Tanue 1
Summary of purification

The purification of RNA polymerase through the DEAE-cellu-
e fraction was conducted on material from 990 g (wet weight)
s eells. After this, only one-half of the DEAE-cellulose frac-
tion was processed. RNA polymerase activity was measured
by the method described under ““Radionctive Assay of RNA
Plymerase.”  gh-1 DNA was used as the template.

Enzyme fraction iy fitid ‘mn.u

me mits | units/mg

Initial extract . 13.0 X 104 99 X 10¢ 8

High speed supernatant fraction | 6.1 X 10* 70 x 10* 11

#°; ammonium sulfate fraction.| 5.1 X 104 270 X 10 53

DEAE-cellulose fraction 1.6 X 10* 330 X 10¢ 210
Phosphocellulose Fraction T ‘ 3 16 % 104
Phosphocellulose Fraction IT. . 62 2.6 X 10¢
AE-cellulose Fraction PCI...| 30 9.6 X 104
cellulose Fraction PCIT 22 14 X 10

material, which included RNA polymerase,
centrifugation.  Buffer ASH (800 ml) was added and the mix-
ture was stirred.  The resulting solution was dialyzed for 9 hours
i 12 liters of Buffer ASH (607, ammonium sulfate fraction,
H0 ).

OFAE-cellulose Fraction—Acid- and  base-washed DEAE-
lubse suspended in Buffer ASH was poured intoa column and
yacked under air pressure of 1 to 2 p.si. The packed column
(142 % 60.0 em) was washed with Buffer ASH until the pH of
the outflow was 7.0 to 7.2, The 60; ammonium sulfate frac-
tion was diluted with Buffer ASH to a protein concentration of
S3mg per ml (6 liters) and applied to the column at a rate of 160
lper min. Following application of the diluted enzyme frac-
tion, the column was washed with 16 liters of Buffer ASH con-
taining 0.1 » NaCl. RNA polymerase was eluted with Buffer
ASH containing 0.2 M NaCl.  Fractions containing RNA po-
Iimerase activity were pooled (DEAE-cellulose fraction, 5 liters).

l‘hmphnrrllulosc ['Trl(‘(wna I and [1—Acid- nml base-washed

ied hosih

in
(002w potassium ]!hlr~|vhale (bHL7.5), 0.0001 ¥ L[)I‘\ 0.005 w
Lmereaptoethanol, and 50; glycerol (v /v)), poured into a col-
umn, and packed by gravity. The packed column (3 X 40 em)
was first washed with 750 ml of phosphate-glycerol buffer con-
taiing 0.5 KCland then with phosphate-glycerol buffer until
chlride ion was no longer detected in the outflow. The pH of
\hu outflow 75.

i-cellulose fraction was dialyzed for 12 hours in 50
liters of & buffer containing 0.01  Tris-HCT (pH 8.0), 0.0001
EDTA, and 0.001 w 2-mercaptoethanol. Dialysis was con-
tined for 20 hours with one buffer change in 20 liters of phos-
thateglycerol buffer. During  dialysis  against  phosphate-
dicerol buffer, the DEAE-cellulose fraction was reduced in
volume to 1620 ml.

Glycerol (300 ml) was added to the dialyzed DEAE-cellulose
miction. The fraction was divided into two equal parts. One
Dart (960 ml) was stored at —20° for processing at a later date.
The other part was applied to the phosphocellulose column at a
e of 3 ml per min. Following application of this enzyme
faction, the column was washed with 4 liters of phosphate-

was collected by

J. C. Johnson, M. DeBacker, and J. A. Boezi

1225

Fia. 3. Schlieren sedimentation patiern of Fractions PCI
(upper) and PCII (lower). Fraction PCI at a concentration of 3.4
mg per ml in a buffer containing 0.05 x Tris acetate (pH 8.0), 0.01
» magnesium acetate, 0.001 M 2-mercaptoethanol, and 0.40 s pe
tassium acetate was centrifuged at 4.6 in a Kel F centerpicce in
the An-D rotor of the Spinco model £ analytical ultracentrifuge.
The picture was taken at 20 min after reaching a speed of 56,000

i stem was used and the phase plate
. Fraction PCIT at a concentration of 3.3 mg per ml
in'a buffer containing 0.05 u Tris-HCI (pH 8.0), 0.01 x magnesium
chloride, 0.001 » 2-mercaptoethanol, and 040 s potassium chlo-
ride was centrifuged at 20.1° in the Kel F centerpiece in the An-D
rotor of the Spinco model [ analytical ultracentrifuge. The pic-
ture was taken 38 min after reaching a speed of 56,000 rpm.

glycerol buffer at a rate of 5 ml per min. A linear gradient from
0.0 to 0.4 M KCl in phosphate-glycerol bufier was used to elute
RNA polymerase (Fig. 1). Two peaks of RNA polymerase
activity were resolved.  The first peak eluted at 0.18 M KCI
and the second eluted at 0.30 M KCL - Fractions of the first peak,
which had a ratio of enzyme activity of 3.0 with gh-1 DNA
template to that with calf thymus DNA as template, were pooled
(Fraction PCI, 480 ml). Fractions of the second peak, with an
enzyme activity ratio of 0.5, were pooled (Fraction PCIT, 200 ml).

DEAE-cellulose Fractions PCI and PCII—DEAE-cellulose
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suspended in Buffer ASH-glycerol (Buffer ASH with 50¢;
glyeerol (v/v)) was used to prepare two columns.  The columns,
2.5 X 19 em and 2.0 X 17 em, were first washed with 200 ml of
Buffer ASH-glyeerol containing 0.5 M NaCl, followed by 500 ml
of Buffer ASH-glycerol.

In preparation for chromatography, Phosphocellulose Frac-
tions T and II were each dialyzed for 10 hours in 10 liters of
Buffer ASH-glycerol, and then were diluted 2-fold.  Phospho-
cellulose Fraction I was applied to the larger DEAE-cellulose
column and Fraction Il to the smaller column. After each
column was washed with a column volume of Buffer ANH-
glycerol, RNA polymerase was eluted with a linear gradient of
0.0 to 0.4 M NaCl.  The elution profiles are presented in Fig. 2.
For both columns, the peak of RNA polymerase activity was
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cipitate which formed wis collected by centrifugation at 20,000
% g for 20 min and was dixsolved in a buffer containing 0.05
Tris acetate (pll 8.0), 0.01 M magnesium acetate, 00001 y
EDTA, 0.001 v dithiothreitol, and 50¢; glyeerol at a protein
concentration in excess of 10 mg per ml. The enzyme fraction
from each column was dialyzed for 12 hours in 200 ml of the sume
buffer (DEAE-cellulose Fraction PCIL, 1.95 ml, and DEAE-cellu-
lose Fraction PCII, 1.35 ml).

Summary and Comments on Purification—A summary of the
purification is presented in Tuble . The determination of RN\
polymerase activity in the enzyme fractions through the DEAE-
celllose fraction is complicated by the presence of several
contaminating enzyme activities, such as DNase and RNuse,
and by fragments of P. putida DNA,

eluted at 0.17 M NaCl.  Peak fractions from each column were
pooled and dialyzed for 10 hours in 2 liters of a solution at 75¢,
saturation with ammonium sulfate.  The white flocculent pre-

P. putida cell rupture by means of the Manton-Gaulin b
homogenizer wax easy and ethicient.  One kilogram of frozen
cells could be broken in a few minutes and cell rupture was es-
sentially complete as judged from the direct microscopic obwer-
vation of the broken cell suspension.

Phosphocellulose  chromatography  was  performed in 507,
glveerol to stabilize the enzyme and to prevent the conversion of
Fraction PCL to Fraction PCIL. When purified Fraction P(C]
wix chromatographed on phosphocellulose in 30¢, glyeeral, it
remained intact and eluted as 4 single peuk.  When Fraction PC1
was chromatographed in 5, glveerol, some conversion to Frae-
tion PCIH was obzerved.

Criteria of Purity—The purity of RNA polymerase Fractions
PCT and PCII was evaluated by the following eriteria. At the
final step of the purification, chromatography on DEAE-cellu-
lose, specific enzymatic activity was constant throughout the
peak fractions (Fig. 2).  In buffers containing 0.4 » salt, a single
symmetrical schlieren pattern was observed in the analytical
ultracentrifuge (Fig. 3). In polvacerylamide dise gel electro-
phoresis, comigration of protein and enzymatic activity were
found.

1
NADPH (nmoles/min)

a ABSORBANCE AT 240 nm

In SDS-polvacryvlamide dise gel electrophoresi, only
subunits which were derived from RNA polymerase were ob-
served.  Data for the last two criteria are given below.

Fractions PCI and PCII were examined for the presence of
contaminating enzymes which might interfere in the assay of
RNA polvmerase. No DNase and RNase activities were
detected.  When 5 to 25 times the amount of protein ordinarily
used in the assay for RNA polymerase was incubated for 4 hours
with 2H-DNA or with *H-soluble or 3H-ribosomal RNA, wo
radioactivity was solubilized. Also, the alkaline sucrose grv
dient profile of 3H-DNA was unchanged after incubation with
Fraction PCI or with Fraction PCIL. Other activities which
were not detected were inorganic pyrophosphatase, ATPAMP
phosphotransferase, ATP-RNA  adenvivitransferase, and en-
zymes which hydrolyze the ribonueleoside triphosphates to ther
mono- or diphosphate derivatives.

A few of the preparations of Fractions PCL and PCILwere
contaminated with materials that sedimented at 5 and a123%
These contaminants amounted to 5 to 157 of the total and
were removed by rechromatography on phosphocellulo~e or
sucrose or glyeerol gradient centrifugation.

CMP INCORPORATION (CPM x 1073)

5. 10 15 20 25 30
FRACTION NUMBER

Fig. 4. Sucrose gradient  centrifugation of Fractions PCI
(upper) and PCII (lower) in 040 M potussium acetate.  Fraetion
PCI (56 pg) or Fraction PCI (107 ug), catalase (79 ug), and UDP-
glicose pyrophosphorylase (10 ug) were dissolved in 0.10 ml of a
buffer containing 0.05 s T'ris acetate (pH 8.2), 0.005 M 2-mercapto-
ethanol, 0.005 M magnesinm acerate, and 0.40 M potassium acetate.
The enzyme mixtures were lavered on 5 to 209, linear sucrose
gradients (4.8 ml) prepared in the above meuntioned buffer and
centrifuged in a Spinco model L-2 centrifuge at 34,000 rpm in the
SW 39 rotor for 9 hours at 3°.  After centrifugation, a hole was
punched in the bottom of each centrifuge tube and 31 fractions per
gradient were collecied. Catalase and UDP-glucose pyrophos-
phorylase were assayed on 30- and 5-ul samples, respectively, as
described under “Assay of Other Enzyme Activities.”” RNA
polymerase was assayed on 15-pl samples in 125-ul reaction mix-
tures with gh-1 DNA as described under “Radioactive Assay of
RNA Polymerase’ except that reaction mixtures were incubated
for 20 min.  Recovery of Fraction PCI activity was 967 and that
for Fraction PCII was 100¢. A A, catalase as measured by
the change in absorbance at 240 nm; @ — — @, UDP-glucose pyro-
phosphorylase as measured by NADPH formation; O——0,
Fraction PCL (upper) or Fraction PCII (lowcr) as measured by
CMP incorporation.

Characterization of Fractions PCI and PCII

Storage—Fractions PCI and PCII were stored in liquid e
gen at protein concentrations greater than 10 mg per mli?
butfer containing 0.05 M Tris acetate (pH 8.0), 0.01 M magne-i®
acetate, 0.0001 M EDTA, 0001 M dithiothreitol, and ¥



——__—_—

I

i)

En

Jssue of March 10, 1971

10

112
21
-8 —8
. 05
o)
:L £ _
2 0_45
39 !Xx 3
Q o 3
8 | < g
= _*u_j__ £
g 87
g gz
g x -2 @
g 3 2
z @©
N <
g q
: { e

i
- 4

5 10 15 20 25 30

FRACTION NUMBER

Fic. 5. Sucrose gradient centrifugation of Fractions P_CI
{upper) and PCII (lower) in 0.05 M potassium acetate. Fraction
PCI (77 ug) or Fraction PCII (80 ug), catalase (59 pg), and UDP-
glucvse pyrophosphorylase (8 ug) were dissolved in 0.10 ml of a
huffer containing 0.05 v Tris acetate (pH 8.2), 0.005 m 2-mercapto-
ethanol, 0.005 v magnesium acetate, and 0.05 M potassium acetate.
The euzyme mixtures were layered on 5 to 209 linear sucrose
gradients (4.8 ml) prepared in the above mentioned buffer and
centrifuged in a Spinco model L-2 centrifuge at 34,000 rpm in the
SW 39 rotor for 9 hours at 3°. After centrifugation, a hole was
punched in the bottom of each centrifuge tube and 30 fractions
per gradient were collected. Enzyme assays were performed as
des_cribed in the legend to Fig. 4. Recovery of Fraction PCI
activity was 837 and that for Fraction PCII was 595.. A—A,
catalase as-measured by the change in absorbance at 240 nm;
8-—0, UDP-glucose pyrophosphorylase as measured by
NADPH formation; O——O, Fraction PCI (upper) or Fraction
PCII (lower) as measured by CMP incorporation.

tlveerol. - No loss of activity over a period of several months
was observed, even after repeated freezing and thawing. Frac-
tons PCLand PCII were also stored at —20° for several weeks
without loss of activity.

Ultraviolet Absorbances—In several different preparations of
Fractions PCI and PCII, the Aago:A240 ratios were 1.5 to 1.6.
The Anax for each was 278 nm. For either Fractions PCI or
PCIL & protein concentration of 1 mg per ml as determined by
Lowry protein analysis gave an absorbance of 0.67 at 280 nm.
‘Sedimentalilm Coefficients—The sedimentation coefficients of
Fractions PCT and PCII were greatly influenced by the ionic
strength of the solvent. The results demonstrate that both
Fractions PCI and PCII aggregate in solvents of low ionic
Mtrength.  When measured with the analytical ultracentrifuge
n a buffer containing 0.05 M Tris acetate, 0.01 M magnesium
dcetate, 0.001 M 2-mercaptoethanol, and 0.40 M potassium ace-
tate () 8.2), the sedimentation coefficient of Fraction PCT was
28 (s44) and that of Fraction PCII was 11.8 (s%*7%). When
™easured in the above buffer containing 0.05 M potassium ace-
tate rather than 040 m potassium acetate, the sedimentation
‘Mﬁcient of Fraction PCI was 19.9 (s%°¢*) and that of Frac-
tion PCIL was 26.5 (s%21%),
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Fi:. 6. Polyacrylamide disc gel electrophoresis of Fractions
PCI (left) and PCII (right). Polyacrylamide gels containing
3.75¢; acrylamide were prepared as described under ‘Polyacryl-
amide Disc Gel Electrophoresis.”” Fraction PCI (20 pg) or Frac-
tion PCII (20 ug) in 10 ul of a buffer containing 0.01 M Tris acetate
(pH 8.0), 0.005 M magnesium acetate, 0.005 M 2-mercaptoethanol,
and 5%, glycerol was layered on a gel. FElectrophoresis was per-
formed at 5 ma per gel for 50 min at 0 to 4° in a buffer containing
0.025 M Tris-0.2 M glycine, pH 89. Following electrophoresis,
the protein contained within the gels was stained with Coomassie
blue. Each gel was then scanned at 550 nm with a Gilford linear
transport.

Fractions PCI and PCII were also analyzed by sucrose gra-
dient centrifugation in buffers containing 0.40 M and 0.05 m
potassium acetate. The results are presented in Figs. 4 and 5.
In the buffer with 0.40 M potassium acetate, Fraction PCI co-
sedimented with the UDP-glucose pyrophosphorylase marker
(Fig. 4). Under the same conditions, Fraction PCII sedimented
somewhat more slowly than the UDP-glucose pyrophosphoryl-
ase marker, but slightly faster than the catalase marker. With
catalase as the reference (sfy.. = 11.3), the sedimentation co-
efficient of Fraction PCI was 13 S and that of Fraction PCII
was 12 8. In the buffer containing 0.05 M potassium acetate
the faster sedimenting forms, i.e. the aggregates of Fractions P(?f
and PCII, were observed (Fig. 5). Again, with catalase as
the reference, the sedimentation coefficient of Fraction PCI was
19 S and that of Fraction PCII was 25 S.

Polyacrylamide Disc Gel Electrophoresis—Maultiple protein
bands (probably due to aggregation) were observed for Fractions
PCI and PCII in polyacrylamide gels (Fig. 6). The proteins
contained within duplicate gels which had not been stained with
Coomassie blue were tested for enzymatic activity by an assay
in situ (39). Following electrophoresis, the gels were incubated
in reaction mixtures containing ATP, UTP, and Mn?* to pro-
mote the unprimed synthesis of poly A-poly U. After incuba-
tion, the polynucleotides were stained with ethidium bromide.
Polynucleotides were formed in all regions of the gels which
contained protein, including the protein at the origin and that
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Fra. 7. SDS-pol. vlamide dise gel electrop of RNA
polymerase.  Escherichia coli (left), Pseudomonas putida Fraction
PCI (center). and combined E. coli and P. putida Fraction PCI
(right). Reaction mixtures containing 75 ug of E. coli (holoen-
zyme) or P. putida Fraction PCI or 75 ug of each were incubated
in 150 4l of & mixture containing 0.1 w sodium phosphate (pH 7.1),
1.0¢; SDS, 1.0% 2-mercaptoethanol, and 5% glycerol for 3 hours at
37°. The mixtures (3 ul) were layered upon SDS-polyacrylamide
gels (11 em) prepared from an acrylamide-SDS mixture containing
3.75% acrylamide. Electrophoresis was performed at 25° for
1} hours at 8 ma per gel in 0.1 w sodium phosphate, pH 7.1, and
019 SDS. The protein was stained with Coomassie blue.

<mall amount which had migrated about 3.5 em from the origin.
Gels ineubated in reaction mixtures from which ATP, UTP, or
Mu#* were omitted did not stain with ethidium bromide.
Subunit Structures of Fractions PCI and PCII—The subunit
structures of Fractions PCI and PCII were examined by the
SDS-polyacrylamide disc gel electrophoresis technique (37, 40).
By means of this technique, the constituent subunits were
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Fig. 8. Molecular weight by SDS-polyacrl

1, each protein was sep-
g 0.1 3 sodium phosphate,

amide disc gel electrophoresis. Curs
v incubated in & mixture contai

urea.

After incubation, each protein was layered on a SDS-poly-
acrylamide gel prepared from acrylamide-SDS mixtures contain

ing 57, acrylamide. Elect was d at 7.5 ma per
el for 3 hours at 22° in 0.1 3 sodium phosphate, pH 7.1, and 01
SDS. Curve B, proteins were incubated together in s mixture
containing 0.1 s sodium phosphate (pH 7.1), 1% ; 2mer-

captoethanol, and 5% glycerol for 3 hours at After incubs-
tion, the mixture was layered ou a SDS-polyacrylamide gel pre-
pared from an acrylamide-SDS mixture containing 5 acrlamide

Electrophoresis was performed at 12 ma per gel for 3 hours
in 0.1 w sodium phosphate, pH 7.1, and 0.17, SDS. The proteiis
were stained with Coomassie blue and the distances of migration
from the origin were measured. The molecular weights of the
polypeptides used as standards were 220,000 for myosin (47,
165,000 for E. coli 8" (23), 155,000 for E. coli 8 (23), 95,000 for E.cli
o (24), 65,000 for bovine serum albumin (48), 57
Kinase (19, 40,000 for aldolase (50), 39,000 for E
for pepsin (51), 31,000 for pancreatic DNase T (52), fo
panereatic RNase, type 1-A (33). A, subunits of P putida RNA
polymerase; ® (Curve ) and O (Curve B), polypeptides used s¢
standards.

identified, their molecular weights were estimated, and the sub
unit structural formulas were determined.

Fraction PCI was incubated at 37° for 3 hours in 0.1  sodiun
phosphate (pH 7.1), 19 SDS, and 1, 2-mereaptoethanol. b
resulting subunits were separated by electrophoresis on SD¥
polyacrylamide gels. Four subunits were resolved (Fie. 7
center gel).  For comparison, the subunits derived from E. o
RNA polymerase (holoenzyme) were analyzed in a sinibt
manner (Fig. 7, left gel). The four E. coli subunits, which b
been designated ', 8, o, and « in order of increasing mobility
(23, 24), and the four P. putida subunits were similar. In ket
ing with the nomenclature used for the E. coli subunits, the I
putida subunits derived from Fraction PCI were designated 8.3
o, and a. By means of the same procedure, the §', 8, ""!“
subunits but not the & subiunit, were derived from Fraction PC1
The @, 8, and a subunits of Fractions PCTand PCIL had idenio!
mobilities.




~EE——

R

Jssue of Mareh 10, 1971 J. C. Johnson,

— T T ]
8 /
6F o 1 2r ° T
o 1k o/ 1
z (] A
> 2r o/ /l ] -
TS o
x 80 160 240 80 160 240
g FI T T T T T
z g 1
EJ 4+ 4 6F o -
g d /
a- ¢ 1
| - 7
® = 2 ]
I/./ r A/A/‘
1 1 1
% 160 240 80 160 240

PROTEIN APPLIED TO GEL (pg)

Fic. 9. Relationship between amount of each subunit and
amount of protein applied to SDS-polyaerylnmide gels. Frac-
tims PC1 or PCII was incubated in a buffer containing 0.1
sulium phosphate (pH 7.1), 15¢ SDS, and 17¢ 2.mercaptoethanol
for 3 hours at 37°.  After incubation, 20 to 240 ug of Fraction PCI
ar N0 10 240 g of Fraction PCII were layered on SDS-polyaeryl-
amide gels prepared from a 5 acrylamide-SDS mixture. Elee-
'f"l}hnresis was performed as described in Fig. 8 (Curve .1). Fol-
lowing electrophoresis, the gels were either scanned at 280 nm
;{nm(-diatrely or at 550 nm after the proteins were stained with
Coomassie blue. The areas under the subunit peaks were meas-
red. 0—-0, 8 plus g subunit; A— A, a subunit; B——M0. 0
ﬁ“hl"{l!. Upper left, Fraction PCI, 550 nm scans; upper right,
Fraction PCII, 550 nm scans; lower left, Fraction PCI, 250 nm
seanss loweer right, Fraction PCII, 2580 nm scans.

.Thl' molecular weights of the P. putida subunits were deter-
mined from a standard eurve which related the log of the molecu-
!‘f" weight to the distance of migration from the origin (Fig. 8).
”l" molecular weights of 8, 8, o, and a were estimated to be
163,000, 155,000, 98,000, and 44,000, respectively.  The molecu-
!zxr \wfi'.'hts of the 8’ and 8 subunits of the P. putida enzyme were
""‘_“““ﬂl with those of the E. coli enzyme. The molecular
weights of the o and a P. putida subunits were somewhat greater
than those of the E. coli enzyme (see Fig, 7, right gel).

. In attempts to dissociate the subunits into smaller structures,
.[‘R_M"’“ PCT was heated at 50° for 3 hours or 100> for 10 min
0.1 M sodium phosphate (pH 7.1), 14, SDS, and 1 2-mereap-
I‘:‘i”'"“"l prior to application on a SDS-polyacrylamide gel.
d, 8, g, and @ were the only structures detected.  Fraction PCTI
“j'_’ d‘lill)’u'd for 15 hours in 0.1 M Tris-0.03 M citric acid (pH 7.6),
LONDN, 8 urea, 1¢; 2-mercaptoethanol, and 0.017 EDTA.
Ater dialysis, one sample was applied directly to a SDS-poly-
“""}'_Ii_ll{li(lv gel containing 8 M urea, a second sample was heated
at _34" for 1 hour, and a third sample was heated at 75° for 1 hour
bror to application on the gel. 8, 8, and a were the only <true-
Tm.(."s detected.  When Fraction PCIL or PCIT was denatured
l;l ‘o g“f‘“i(“lle hydrochloride and 0.1 » dithiothreitol and then
';:I]{"Z“d m 0.1 M sodium phosphate (ptl 7.1), 100 SD3, and 17
“mereaptoethanol at 40° for 15 hours prior to electrophoresis,
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Fii. 10. Densimetrie tracing of 8”7 and 8 region of SDS-poly-
acrylamide gel of Fraction PCI. Fraction PCl was denatured
according to the procedure desceribed in Fig. 7. A gradient S])S-
polyacrylamide gel was prepared by the procedure of Margolis and
Kenrick (31 using 3% and 5 acrylamide-SDN mixtures. The
57, acrylamide-SDS mixture was made 107, in glyeerol to stabilize
the acrylamide gradient during polymerization. I)emnuro.(i
Fraction PCL (1.5 ug) was layered on the gradient SDS-poly-
acrylamide gel.  Electrophoresis was performed at 8.0 ma per g}xl
for 4} hours at 25° in 0.1 M sodiam phosphate, pH 7.1, and 0 1
SDS. The protein was stained with Coomassie blue. yThe d('-n\:'itl
metrie tracing at 550 nm was made with a Gilford linear tr:mspn‘rt

only the g, 8, ¢, and e bands of Fraction PCLand the 8, 3, and
«a buands of Fraction PCII were obzerved.

The amount of 8 plus 8 and of o relative to a in Fraction PO
and the amount of 8" plus g relative to a in Fraction PCI was
determined from measurements of the area under each subunit
peak in densimetrie tracings of SDS-polvacrylamide gels con-

taining different amounts of the material. The area under each



Tasre 111
Characteristics of DN A-dependen! synthesis of RNA by
Fractions PCI and PCII
yntained the components de-
Assay of RNA Polymerase.”
e reaction mixture was 9
gh-1

The complete reaction mixture c
seribed under “Spectrophotometric
The concentration of Fraction PCI in the n
wg per ml, whereas that of Fraction PCII was 25 ug per ml.

DN A was used as the template. e

NADPH formation in fraction

Components of o R
reaction mixture } R
PCI

Complete. .. - '
Minus RNA polymerase |
Minus gh-1 DNA. |
Minus ATP, GTP, UTP, CTP. .. ! 0
Minus ATP, GTP..... i

l

Minus UTP, CTP..... . 0 0
Plus 4 ug/ml DNase. . . .. o 0 0

Plus 4 gg/ml actinomycin. .. | 0
Plus 4 g ml nogalamyein. . . ‘ 0

<

TavLe IV
Effects of DNA templates on rates of RN A synthesis by
Fractions PCI and PCII

All reaction mixtures, with the exception of those containing
poly d(A-T), contained the components of the reaction mixture
described under “Radioactive Assay of RN A Polymerase.”” CMP
incorporation into RNA was measured. The reaction mixture
with poly d(A-T) contained 20 mm Tris acetate (pH 8.0), 1 mwm
manganese acetate, 0.4 my each of UTP and H-ATP (6 X 10°
epm per nmale), and poly d(A-T) at 0.4 optical density unit at
260 nm per ml of reaction mixture. AMP incorporation into poly
r(A-U) was measured. Incubation was at 30° for 10 min for all
reaction mixtures. For each template, ribonucleotide incorpora-
tion into polymer was measured at several different concentra-
tions of Fractions PCI and PCII to make certain that the amount
of incorporation was proportional to the amount of added enzyme.

CMP or AMP inct)rporalir)n[

| into fraction . Activity ratio of
Fraction PCI to
Fraction PCI1

DNA template

PCl ' PCl

nmoles: hr mg protein

|
gh-l .. mo0 | 60 | 49
T .. L 580 130 1.5
Calf thymus. . .. ¢ 1100 {1200 | 0.9
Pseudomonas putida. l 370 200 | 1.3
Denatured gh-1. | 2s0 | 620 | 0.5
Denatured calf thymus... | 90 | 210 0.4
Poly dA-T). ... . I B 0.6

subunit peak wus measured on gels which had been seanned at
550 nm after they were stained with Coomassie blue or at 280 nm
for those which were not stained. In these analyses, 8’ and 8
were not resolved because of the large amount of protein applied
to the SDS-polyacrylamide gels. The results are presented in
Fig. 9. By either measurement, a linear relationship for the
area under each subunit peak with respect to the amount of pro-
tein applied to the gel was extablished.  From the slopes of the
lines in Fig. 9, the amount of 8" plus 8 and ¢ relative to a for
Fraetion PCLand the amount of g plus 8 reluative to a for Frac-
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Fie. 11. Kineties of RNA synthesis by Fractions P('l_:md PCIL
The reaction mixtures contained the components described under

«Radionctive Assay of RNA Polymerase.” The concentration of
Fraction PCI was 37 ug per ml and that of Fraction PCIT was 38
ug per ml. CMP incorporation into RNA with gh-1 l)SA as ]ho
template (left): € ——@, Fraction PCI; A— - A, Fraction PCIL
CMP incorporation into RNA with calf thymus N A as the tem-
plate (right): @ —M, Fraction PCI; O-— O, Fraction PCIL

tion PCII was determined. The results are tabulated in Tulle
1. There were two 3° + B8 subunits and one g xubunit for every
two a subunits in Fraction PCI and one 3’ + g subunit for each
a subunit in Fraction PCIL

The amount of 8’ relative to 8 in Fraction PCI and in Frac-
tion PCII was determined by means of Coomassie blue-stained
SDS-polvacrylamide gels. The amount of protein applied on
these gels was small and 8’ and 8 were resolved. For bath Frac-
tions PCT and PCII, the amount of B’ was equal to 8.\ densi-
metric tracing of the g8’ and 8 region of a SDS-polyvuervlimide
gel of Fraction PCI is presented in Fig. 10.

The subunit structural formula for Fraction PCT was therefore
assigned as @83’ with a molecular weight of 506,000 or an in-
tegral multiple of it.  The sedimentation coefficient of 13 8 indi-
cated that the molecular weight of Fraction PCI was about
500,000. Thus, the subunit structural formula for Fraction P(1
was aufff’o with a molecular weight of 506,000. Based upon the
size indicated by a sedimentation coefficient of 12 8 and the
subunit content, the structural formula for Fraction PCII was
axB3E’ and its molecular weight was 408,000.

DN A-directed Synthesis of RN A by Fractions PCI and PCII

(ieneral Characteristics of RN A Synthesis—Some of the charse-
teristics of the DN A-dependent RNA synthesis by Fractions Pel
and PCIT as determined with the spectrophotometric ussay e
presented in Table 11T, Rifampicin (data not shown) inhibitel
the synthesis of RNA by Fractions PCI and PCLI, with a con-
centration of 0.03 ug per ml producing a 50¢ inhibition. This
concentration of the antibiotic is similar to that required to gve
50¢¢ inhibition of RNA synthesis by E. coli RNA polymery
(41, 42).

The rate of RN A synthesis as measured by the rate of meorp-
ration of CMP into a form insoluble in trichloracetic acid ¥
proportional to the amount of enzyme used. For example, when
1.5, 4.5, and 7.5 ug of Fraction PCI were added to 125-gl peaction
mixtures with gh-1 DNA as the template, 0.81, 2.3, wnd 33
nmoles of CMP, respectively, were incorporated in 10 m:
When 1.5, 4.5, and 7.5 pg of Fraction PCIL were uscd, 0.19 0.5,
and 0.72 nmole of CMP, respectively, were incorporated in 10
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TaBLe V
Effect of RNase on DN A-dependent reaction

The reaction mixtures contained the components listed under
~¥pectrophotometric Assay of RNA Polymerase.”” The concen-
tration of Fraction PCI was 9 ug per ml in the reaction mixtures
whichcontained gh-1 DN A and 49 ug per ml in the reaction mix-
tures which contained calf thymus DNA. The concentration of
Fraction PCII was 25 ug per ml in the reaction mixtures which
contained gh-1 DNA and 51 ug per ml in the reaction mixtures
which contained calf thymus DNA. RNase, which had been
heated to 100° for 10 min, was at a concentration of 4 ug per ml.

INADPH formation
Percentage of
increase in

RNA polymerase DNA template

| Plus Minus |rate by RNase
'\ RXNase RNase
nnmltj(:/m in/ml
Fraetion PCI | gh-1 1.4 1.3 10
. Calf thymus 2.5 2.3 10
i
Fraction PCII | gh-1 2.7 | 13 110
4.4 2.4 80

Calf thymus

min. - The concentrations of DNA, the four nucleoside triphos-
phates, divalent metal ions (Mg?+ and Mn?*), and monovalent
ations (NHy* or K+) which gave the fastest rate of RNA syn-
thesis by Fraction PCI were the same as those which gave the
fastest rate of synthesis by Fraction PCII. The concentrations
«»f‘the reagents were those used in the standard radioactive assay
mixture.

Ejiects of DNA Templates on Rates of RNA Synthesis—The
rtes of Fraction PC1- and Fraction PCII-catalyzed RNA syn-
thesix with & number of DN A templates were determined. These
results are presented in Table IV.  With P. putida bacteriophage
,‘.'|.l-l DNA or coliphage T, DNA ax template, the specific activity
of Fraction PCI (enzyme with o) was 4 to 5 times greater than
that of Fraction PCII (enzyme without ¢). With denatured
DN‘\ or poly d(A-T) as template, the specific activity of Frac-
tion PCL was half that of Fraction PCII. The kineties of RNA
“Wnthesis by Fractions PCT and PCII, with gh-1 DNA and calf
tlvl,\'mus DXNA as the template, is presented in Fig. 11.  Although
‘l}ﬁ‘.‘ll’i“}-’ in slope and in extent, the shapes of the curves were
NMIkar,

Elicet of RNase—The rate of the DN.A-directed polymeriza-
o of the nucleoside triphosphates is increased by the addition
ofRNase to the reaction mixture. This increased rate of reac-
tion, monitored by the increased rate of inorganic pyrophosphate
formation, has been reported by Maitra and Hurwitz (13), John-
“oetal. (33), and Krakow (43). The RNA polymerase used in
these published studies was not defined with respect to its com-
plement of g

l'{ie effect of RNase on the DN A-directed reaction eatalyzed
h)' Fraction PCI (enzyme with o) and by Fraction PCII (enzyme
vithout ) was investigated. The results are presented in Table
V. 'll'he initial rates of the reactions catalyzed by Fraction PCII
“ere inereased 80 to 1107, whereas those eatalyzed by Fraction
PCL were inereased only 10 .

DISCUSSION

l Two forms of the enzyme RNA polymerase, a.83'c and a.33',
"]”9 been purified from P. putida. Chromatography on phos-
Phocellulose in 50¢; glycerol separated the enzyme into the two

J. C. Johnson, M. DeBacker, and J. A. Boezi
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forms, with a,88'¢ (Fraction PCI) eluting at 0.18 M KCI and
;88" (Fraction PCII) eluting at 0.30 M KC1. Each form of the
enzyme was purified and characterized with respect to its subunit
composition and to certain of its physical and catalytie proper-
ties. Some preparations of a,88’c were contaminated with a
small amount of a yellow-colored material which was removed
by sucrose or glycerol gradient centrifugation. This material
which sedimented at 25 S has been identified as an a-keto acid-
dehydrogenation enzyme complex.

The 8, B, ¢, and a subunits of the P. putida enzyme probably
are polypeptide chains rather than aggregates of polypeptide
chains. Only these polypeptide subunits were detected by SDS-
polvacrylamide disc gel electrophoresis for enzyme that had been
denatured by a number of procedures. These procedures in-
cluded denaturation of a:88’c and a.B8’ at clevated temperatures
in SDS, urea, or guanidine hydrochloride in the presence of the
sulfhydryl reagents 2-mercaptoethanol or dithiothreitol. It is
not known whether the two a polypeptide chains of the P. putida
enzyme are identical. Furthermore, it is not known whether
the o of a,BB’c is a unique polypeptide chain or a mixture of
polypeptide chains, each chain having a molecular weight of
98,000. The role of E. colt ¢ as an initiating factor of RNA syn-
thesis suggests that there might be more than one type of o
polypeptide chain per cell (44).

The subunit structure of P. putida RN A polymerase is similar
to but not identical with that of the £. coli enzyme. The subunit
structure of the E. colt core enzyme is a3’ and that of the holo-
enzyme, or complete enzyme, is ax08'¢ (23, 24). The molecular
weights of the a, 8, 8/, and ¢ subunits of E. coli RNA polymerase
are 39,000, 155,000, 165,000, and 95,000 respectively. These
subunits probably are polypeptide chains rather than aggregates.
Only these subunits were observed by SDS-polvacrylamide dise
gel electrophoresis for enzyme that had been denatured by a
number of procedures (23). The molecular weights of a mixthre
of K. colt " and 8 and of a were determined by equilibrium cen-
trifugation in urea and in guanidine hydrochloride and shown to
be essentially the same as those determined by SDS-polyacrylam-
ide disc gel electrophoresis (23).

The molecular weights of the 8’ and 8 subunits of the P. pulida
enzyme were identical with those of the E. coli enzvme
measured by SDS-polyacrylamide dise gel electrophoresis. :l‘he
molecular weights of the ¢ and a P. putida subunits were some-
what greater than those of the E. coli enzyme. 1In all prepara-
tions of the E. coli enzyme, except those fractionated on hydroxy-
apatite and possibly those fractionated on phosphocellulose l;\'
means of a shallow KCI gradient, a small protein, w (mole('u]:;r
weight 9000), was present (23). No w has been detected in
preparations of the P. putida enzyme.

Both a8’ and a.B88’ of P. putida transeribed a number of
DNA templates, but with different efficiencies.  With P. putida
bacteriophage gh-1 DNA as the template, a:88’c was 4 to 5 times
more active in RNA synthesis than was a,88’.  Although differ-
ing in rate and in extent, the kinetics of gh-1 DN A-directed RN A
synthesis by a,88'c and by a,B8’ ix similar.

The initial rates of DNA-directed polymerization reactions
catalvzed by a.f8'0 and aB88’ were affected differently by R Nase.
The rate of the reaction catalyzed by a.83'c was incroa;e(l 10¢,,
whereas that catalyzed by @88’ was increased 80 to 110;.. The
increased rate of polymerization in the presence of RNuse was
probably due to a relief of RNA product inhibition (45, 46).
Apparently, the RNA synthetic process originated by .88’ was
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more suseeptible to RN product inhibition t?mn that n.rl;.:].nu't('(l
by asBB'e. It is likely that this difference in susc(fptllnllt.\‘ Fo
product inhibition for a:BB'c and axBB’ was due to (hﬁ(*r(\ncoa’m
the structure of the enzymes of the l)NA-el|z)'nw-1m.~'('ent‘Rl\A
complexes involved in RN A chain elongation rather thu.u in the
structures of the enzymes of the DN A-enzyme complex m\'nl\'v.d
in the initiation process. For FE. coli £ NA polymerase, o 1=
released following initiation, leaving the core enzyme (288") to
catalvze chain elongation (44). An analogous process probably
oceurs with the P. putida enzyme. Thus, for the P. putida
enzvme, the conformation of a-338" which eatalyzes chain elonga-
tion must depend on whether or not o was involved in the initia-

tion process,
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SUMMARY

35S--labeled Pseudomonas putida RNA polymerase

(aZBB'o) was purified from labeled cells which had been

3

grown on a minimal growth medium containing 5S—labeled

sulfate. As shown by SDS-polyacrylamide gel electro-
phoresis, the 35S—labeled enzyme was at least 98 per cent
pure. The specific enzymatic activity of the enzyme was
7,800 nmoles of CMP incorporated per hour per mg of pro-
tein at 30° using gh-1 DNA as the template. The specific
radioactivity of the enzyme was 2.3 X 107 cpm per mg of
protein. As shown by analysis of the isolated polypeptide
subunits, the amount of 358 of B', B, and o0 relative to a
was 3.6 to 3.6 to 2.2 to 1.0, respectively. The amount

of B' plus B in the Initial Extract was 1.2 per cent of

the total protein as determined by SDS-polyacrylamide gel

electrophoresis.
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INTRODUCTION

Radioactive RNA polymerase of high specific radio-
activity would be a useful reagent in certain studies of
enzyme structure and function. A radioactive assay of
3H-, 14C-, or 35S-labeled protein could be used as a
method of protein quantitation in place of the usual color-
imetric assays. The colorimetric assay of Lowry which is
the most commonly used method of protein quantitation and
one of the most sensitive can not be used in many instances
because of interference caused by such common biochemical
reagents as Tris and mercaptoethanol (1).

3H-, ]4C—, and 35S—labeled Escherichia coli RNA

polymerase apoenzymes (GZBB') have been prepared (2,3,4).
Labeled E. coli holoenzyme (aZBB'O) or labeled RNA poly-

merase from other sources has not been prepared. The

3 14
specific radioactivities of the “H- and C-labeled E.

coli enzymes were low. Consequently, the usefulness of

the preparations was limited. This study describes the

35S-labeled Pseudomonas

preparation and characterization of

putida RNA polymerase (azBB'O) of high specific radio-

activity and high specific enzymatic activity.
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EXPERIMENTAL PROCEDURE

Unless otherwise stated, the EXPERIMENTAL PRO-
CEDURES used in these studies were the same as those
described in the preceding chapter of the thesis.

35S-labeled sodium sulfate with

Materials.
specific activity 845 mCi per mmole and Omnifluor were
purchased from New England Nuclear. Triton X-100 was
from Sigma. Agarose (Bio-Gel A-1.5 m) was obtained from

Bio-Rad Laboratories.

Growth of Pseudomonas putida. The growth medium

contained the following in grams per liter: glucose, 20;

NH,Cl, 2; Na,HPO

4 ,HPO,, 6; KH,PO,, 3; NaCl, 8; MgCl,.6H,0,

2

0.08; NaZSO4-10H20, 0.03; Mn(C2H302)2-4H20, 0.005; CaClz,
0.005; FeCl3-6H20, 0.005; and Na2M004-2H20, 0.005. For
355-1abeled

the production of 35S—labeled cells, 15 mCi of

sodium sulfate were added per liter of growth medium.

The cells were grown at 33° on a gyrorotatory shaker in

2.8-1 Fernbach flasks containing 500 ml of growth medium.

The doubling time for the culture was 100 minutes. When

the cells reached the late 1ogarithmic phase of growth,

they were harvested and stored at -20°. From a three

liter culture of 355_1abeled cells which had been harvested

at an optical density (660 nm) of 1.3 units per ml, the
yield of cells (wet weight) was 9.7 d.
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35

Assay of S-labeled Proteins in polyacrylamide

gels. Polyacrylamide gels were cut into 2 mm transverse
fractions using a stainless steel support and cutting
guide. The fractions were placed in scintillation vials.
After the addition of 0.2 ml of 30% H,0, to each vial,
they were incubated at 65 to 70° for 9 hours or at 100 to
110° for 2 hours. Following incubation, 5 ml of a mix-
ture containing 6 parts of Omnifluor solution (18.1 g of
Omnifluor per gallon of toluene) and 7 parts of Triton
X-100 were added to each vial (5). The vials were capped,

shaken, and assayed for their 35S-content in a scintilla-

tion spectrometer.



RESULTS

Purification of RNA Polymerase

The purification of 35S-labeled RNA polymerase

was performed at 0 to 40°.

Initial Extract. Frozen 35S-labeled Pseudomonas

putida (9.7 g) and frozen unlabeled P. putida (11.7 g)
were mixed with washed glass beads (40 g) and ground in a
mortar with a pestle. After cell rupture had occurred,
30 ml of buffer (10 mM Tris-HCl, pH 8.0, 10 mM MgClz,
0.1 mM EDTA, 1 mM dithiothreitol, 200 mM KC1l, and 15%
glycerol (v/v)) were added. The mixture was stirred

until a smooth suspension was obtained. Pancreatic DNase
I was added to a final concentration of 2.5 ug/ml. The
mixture was stirred for 15 minutes, then centrifuged at
12,000 x g for 30 minutes. The supernatant fraction was
decanted and saved. The pellet fraction was suspended in
30 ml of the above buffer and recentrifuged. The result-
ing supernatant fraction was combined with the supernatant
fraction from the first centrifugation. (Initial Extract,

63 ml.)

High Speed Supernatant Fraction. The Initial

Extract was diluted to 80 ml with the above buffer, then
centrifuged at 78,000 x g for 90 minutes. The supernatant
fraction was collected by decantation. (High Speed Super-
natant Fraction, 64 ml.)
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60% Ammonium Sulfate Fraction. Solid ammonium

sulfate (23.2 g) was added to the High Speed Supernatant
Fraction to give 60% of saturation. After the mixture was
stirred for 15 minutes, the suspension was centrifuged at
12,000 x g for 15 minutes. The pellet fraction was dis-
solved in 15 ml of the above buffer and dialyzed against

2 liters of the buffer for 15 hours. (60% Ammonium
Sulfate Fraction, 26 ml.)

DEAE-Cellulose Fraction. The 60% Ammonium Sulfate

Fraction was diluted 4-fold into buffer (10 mM Tris-HC1,
pH 8.0, 10 mM MgClz, 0.1 mM EDTA, 0.1 mM dithiothreitol,
and 15% glycerol (v/v)) and applied to a DEAE-cellulose
column (5 by 15 cm) at a flow rate of 8 ml/min. The
column was then washed with 500 ml of the above buffer
containing 0.1 M NaCl. RNA polymerase was eluted with the
above buffer containing 0.2 M NaCl. The fractions giving
the bulk of the absorbance readings at 280 nm were pooled
(230 ml). The pooled fractions were brought to 60% of
saturation with solid ammonium sulfate (83.2 g). After
the mixture was stirred for 15 minutes, the suspension was
centrifuged at 12,000 x g for 15 minutes. The pellet
fraction was dissolved in 11 ml of phosphate buffer (20 mM
potassium phosphate, pH 7.5, 1 mM dithiothreitol, 0.1 mM
EDTA, and 15% glycerol (v/v)) containing 0.2 M KCl and
dialyzed against 2 liters of the phosphate buffer with

0.2'M KC1 for 15 hours (DEAE-cellulose Fraction, 11 ml).
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Phosphocellulose Fraction I. The DEAE-cellulose

Fraction was diluted to 31 ml with phosphate buffer and
applied to a phosphocellulose column (2 by 7 cm) at a flow
rate of 1 ml/min. The column was washed with 150 ml of
phosphate buffer at a flow rate of 2 ml/min. A linear
gradient from 0.1 to 0.5 M KCl in phosphate buffer was
used to elute RNA polymerase. Fractions (2 ml) were col-
lected at a flow rate of 2 ml/min. Fractions which con-
tained RNA polymerase activity that had eluted at 0.18 M
KCl were pooled. The pooled fractions were dialyzed
against 2 liters of 20 mM potassium phosphate, pH 7.5,

1 mM dithiothreitol, 0.1 mM EDTA, 200 mM KCl and 50%
glycerol (v/v) for 5 hours and then against 2 liters of
ammonium sulfate solution (75% of saturation, pH 7.5) for
12 hours. 1Insoluble material was collected by centrifuga-
tion at 12,000 x g for 30 minutes, then dissolved in 10 mM
Tris acetate, pH 8.0, 0.1 mM EDTA, 0.5 mM dithiothreitol,
500 mM KC1 and 7.5% glycerol (v/v). (Phosphocellulose
Fraction I, 0.83 ml.)

Agarose Fraction I. Agarose beads were suspended

in water, settled to remove fine material, and equili-~
brated in 10 mM Tris acetate, pH 8.0, 0.1 mM EDTA, 0.5 mM
dithiothreitol, 500 mM KCl and 5% glycerol (v/v). A

column (1.5 by 85 cm) was packed by gravity and washed with
the above buffer at a flow rate of 0.2 ml/min. Phospho-

cellulose Fraction I was layered on the top of the column
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and washed through at a flow rate of 0.2 ml/min. Fractions
(1.5 ml) were collected. The elution profile is presented
in Figure 1. Fractions 38 through 46 were pooled, dialyzed
against 2 liters of 20 mM potassium phosphate, pH 7.5,

1 mM dithiothreitol, 0.1 mM EDTA, 200 mM KCl, and 50%
glycerol (v/v) for 5 hours, then against 2 liters of ammo-
nium sulfate solution (75% of saturation, pH 7.5) for 12
hours. Insoluble material was collected by centrifugation,
dissolved in 20 mM potassium phosphate, pH 7.5, 1 mM
dithiothreitol, 200 mM KCl, and 2% glycerol (v/v), and
dialyzed against 200 ml of this buffer for 12 hours.
(Agarose Fraction I, 0.2 ml.)

Glycerol Gradient Fraction I. Agarose Fraction I

was layered on a 10 to 30% linear glycerol gradient (4.8
ml) prepared in 50 mM potassium phosphate, pH 7.5, 1 mM
dithiothreitol and 200 mM KCl and centrifuged in the SW 39
rotor of the Spinco model L-2 centrifuge at 35,000 rpm for
19.1 hours at 4°. After centrifugation, a hole was
punched in the bottom of the centrifuge tube and twenty

35S—content of each fraction

fractions were collected. The
was measured (Figure 2). Fractions 5 through 9 were pooled
and dialyzed against 500 ml of 50 mM Tris acetate, pH 8.0,
10 mM magnesium acetate, 1 mM dithiothreitol, 0.1 mM EDTA,
200 mM KC1l, and 50% glycerol (v/v) for 8 hours. (Glycerol

Gradient Fraction I, 0.58 ml.) Glycerol Gradient Fraction

I was stored at -20° at a protein concentration of 1 mg/ml.
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FIGURE 2.--Glycerol Gradient Centrifugation of
Agarose Fraction I

Agarose Fraction I (0.2 ml) was layered on a
10 to 30% linear glycerol gradient (4.8 ml)
prepared in 50 mM potassium phosphate, pH 7.5,
1.0 mM dithiothreitol, and 200 mM KC1l and
centrifuged at 4° for 19.1 hours at 35,000 rpm
in the SW 39 rotor of the Spinco model L-2
centrifuge. A hole was punched in the bottom
of the tube and twenty fractions were collected.
A samgle (2 ul) of each fraction was assayed
for 33s by liguid scintillation spectrometry
(6). Fractions 5 through 9 were pooled.
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Summary and Comments on the Purification. A sum-

mary of the purification in terms of the radioactivity
recovered in each enzyme fraction of the purification

procedure is presented in Table 1. Of the total 35

S-
labeled material in the Initial Extract, 0.05% was
recovered in Glycerol Gradient Fraction I. The amount of
protein of the Glycerol Gradient Fraction I was 570 ug.
As judged by sucrose gradient centrifugation (data not
shown) and by SDS-polyacrylamide gel electrophoresis (see

35S-labeled RNA polymerase

Figures 3, 5, 6, and 8) the
(Glycerol Gradient Fraction I) was at least 98% pure.
SDS-polyacrylamide gel electrophoresis of the material of
each enzyme fraction of the purification procedure was
performed. The results are presented in Figure 3.

A densimetric tracing of a Coomassie blue stained
SDS-polyacrylamide gel of the Initial Extract is presented
in Figure 4. Polypeptide chains which have the same
mobilities as the B' and B subunits of RNA polymerase
were well separated from the majority of the polypeptide
chains. Since these polypeptide chains are equal in
amoﬁnt and radioactive content (data not shown), and
because of their unusual size, they are considered to be
Predominately if not exclusively the B' and B subunits of
RNA polymerase. As calculated from the area occupied by
B' plus B relative to the total area of the densimetric
tracing of the SDS-polyacrylamide gel, B' plus B amounted

to 1.2% of the total protein of the Initial Extract.
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TABLE l.--Summary of Purification

Enzyme Fraction 358 358 Remaining
(Total cpm) (%)
Initial Extract 2.83 x 1010 100.0
High Speed Supernatant Fraction 2.38 X 1010 84.2
60% Ammonium Sulfate Fraction  1.45 x 1010 51.3
DEAE-cellulose Fraction 3.20 x 10° 11.3
Phosphocellulose Fraction I 1.69 X 108 0.60
Agarose Fraction I 3.60 X 107 0.13
Glycerol Gradient Fraction I 1.32 x 107 0.05

The 358 content of each enzyme fraction was deter-

mined by liquid scintillation spectrometry (6).
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FIGURE 3.--SDS-polyacrylamide Gel Electrophoresis
of Enzyme Fractions of the Purification Procedure

Samples of the various enzyme fractions were
incubated at 100° for 10 minutes in 0.1 M sodium
phosphate, pH 7.1, 1.0% SDS, 1.0% 2-mercaptoetha-
nol and 5% glycerol. The samples (10 pg) wetre
layered on 11 cm SDS-polyacrylamide gels pre-
pared from an acrylamide-SDS mixture containing
3.75% acrylamide and 12.5% glycerol. Electro-
phoresis was performed at 25° for 2.5 hours at

8 ma/gel in a buffer containing 0.1 M sodium
phosphate, pH 7.1, and 0.1% SDS. The protein
was stained with Coomassie blue. The gels are
from left to right: 1Initial Extract, High Speed
Supernatant Fraction, 60% Ammonium Sulfate Frac-
tion, DEAE-cellulose Fraction, Phosphocellulose
Fraction I, Agarose Fraction I, and Glycerol
Gradient Fraction I.
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35 . .
S analysis of sections of this gel (Figure 5) also led

to the conclusion that B' plus B amounted to 1.2% of the
total protein of the Initial Extract. Since B' plus B are
63% (by weight) of the holoenzyme (azss'o), the holoenzyme
could amount to 2% of the total protein of the Initial
Extract. Accordingly, the yield of RNA polymerase in the
Glycerol Gradient Fraction I was 2.5% of the estimated
amount present in the Initial Extract.

An estimation of the percent by weight in the
Initial Extract of polypeptide.chains of various molecular
weights can be made from Figures 3 and 4. The per cent of

polypeptide chains that have molecular weights greater than

25,000, 50,000, and 100,000 was 75, 31, and 9% respectively.

One-half of the polypeptide chains have molecular weights
greater than 36,000.

Characterization of 35S-labeled

RNA Polymerase

Specific enzymatic activity and specific radio-

activity of 35S-labeled RNA polymerase. The specific

enzymatic activity of 35S—labeled RNA polymerase (Glycerol

Gradient Fraction I) was 7,800 mnoles of CMP incorporated

per hour per mg of protein at 30° using gh-1 DNA as the

template. With calf thymus DNA as the template, the

The specific radio-

7
activity of 35s-labeled RNA polymerase was 2.3 x 10" cpm

specific enzymatic activity was 3,300.

per mg of protein.

e~ ———T
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Stability of 35S-labeled RNA polymerase. Another

35

preparation of S-labeled RNA polymerase which had been

purified through the Agarose gel filtration step was used
in the study of the stability of 35S-labeled enzyme. This
preparation of enzyme had a specific enzymatic activity

of 8,700 nmoles of CMP incorporated per hour per mg of
protein using gh-1 DNA as the template. The specific
radioactivity was 7 x 106 cpm per mg of pr&tein. The
preparation of enzyme was stored at a protein concentra-
tion of 6 mg/ml at =-20° in 50 mM Tris acetate, pH é.o,

10 mM magnesium acetate, 0.1 mM EDTA, 1 mM dithiothreitol,
200 mM KC1l, and 50% glycerol (v/v). After 90 days which
is slightly more than the 87.9 day half-life of 3°S, 80
to 90% of the enzymatic activity was retained.

. 35
SDS-polyacrylamide gel electrophoresis of S-

labeled RNA polymerase. The B', B, 0 and a subunits of

the 35S-labeled enzyme were resolved by SDS-polyacrylamide
gel electrophoresis (Figure 6). A densimetric tracing of
a Coomassie blue stained SDS-polyacrylamide gel is pre-
sented in Figure 7. As determined from measurements of

the area under each subunit peak, the amount of B' plus B
and of o relative to a was 3.7 to 1.1 to 1.0, respectively.
The amount of B' was equal to the amount of B (Figure 8).
As calculated from the relative amounts of the subunits

and their relative molecular weights, the subunit struc-

tural formula for the 35S-labeled enzyme was aZBB'o.
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FIGURE 6.--SDS-polyacrylamide Gel Electrophoresis
of Glycerol Gradient Fraction I

A mixture containing 30 pg protein of Glycerol
Gradient Fraction I was incubated at 100° for 10
minutes in 60 ul of a solution containing 0.1 M
sodium phosphate, pH 7.1, 1.0% SDS, 1.0% 2-
mercaptoethanol, and 5% glycerol. A 4-ul sample
of the mixture (2 pg protein) was layered on an
1l cm SDS-polyacrylamide gel prepared from an
acrylamide-SDS mixture containing 3.75% acrylamide.
Electrophoresis was performed at 25° for 4.75
hours at 8 ma/gel in a buffer (0.1 M sodium phos-
phate, pH 7.1, and 0.1% SDS). The protein was
stained with Coomassie blue.
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FIGURE 8.--Densimetric Tracing of the B' and B
Region of an SDS-polyacrylamide Gel of Glycerol
Gradient Fraction I

A 2-ug sample of Glycerol Gradient Fraction I
was analyzed by SDS-polyacrylamide gel electro-
phoresis according to the legend to Figure 6
except that electrophoresis was for 6 hours.
The gel was stained with Coomassie blue and
scanned using a Joyce-Loebel Microdensitometer.
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Analysis of the 358 content of sections of an SDS-

polyacrylamide gel is presented in Figure 9. The amount

of 358 of B' plus B and ¢ relative to a was 7.2 to 2.2 to

1.0, respectively. In other experiments, the amount of

358 of B' relative to B was determined. As shown in three

35

different experiments, the S contents of B' and B were

equal (Table 2). Table 3 summarizes the data concerning

35

the S content of the subunits of RNA polymerase.
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TABLE 2.—-358 Content of B' Relative to B
Experiment 358 in B' 358 in B 358 Content of R'
(cpm) (cpm) Relative to B
1 800 790 1.01
2 1490 1380 1.08

3 1510 1650 0.92




75

0°T 0°T S°0 ] LY

0°T 0°T S°0 S°0 0

1728 4 0°¢ (A4 1 o

¢°L 0°¢ 9°¢ 8°T 9

'L 0°¢ 9°¢ 8°T ' 8
uteyd optidad s3Tunqns
-A1og 3tungng 30 6 000‘%¥ s3Tungns s3Tungns

x92d 3uU93U0) xad jusjuo)d JO 3jud23uo0) Jo 3ybtam Aq 3ITungng

mmm 9ATIeTdY Sce 9ATIRTSY Sce PATIBTA  FUNOWY SATIETH apTt3idadAtoq

0 O3} SAT3eTSY O pue ‘g

‘.9 30 3jusjuo) mmmuu.m qITdYL



DISCUSSION

35
S-labeled Pseudomonas putida RNA polymerase

(aZBB'o) was purified from labeled cells grown on minimal
growth medium containing 35S-labeled sulfate. The speci-
fic radioactivity of the pure enzyme was 2.3 X 107 cpm per
mg protein. As a result of this high specific radioacti-
vity, the radioactive assay used for protein quantitation
was sensitive to 0.0l ug protein. As calculated from the
known specific radioactivity of the 35S-labeled sulfate
used in the growth medium, one sulfur atom in approxi-
mately 20,000 was radioactive. If each RNA polymerase
molecule contains 400 sulfur atoms, one enzyme molecule

358 atom.

in every 50 contains a

The amount of B' plus B in the Initial Extract was
1.2% by weight as determined by SDS-polyacrylamide gel
electrophoresis. From the percent by weight of aZBB'c in
the Initial Extract, the molecular weight of a288'0 (5.06 x
105 daltons), and assuming that the Coomassie blue stain
reacts with the polypeptides of the Initial Extract equi-
valently it was calculated that each bacterial cell con-
tains approximately 5,000 molecules of GZBB'O.

This preparation of 35S—labeled RNA polymerase is

being used in the study of the release of the o subunit

76
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from the holoenzyme (azss'o) during the RNA synthetic
process (7 and unpublished results). The results of this
study have shown that o is released following the binding
of the holoenzyme to poly(A), poly(U), or to native P.
putida DNA. The o0 subunit is not released following the
binding of the holoenzyme to poly[d(A-T)], native gh-1 DNA,
denatured gh-1 or denatured P. putida DNA. Following the
initiation of RNA synthesis on native gh-1 DNA as the
template, 0 is released from the enzyme. This result
provides the first direct experimental evidence for the
in vitro release of 0 as described in the sigma cycle

proposed by Travers and Burgess (8).
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